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""Recognizing that we have the kind of internal environment we have
because we have the kind of kidneys that we have, we must
acknowledge that our kidneys constitute the major foundation of our
physiological freedom... Superficially, it might be said that the function
of the kidneys is to make urine; but in a more considered view one can

say that the kidneys make the stuff of philosophy itself.”

Homer W. Smith

From Fish to Philosopher (1953)

Plain language summary

People with kidney disease are at greater risk of dying from infection than people without
kidney disease. This study investigated the relationship between kidney disease and
infections among older people with diabetes. | used anonymised healthcare records for
219,145 patients, combined from primary care, admissions to hospital, and death

certificate records.

Older people with diabetes had frequent chest and urinary tract infections. Chest and
bloodstream infections were more common among people with kidney disease. The
relationship between kidney disease and frequency of infection was stronger for
bloodstream infection than for chest infection. Protein in the urine marked an increased
risk of infection separately from the other standard marker of kidney disease, the

estimated filtering rate of the kidneys.

In general, vaccines provide less protection for patients with kidney disease. A single ‘flu or
pneumococcal vaccine did not seem to offer effective protection against the burden of

chest infections for older people with diabetes, whether or not they had kidney disease.

After being diagnosed with pneumonia or bloodstream infection, patients with severe
kidney disease had a higher risk of dying than patients without kidney disease, but this did

not seem to be true for patients with mild or moderate kidney disease.
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Abstract

This thesis describes the epidemiology of community-acquired infections among older
people with diabetes without a history of renal replacement therapy, according to markers
of chronic kidney disease (CKD): proteinuria and reduced estimated glomerular filtration
rate (eGFR). The thesis uses linked electronic health records from primary and secondary

care, and mortality records.

Among a cohort of 219,145 patients with diabetes aged =65 years there was a high burden
of community-acquired infection: lower respiratory tract infections (LRTIs) having the
highest crude rate (152.7/1,000 years) followed by urinary tract infections (male 51.4,
female 147.9/1,000 years). All-cause 28-day mortality was 32.1% for pneumonia (as a
subset of LRTI) (3,115/9,697) and 31.7% for sepsis (780/2,461). Reduced eGFR was
associated with a strong and graded increased risk of community-acquired LRTI, pneumonia
and sepsis incidence, after adjustment for co-morbidities, smoking status and
characteristics of diabetes mellitus. The effect sizes were larger for sepsis than pneumonia,
and for pneumonia than LRTI. Proteinuria was a marker of increased risk of infection
incidence independently of eGFR, for LRTI (rate ratio 1.07: 95%Cl 1.05-1.09), pneumonia
(1.26:1.19-1.33), and sepsis (1.33:1.20-1.47), after adjustment for co-morbidities, smoking

status and characteristics of diabetes.

Advanced CKD (eGFR<30ml/min/1.73m?) was associated with 28-day mortality following
community-acquired pneumonia (risk ratio=1.27:95%Cl 1.10-1.47) and sepsis
(RR=1.42:1.10-1.84) compared to eGFR>60 ml/min/1.73m?), adjusted for age, sex, socio-
economic status, smoking status and co-morbidities. Lesser reductions in eGFR and

proteinuria were not associated with mortality.

The protective effects of pneumococcal vaccine against community-acquired pneumonia
appeared to wane swiftly. There was scant evidence for any impact of influenza vaccination

against the total burden of community-acquired LRTI.

This study allows patients, clinicians and public health planners to quantify infection risks
among older people with diabetes according to CKD status. Further research could explore

mechanisms and prevention strategies, including enhanced vaccination schedules.
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BACKGROUND SECTION

This thesis uses routinely-collected electronic health records to investigate the
epidemiology of acute, community-acquired infections according to markers of chronic
kidney disease (CKD) prior to end-stage renal disease, among older people with diabetes

mellitus.

This Background section introduces the study question and sets out the thesis aims and
objectives. Chapter 1 outlines the general background of acute, community-acquired
infections as a cause of morbidity among older people, and the epidemiology of chronic
kidney disease (CKD). The rationale for studying infections among older people with
diabetes according to CKD status is presented and the aims and objectives of the thesis are

described.

Chapter 2 presents a systematic review of the association between CKD and community-

acquired infection incidence.

[21]



Chapter 1. General background

1.1 Community-acquired infection in older age
Community-acquired infections are common among older adults, causing a high burden of
morbidity.[1-5] They are an important cause of mortality at older ages: pneumonia is the

second commonest cause of death in people aged 275 years in England.[6]

The UK population is ageing. The proportion of the UK population aged =65 years is
predicted to rise from 17% in 2010 to 23% in 2035. The fastest increase has been among
the ‘oldest old’. The number of people aged =85 years doubled from 0.7 million in 1985 to
1.4 million in 2010, and is predicted to reach 3.5 million (5% of the UK population) by
2035.[7]

Hospitalisations for infection are rising even faster than the population is ageing: age-
standardised hospital admission rates for community-acquired pneumonia and urinary
tract infections (UTls) more than doubled between 2001/2001 and 2010/2011 in
England.[8] The cost of hospitalisations was estimated at £235 million for pneumonia and
£316 million for UTl in 2010/2011[8]. The increase in pneumonia hospitalisations has been
most marked among older adults.[9] The driving factors behind this rise in admissions for
community-acquired infections are not currently well understood but it does not appear to
be purely due to lower thresholds for hospital admission, as the rising incidence of
community-acquired LRTI remains when diagnoses in primary and secondary care are
combined.[5] Suggested explanations include population ageing among the ‘oldest old’,

together with higher prevalence of co-morbidities such as diabetes mellitus.[8, 9]

1.2 Chronic kidney disease

1.2.1 Definition of chronic kidney disease

Chronic kidney disease (CKD) is an impairment of kidney function or structure which
persists for at least 3 months.[10] Kidney function is described by the glomerular filtration
rate (GFR), the rate at which the glomerular capillaries in the kidney filter waste products
such as creatinine. GFR is usually estimated from serum creatinine measurements adjusted
for age, sex and ethnicity.[11, 12] Other evidence of kidney damage may include

haematuria, structural abnormalities, or persistent protein in the urine (proteinuria).
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Classification of CKD has since 2002 been based upon a 5-level staging of function (using
two GFR estimations at least 3 months apart), and evidence of proteinuria.[13]
Classification of CKD has evolved over the study period, and this is discussed in detail in
5.1.1. The classification to which this thesis will refer most regularly is that recommended
by the National Institute for Health and Care Excellence (NICE) in 2008, which was the

dominant classification in UK clinical practice by the end of the study period (Table 1.1).[11]

CKD may progress to kidney failure, which is usually treated with renal replacement
therapy: either kidney transplant or dialysis, in which waste products are filtered and
removed from the blood (haemodialysis) or via the peritoneal cavity (peritoneal dialysis). In
2009, 2% of patients with CKD in England were receiving renal replacement therapy: of this
group, approximately half were renal transplant recipients, with the majority of the rest
treated with haemodialysis, and 8% with peritoneal dialysis.[14] Patients receiving renal
replacement therapy are also referred to as having end-stage renal disease (ESRD).[13] In
this thesis, the term end-stage renal disease will be used to identify patients receiving renal
replacement therapy, and chronic kidney disease (CKD) will refer to patients with CKD not

receiving renal replacement therapy, unless otherwise specified.

Table 1.1: NICE 2008 classification of chronic kidney disease (CKD)

CKD stage GFR!? Evidence of kidney damage also required?

1 290 Yes
2 60-89 Yes
3A 45-59

3B 30-44

4 15-29

5 <15

Based on the National Institute for Health and Care Excellence 2008 guidelines[ll]

L Glomerular filtration rate (ml/min/1.73m2)
2. Persistent proteinuria, albuminuria or haematuria, or structural abnormalities

1.2.2 Chronic kidney disease as a public health problem

As CKD is usually asymptomatic until quite severe, it is often unrecognized, and estimates
of prevalence vary. Estimates of the prevalence of CKD stages 3-5 among adults in England
range from 4.3% to 8.5%.[15-18] This rises steeply with age: the 2009/2010 Health Survey
for England identified stage 3—-5 CKD among 29% of men and 35% of women aged >75
years.[16] Other risk factors for CKD include female sex, hypertension, diabetes mellitus,
smoking and overweight at a younger age, many of which are modifiable.[12, 19] Among an

ageing population with a rising prevalence of diabetes mellitus and hypertension, the
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prevalence of CKD may be increasing but this is difficult to distinguish from increasing

diagnosis and recording.[20, 21]

CKD is associated with a high burden of morbidity, mortality and health service use.[21, 22]
The cost of CKD to the English NHS was recently estimated at £1.45 billion (1.3% of the

total budget).[14] Even at early stages, CKD is associated with reduced quality of life, more
frequent hospital admission and higher mortality compared to normal kidney function.[21,

23]

Older people with CKD are more likely to die of other causes than to develop end-stage
renal disease.[22] Much of the burden of CKD is due to its association with non-renal
adverse outcomes, such as cerebrovascular disease (causing stroke and cognitive
impairment) and cardiovascular disease, which accounts for 58% of deaths among patients

with CKD.[22-24]

1.2.3 CKD and infections

Infection is an important cause of morbidity and mortality among patients with ESRD.
Patients with ESRD have higher rates of mortality caused by sepsis and pulmonary
infections, and higher rates of infection-related hospitalisation, than the general
population.[25-27] Among patients with ESRD in the US, the second commonest recorded

cause of death after cardiac arrest is septicaemia.[28]

The association between ESRD and infection is partly driven by renal replacement therapy,
which carries specific risks for infection. For example, patients who have received a kidney
transplant require life-long immunosuppressive medication, while dialysis necessitates
vascular or peritoneal access which disrupts the cutaneous barrier to infection.[27]
However, the side effects of treatment do not fully account for the burden of infection in
ESRD: the HEMO study found that only 23% of infection-related hospitalisations among
haemodialysis patients in the US were related to vascular access.[29] It is possible that the
association between CKD and infection is also present at earlier stages of CKD, prior to

ESRD.

Patient characteristics which pre-dispose to infection are associated with all stages of CKD,
including older age, high prevalence of co-morbidities and exposure to infectious agents

from frequent healthcare attendance.[27]

Patients with ESRD and earlier stages of CKD are known to have a reduced response to

some vaccinations. This is not only relevant as a risk factor for vaccine-preventable
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infections, but also suggests that CKD may itself cause underlying impairment of the
adaptive immune system which could increase incidence of infections in general even at
early stages of CKD.[30, 31] A causal relationship between CKD itself and infection
incidence or prognosis is plausible. There are multiple potential mechanisms for CKD to
alter cell-mediated and humoral immune system function (such as malnutrition,
hypoalbuminaemia, anaemia, complement loss, disrupted calcium regulation and vitamin D
insufficiency, chronic renal inflammation, and immunosuppressive therapy for renal

disease) which are not limited to patients receiving renal replacement therapy.[27, 32]

Even at early stages, CKD is associated with a higher mortality rate than among the general
population, part of which is attributed to infection, and with more frequent infection-
related admission to hospital.[33-35] Several expert narrative reviews have agreed that an
association between CKD prior to ESRD and infection is plausible or even likely, but that the
clinical epidemiology of such an association is insufficiently characterized to establish this

at present.[27, 36-39]

1.3 Diabetes mellitus

Diabetes mellitus is a common endocrine disorder in which there is an insufficiency of, or
resistance to, the hormone insulin, which regulates blood glucose levels. The estimated
number of adults in England with diabetes mellitus was 3.1 million in 2010 and is predicted
to rise to 4.6 million by 2030. Diabetes is more common among men, people with South
Asian or Black ethnicity, and older adults. The estimated prevalence of diabetes among

adults in England aged >75 years is 16.5% (95% Cl 12.3-22.0%).[40]

Diabetes is associated with considerable morbidity and mortality: at 50 years old, a
diagnosis of diabetes reduces life expectancy by 6 years.[41] Diabetes causes
macrovascular complications such as cardiovascular disease and stroke, and microvascular
complications such as retinopathy and nephropathy (diabetic kidney disease). Diabetes
accounts for approximately 10% of UK health spending, and this is forecast to rise to 17%
by 2035/2036. The cost of treating diabetic complications is £7.7 billion, and predicted to
increase to £13.5 billion by 2035/6.[42]

1.3.1 Diabetes and CKD
Diabetic nephropathy is a major cause of CKD: diabetes is the commonest cause of CKD
among patients requiring renal replacement therapy.[43] Patients with diabetes may also

experience other causes of renal disease. In total estimates of the prevalence of stage 3-5
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CKD among adults with diabetes in the UK range from 18% to 31%.[44-46] Death from renal
disease is three times more common among patients with diabetes than patients

without.[41]

1.3.2 Diabetes and infection

Diabetes has long been believed to increase susceptibility to infection (and certain rare
infections occur almost exclusively among patients with diabetes),[47] but the
epidemiology of infection among patients with diabetes was until recently surprisingly

under-determined.[47, 48]

Diabetes is a risk factor for hospitalisation and mortality from infection.[41, 49, 50] This
appears to be partly driven by an increased risk of hospitalisation and of death following
infection onset.[50] However, an association between diabetes and infection diagnosed in
primary care has also been observed among the general adult population, suggesting

diabetes is likely to be a risk factor for infection incidence as well as severity.[50-52]

The association between diabetes and infection may be modified by age. A large
population-based case-control study in Denmark found that the relative risk of
hospitalisation with pneumonia for patients with diabetes compared to people without
diabetes was considerably stronger among patients aged <40 years (adjusted RR 3.21:
95%Cl 2.51-4.12) than those aged 65—79 (adjusted RR 1.22: 1.15-1.29) or >80 years
(adjusted RR 1.11: 1.05-1.18).[49] Studies of risk factors for community-acquired infection
among older adults have not been powered for precise estimates of infection incidence or
risk ratios among the subgroup with diabetes.[53-57] Among older people with diabetes,
data on the burden of infection from a community or primary care perspective, or risk

factors for community-acquired infection, are scarce.
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1.4 Thesis rationale, aims and objectives

1.4.1 Thesis rationale

Community-acquired infections are responsible for a large burden of morbidity and
mortality among older people. This is a growing public health problem: not only is the UK
population ageing, but hospitalisation rates for pneumonia and urinary tract infections are
rising even after standardisation for age. One factor potentially driving the increasing
incidence of infection-related hospitalisation could be the rising prevalence of co-

morbidities such as diabetes and CKD.

CKD is common among older people, and in an ageing population the prevalence is
expected to increase. Infection is an important cause of morbidity and mortality among
patients with end-stage renal disease, and this is at least partly due to the
immunosuppressive effects of renal replacement therapy. The majority of patients with
CKD do not have, nor progress to, ESRD. Patients with earlier staged of CKD also have
higher rates of infection-related hospitalisation and mortality than the general population.

However, the precise relationship between CKD and infection is unclear.

Older people with diabetes are an important population in which to understand the
epidemiology of CKD and infection. Diabetes is a risk factor for infection-related
hospitalisation and mortality. The population of older people with diabetes is large and
growing, with a high prevalence of CKD. Any role of CKD in increasing infection risk among

the diabetic population would be of clinical and public health significance.

There are also epidemiological advantages to studying this population. Older age and
diabetes are important a priori confounders of any association between CKD and infection:
restricting the study population to older people with diabetes reduces confounding.
Patients with diabetes are also regularly monitored for CKD, which should ensure

reasonable ascertainment of CKD status from routinely-collected electronic health records.

An observational study of the epidemiology of infections according to CKD status is not
well-suited to establishing the precise mechanisms which underlie any causal relationship
between CKD and infection — but studying a focused question may still lead to a better
understanding of a causal relationship and potential underlying mechanisms for further
research. Studying patients prior to ESRD excludes any association resulting purely from the
immunosuppressive effects of renal replacement therapy. Studying community-acquired

infections allows identification of any inherent association of CKD with infection separately
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from increased infection resulting from frequent hospital attendance. Thorough
adjustment for co-morbidities may also clarify whether any association exists

independently of co-morbidities.

Quantifying the risk of infection among older people with diabetes, overall and according
to CKD status, would itself be valuable information for older people with diabetes and their
clinicians, and also for planning health-care provision for this growing population, and

health economics analyses of the impact of CKD.

Identifying whether and to what extent early stages of CKD are associated with increased
risk of infection incidence, or greater severity of infections, could help ensure efforts at
preventing excess infection-related mortality are targeted appropriately. Given the
generally reduced response to vaccination among patients with ESRD, it is particularly
important to identify whether vaccines are effective at preventing common infections

among patients with earlier stages of CKD.

1.4.2 Aims and objectives
Among a cohort of people aged 265 years with diabetes mellitus, and using large, linked

electronic health records, this thesis aims to describe:

e theincidence of, hospitalisation with and mortality from of acute community-
acquired infections that are common (urinary tract and lower respiratory tract

infections) or severe (pneumonia and sepsis); and

e the association between incidence of community-acquired infection and chronic
kidney disease (excluding patients with a history of renal replacement therapy);

and

e pneumococcal and influenza vaccine effectiveness according to stage of chronic
kidney disease (excluding patients with a history of renal replacement therapy);

and

e the association between short-term mortality following community-acquired
infection and chronic kidney disease (excluding patients with a history of renal

replacement therapy).

The objectives are detailed in Table 1.2.
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1.4.3 Organisation of the thesis

The thesis comprises 11 chapters, which are grouped into Background, Methods, Results
and Discussion sections. Chapter 1 introduced the study question, aims and objectives.
Each thesis objective was addressed with a separate study, and Table 1.2 which sets out
the objectives, may be used to navigate the thesis. A systematic review of the association
between kidney disease and acute, community-acquired infections (objective 1) is

presented in Chapter 2 to complete the Background section.

The Methods section (Chapters 3-6) presents the general materials and methods used in
common across the thesis objectives. Chapter 3 describes the data sources used in the
study, and identification of the study population. Chapter 4 describes the methods used to
identify episodes of infection and calculate infection rates. Chapter 5 describes the

identification of chronic kidney disease. Chapter 6 describes the definition of covariates.

The Results section (Chapters 7—10) contains research articles which present the study
design and analysis, results and discussion specific to the particular study objective.
Chapter 7 describes the incidence of community-acquired LRTI (including pneumonia),
pneumonia (as a subset of LRTI), UTI and sepsis among older people with diabetes mellitus
(objective 2). Chapter 8 presents estimates of the association between markers of CKD and
incidence of LRTI (including pneumonia), pneumonia (as a subset of LRTI) and sepsis among
older people with diabetes (objective 3). Chapter 9 explores the effectiveness of
pneumococcal vaccine to prevent community-acquired pneumonia, and influenza vaccine
against community-acquired LRTI, and whether this varies according to CKD status
(objective 4). Chapter 10 describes the association of markers of CKD with all-cause short-

term mortality following infection (objective 5).

Finally, the Discussion summarises the main results of each study, considers the
overarching strengths and weaknesses of the thesis as a whole, and suggests implications

of the findings for clinical practice and future research (Chapter 11).
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Chapter 2. Systematic review of the association between

chronic kidney disease and infection incidence

2.1 Introduction to Paper 1

This paper was published in BMJ Open and presents a systematic literature review of the
association between chronic kidney disease and four acute, community-acquired
infections: lower respiratory tract infection, urinary tract infection, central nervous system

infection, and sepsis.

Fourteen studies were identified, all consistent with a positive association between CKD
and infection risk. Considerable heterogeneity precluded meta-analysis, and most studies
gave cause for concern about study quality. A few large, high-quality studies found a
graded association between CKD and risk of hospitalisation with infection. Other than
these, there was a scarcity of high-quality studies on this research topic, and in particular a
lack of data on the relationship between proteinuria and infection incidence independently
of glomerular filtration rate. There were few data available on the association of CKD with
infection incidence using less severe outcome measures than hospitalisation, and thus it
was not possible to identify an effect on susceptibility to infection separately from an effect

on the severity of infection.

The study search terms and the detailed inclusion criteria and study quality assessment
referred to in the article as supplementary material are available in this thesis as Appendix

A.

(31]
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ABSTRACT

Objective: A systematic review of the association of
predialysis chronic kidney disease (CKD) with the
incidence of acute, community-acquired infections.
Design: We searched the MEDLINE, EMBASE and
Cochrane databases (inception to 16 January 2014) for
studies analysing the association of predialysis kidney
disease with the incidence of acute, community-
acquired urinary tract infection (UTI), lower respiratory
tract or central nervous system infections or sepsis.
Studies were required to include at least 30
participants with and without kidney disease.

Setting and participants: Community-based
populations of adults in high-income countries.
Outcome measures: Acute, community-acquired
UTI, lower respiratory tract or central nervous system
infections or sepsis.

Results: We identified 14 eligible studies. Estimates
from two studies lacked 95% Cls and SEs. The
remaining 12 studies yielded 17 independent effect
estimates. Only three studies included infections
managed in the community. Quality assessment
revealed that probable misclassification of kidney
disease status and poor adjustment for confounding
were common. There was evidence from a few large
high-quality studies of a graded association between
predialysis CKD stage and hospitalisation for infection.
One study found an interaction with age, with a
declining effect of CKD on infection risk as age
increased. There was evidence of between-studies
heterogeneity (1=96.5%, p<0.001) which persisted in
subgroup analysis, and thus meta-analysis was not
performed.

Conclusions: Predialysis kidney disease appears to be
associated with increased risk of severe infection.
Whether predialysis kidney disease increases the
susceptibility to infections and whether age modifies
this association remains unclear.

INTRODUCTION

Chronic kidney disease (CKD) is common,
and its prevalence is increasing.' Infection is
a major cause of mortality in end-stage renal

Strengths and limitations of this study

= This study used a sensitive search strategy, with
a broad definition of kidney disease, for a thor-
ough and inclusive search.

= Study quality was assessed using a tool adapted
to observational studies, providing a transparent
assessment of the risk of a range of biases for
each study.

= Between-study heterogeneity and the low quality
of many of the studies limit the interpretation of
results of the studies currently available.

disease (ESRD) and hospitalisation at all
stages of CKD. The second commonest cause
of death among patients with ESRD in the
USA is septicaemia, and patients with ESRD
are at increased risk of death from infection
compared to the general population.”™
Patients with ESRD and predialysis CKD in
the USA are at higher risk of hospitalisation
for infection than the general population.” ® ©
Predialysis CKD has been found to increase
mortality among patients hospitalised with
infections.

Increased mortality and hospitalisation
from infection could be driven by increased
severity of infection, that is, once an infection
is present, the course of the associated illness
is more severe, or increased incidence, that is,
CKD may make people more susceptible to
develop an infection. Patients with CKD
display impaired host immunity: reduced vac-
cination responsiveness is observed at all
stages of CKD.”

Among patients with ESRD, aspects of dialy-
sis, such as vascular and peritoneal access for
dialysis, may be a risk factor for infection inci-
dence and severity. However, this does not tell
the whole story, and only 23% of infection-
related hospitalisations among patients
undergoing haemodialysis in the USA were
identified as related to vascular access in the

McDonald HI, Thomas SL, Nitsch D. BMJ Open 2014;4:¢004100. doi:10.1136/bmjopen-2013-004100 1
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HEMO study.” Risk factors for infection identified among
patients with ESRD which are not related to renal
replacement therapy, and could apply at all stages of pre-
dialysis CKD, include: the causes and treatment of kidney
disease; comorbidities; reduced vaccine effectiveness;
and high levels of exposure to healthcare facilities.'’

If there is an increased risk of infection incidence at
early stages of CKD, this would affect a large and growing
number of patients. Awareness and quantification of this
risk could have benefits for patient management, more
effective vaccination strategies and healthcare planning.

Narrative reviews have concluded that it is likely that
CKD in itself increases infection incidence, but reported
a lack of evidence.'”™"® We are not aware of any relevant
systematic literature reviews of the effect of CKD on
infection incidence.

This review sought to assess systematically whether pre-
dialysis CKD is a risk factor for the incidence of acute,
community-acquired urinary tract infection (UTI), lower
respiratory tract infection (LRTI), central nervous
system (CNS) infection or sepsis, among community-
based adults in high-income countries.

METHODS
Data sources and searches
One reviewer (HIM) searched the MEDLINE and
EMBASE databases, and the Cochrane library, from
inception to 16 January 2014. The search strategies com-
bined text words and MeSH terms for three concepts:
acute community-acquired infection (sepsis, UTI, LRTI
or CNS infection), kidney disease and relative risk. We
used search terms to identify studies among adult
humans in high-income countries (according to the
World Bank classification),'® and limited the search to
articles in English, French or German. The full strategies
are available in online supplementary tables S1-S3.

We searched the reference lists of all included studies
and any pertinent review articles to identify further eli-
gible studies.

Study selection

One reviewer (HIM) screened titles and abstracts,
reviewed the full text of identified studies and made
initial decisions on eligibility according to prespecified
inclusion criteria (see online supplementary table S4).
Any borderline cases were discussed between HIM, DN
and SLT. A second reviewer (DN) checked a sample of
100 abstracts, selected randomly after de-duplication of
records, and a x statistic was calculated to describe
agreement in the selection of studies.

Eligible studies analysed the effect of predialysis kidney
disease on the relative risk of at least one of the four spe-
cified acute, community-acquired infections among
community-based adults in high-income countries. We
excluded study populations managed in secondary care
(unless for kidney disease), routinely treated with immu-
nosuppressants, or exclusively of pregnant women, as

these groups have a raised risk of infection, and the rela-
tionship of CKD to infection risk may be different among
these groups compared to that in the general adult popu-
lation in primary care. Ascertainment of CKD, as a silent
disease, and, to a certain extent, ascertainment of acute
community-acquired infections are dependent on high
levels of monitoring and good access to healthcare, so we
restricted our search to high-income countries. Chronic
infections such as tuberculosis were not included, as the
relationship between CKD and chronic infection is very
likely to differ from that between CKD and acute infec-
tions, which was our focus in this review.

To maximise the sensitivity of our search strategy, we
accepted a wide range of definitions of kidney disease,
including: medical diagnosis of kidney disease, reduced
estimated glomerular filtration rate or creatinine clear-
ance, elevated creatinine, proteinuria, microalbuminuria
or macroalbuminuria and renal structural abnormalities.
We also accepted definitions which included some
patients with ESRD among the patients with CKD, but
excluded definitions which were exclusively patients
receiving renal replacement therapy.

Outcomes of interest were relative risk estimates of acute
community-acquired LRTIs, UTIs, CNS infections or sepsis.
We accepted outcomes describing incidence of severe
infections (such as hospitalisation with pneumonia).

We restricted our search to published studies which
were sufficiently large to include at least 30 participants
with and without kidney disease, to allow reasonable pre-
cision of the study estimate. Detailed eligibility criteria
are listed in online supplementary table S4.

Data extraction and quality assessment

Data were extracted from relevant studies using a prespe-
cified collection form. Study characteristics extracted
included study design, data source, any participant
exclusion criteria, number of participants, age, gender,
baseline renal function, definition of renal impairment
and definition of the outcome infection. An estimate of
relative risk (rate ratio, risk ratio or OR) with any mea-
sures taken to address confounding was extracted from
each eligible independent analysis in each study. Studies
with no ClIs and for which the SE was not calculable
from the data presented were included in the review but
not considered for meta-analysis.

When multiple estimates were available from a study
but were not independent, a single estimate was identi-
fied for potential meta-analysis by selecting the estimate
best adjusted for confounding, using the most recent
data, comparing the level of CKD most common in the
general population with no CKD.

Study quality was assessed using a prespecified tool
adapted from Higgins et al'* for observational studies.
Studies were assigned a high, low or uncertain risk of each
of the following: selection bias, non-differential measure-
ment error for exposure and outcome, information bias in
exposure and outcome, confounding and reverse caus-
ation. The minimum requirement for a low risk of bias
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from confounding was appropriate management of con-
founding by age, sex and diabetes. The specific criteria
used are detailed in online supplementary table S5.

Data synthesis and analysis

The relationship between CKD and UTIs was considered
likely to differ from that of CKD to other infections, due
to potential reverse causality. For example, repeat UTIs
may cause kidney disease, or structural kidney disease
may be identified through investigation of repeat UTIs.
Therefore, in all quantitative analysis, UTIs were ana-
lysed separately from other infections.

Estimates were examined for heterogeneity using
Cochran’s Q statistic and the I statistic as described by
Higgins et al."” If I? was less than 50% and Cochran’s Q
statistic p>0.1, fixed-effects meta-analysis was considered
for each of the two categories (UTI and other infections).
Funnel plots were constructed to look for publication
bias. All analysis was conducted using STATAV.12.0.

RESULTS

The database searches identified 10 380 citations, of
which 1204 were duplicates (figure 1). Both reviewers
had 100% agreement on which studies to extract for full-
text analysis from screening a random sample of 100
abstracts (Cohen’s K=1).

Figure 1 Flow chart of study
selection. *Common examples of
ineligible studies returned by the
database searches included:
studies in which renal failure and
infection were both outcomes,
studies in which renal failure and
infection were both exclusion
criteria, studies of acute renal
failure resulting from sepsis or
antibiotic use, studies of chronic
infections (e.g. hepatitis C, BK
viraemia, tuberculosis) following
organ transplantation, descriptive
studies of UTls, descriptive
studies of CKD, studies of
predictors of prognosis among
patients with infections, and
review articles without any
original data.

3 additional records
identified through

reference screen

We identified 14 eligible studies, with varying study
characteristics (table 1). Four studies were case—control
and 10 were cohort studies.””™ Seven
studies investigated a range of risk factors for infec-
tion, ' 21 28 29 (o studies reported the effect of CKD
on infection as a confounder of the effect of interest®* *°
and five studies investigated the effect of CKD on infec-
tion risk as their primary research question.” 2 %2 26 2

Seven studies were based among the general popula-
tion.” 1019 21 23 2 29 Other study populations included:
attendants at a specialist renal clinic,” patients with
diabetes mellitus,” patients admitted to hospital for
an acute cardiovascular event or an arterial revascularisa-
tion procedure,”* and the Navajo Nation—a population
which experiences 3-5 times higher rates of invasive
pneumococcal disease than the general US population.'”
The population of the cohort studies in Calgary,
Canada comprised adults with a serum creatinine test
result available in their medical records.”® 2’ There is
some overlap in the study populations of these two cohort
studies: residents aged over 65 years with a serum creatin-
ine measurement between 1 July 2001 and 31 December
2001 and also between 1 July 2003 and 30 June 2004
would have been included in both studies for the period
from the second creatinine measurement untl 31
December 2004.2° 7

10,380 records identified
from database searching:

Medline n=3,586
Embase n=5,729
Cochrane n=1,065

”1 10,205 records excluded:

175 full-text articles
assessed for eligibility

Duplicates n=1,204
Did not meet inclusion criteria *
n=9,001

A 4

164 records excluded as did not
meet inclusion criteria:

Not related to study question
n=116
No new data n=24
Ineligible study population n=15
Small sample size n=9
v

14 studies included in

review
2 studies excluded from meta-

analysis:

v

A4

12 studies considered for No standard error available n=2

meta-analysis:

Independent estimates
n=17
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Definitions of kidney disease included medical diagno-
ses of chronic renal disease, elevated creatinine levels,
impaired creatinine clearance and structural abnormalities
of the kidney. Five studies excluded patients with ESRD,
and one specified the number included, but for the
remaining eight studies it was unclear how many of the
included patients received renal replacement therapy
(table 1).

Three studies recorded infections diagnosed in
primary care or outpatients,'® ' * two recorded infec-
tions identified from a positive culture result,'” %% one
included infections diagnosed in the emergency depart-
ment,'® seven required hospital admission for infec-
tion® 2! #%725 27 28 and for one study the definition and
severity of infection was unclear.*?

For two studies, the results extracted had no CI or SE
and these could not be calculated from the reported
data. From the remaining 12 studies, 17 independent
effect estimates with SEs were available for meta-analysis,
among which UTI was the outcome in three estimates.

For all infections, there was strong evidence of consider-
able heterogeneity (Cochran’s Q statistic p<0.001,
1?296.5%). This persisted when estimates for UTIs were
excluded (p<0.001, 1°=97.2%), when considering LRTIs
alone (p<0.001, 1°=98.2%), when limited to cohort studies
(p<0.001, 1°=97.3%), and when stratified by exclusion of
patients with ESRD (ESRD excluded, p<0.001, 1°=88.9%:
ESRD not excluded p<0.001, 1’=97.2%). Owing to this het-
erogeneity, meta-analysis was not performed.

All results are displayed in the Forest plot (figure 2).
Despite the quantitative heterogeneity, the results were
qualitatively similar: all estimates were compatible with a
positive association between kidney disease and infec-
tion. The four studies which compared different stages
of CKD found a graded association of increased risk of
infection with more severe CKD. All four of these
studies excluded patients with ESRD.?? #* 20 27 QOpe
study found that the effect of CKD on infection risk was
modified by age, with a declining effect of CKD on
infection risk as age increased.?” This effect was consist-
ent with the lower effect of CKD on UTI incidence
found among 86-90 year-olds (0.90, 95% CI 0.50 to
1.77) compared with an adult study population with a
mean age of 66 years (1.50, 95% CI 1.10 to 1.90).% #

The funnel plot was sparsely populated, with widely
scattered effect estimates, and provides no clear evi-
dence for or against publication bias (see online supple-
mentary figure S1).

Study quality was variable. Relying on routine medical
diagnosis introduced a potential source of misclassifica-
tion of kidney disease status for seven studies.” '*~'? ! 24
There was variable adjustment for confounding, from
unadjusted crude estimates to estimates adjusted for a
range of comorbidities, demographic and socio-
economic factors. Six studies did not meet this review’s
minimal requirements.'? *' #* % 2% % The summarised
results are displayed in table 2, and the full quality
assessment is in online supplementary table S5.

DISCUSSION

Our comprehensive search strategy identified 14 studies
describing an association between kidney disease and
acute community-acquired infection. Although between-
study heterogeneity precluded meta-analysis, all studies
were consistent with a positive direction of association.
Four studies which reported estimates on more than one
category of kidney disease found a graded association in
which risk of infection increased with greater severity of
CKD. These four studies excluded patients with ESRD,
and three were at low risk of bias in all categories of
quality assessment.?? 23 26 27

To the best of our knowledge, this is the first review to
address this research question systematically. We used a
sensitive search strategy, with a broad definition of
kidney disease, for a thorough and inclusive search. The
results are consistent with the conclusion of previous
narrative reviews: that an association between CKD and
infection incidence is likely, but that there is a paucity of
evidence.'*™"?

Heterogeneity between the studies precluded a
meta-analysis of results. Variable study designs and biases
may have contributed to the heterogeneity: for example,
the four case—control studies calculated ORs, which may
differ from equivalent rate ratios for common infec-
tions.'®™"” Failure to control the confounding effects of
age, sex and diabetes would be likely to result in overesti-
mation of the effect of CKD on infection. Non-
differential misclassification of kidney disease status in
studies which relied on routine medical diagnosis would
be expected to underestimate the effect of CKD on
infection risk. In general, the risk of ascertainment bias
from increased monitoring for infection among patients
with CKD is probably low, although one study assessed
risk factors for hospitalisation with influenza during an
influenza pandemic, in which context patients with
influenza-like symptoms may have been more likely to
be tested for influenza A(HIN1) if they also had CKD.%

The heterogeneity may reflect true differences in
effect size between the studies.

First, the studies considered a range of outcomes.
CKD may have a different effect on the incidence of dif-
ferent infections. For all but three studies, detection of
infection required either hospital attendance for the
infection or a positive blood culture. CKD may affect
severity of infection, as an alternative, or in addition to
any effect on infection incidence. CKD may also increase
the probability of hospital admission for management of
a moderately severe infection. Either would result in a
larger effect of CKD on the risk of severe infectious out-
comes (such as hospitalisation for sepsis) than on less
severe infections (such as community-diagnosed LRTT),
and could result in the graded association we observed,
with increasing hospitalisation for patients with more
severe stages of CKD.

Second, the studies included a variety of definitions of
kidney disease. For example, proteinuria (and renal loss
of complement) may represent a separate mechanism

8 McDonald HI, Thomas SL, Nitsch D. BMJ Open 2014;4:6004100. doi:10.1136/bmjopen-2013-004100
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Relative risk
Study (95% Cl)
ESRD included, or ESRD status unclear
Karunajeewa 2005 Urinary sepsis —— 1.50 (1.10, 1.90)
Caljouw 2011 UTI —_— 0.90 (0.50, 1.70)
Vinogradova 2009 Pneumonia —— 1.72 (1.43,2.07)
Loeb 2009 Pneumonia ——— 4.06 (1.98, 8.35)
Schnoor 2007 Pneumonia —— 1.70 (1.10, 2.80)
Campbell 2011 Influenza A (H1N1) —e> 17.50 (13.40, 22.90)
Watt 2007 Invasive p I di —_— 2.60 (0.87, 7.70)
Hackam 2006 Sepsis —— 1.47 (1.27,1.72)
Wang 2012 Sepsis - 1.99 (1.73,2.29)
ESRD excluded
Higgins 1985 UTI . 15
Dalrymple 2012 Genitourinary infections —_—— 1.17 (0.67, 2.05)
USRDS 2010 UT1 . 3.15
Dalrymple 2012 Pulmonary infections —— 1.27 (0.94, 1.71)
James 2009 Pneumonia 18-54 years —_— 3.23 (2.40, 4.36)
James 2009 Pneumonia 55-64 years —_— 1.43 (1.1, 1.84)
James 2009 Pneumonia 65-74 years o 1.18 (0.99, 1.40)
James 2009 Pneumonia 75+ years - 0.95 (0.85, 1.05)
USRDS 2010 Pneumonia . 276
Dalrymple 2012 Bacteremia/sepsis +— 1.55 (0.93, 2.57)
James 2008 Bloodstream infection T 1.17 (0.92, 1.49)
USRDS 2010 Bacteraemia L] 3.90
T T
.0437 1 29

Effect estimate (log scale)

Figure 2 Forest plot of all estimates of the association of chronic kidney disease with infection (n=17) from all 14 studies
identified. The estimates from Higgins 1985 and USRDS 2010 did not include SEs. Dalrymple 2012: presented estimates
compare eGFR 45-59 with eGFR >90 mL/min/1.73m?; James 2009: presented estimates compare eGFR 45-59 with eGFR 60—
104 mL/min/1.73m?; James 2008: presented estimates compare eGFR 45-59 with eGFR>60 mL/min/1.73m?. eGFR, estimated
glomerular filtration rate; ESRD, end-stage renal disease; USRDS, US Renal Data System; UTI, urinary tract infection.

for risk of infection than uraemia. For the nine studies
which did not exclude patients with ESRD, it is unclear
to what extent the results reflect the effect of treatments
associated with dialysis, such as vascular or peritoneal
access for dialysis, on infection incidence.

Third, the association of CKD with infection may be
modified by age. James et al observed a weaker associ-
ation of CKD with hospitalisation for pneumonia as age
increased. They suggested that such an observation
could be explained by a lower baseline rate of hospital-
isation for pneumonia among younger adults, the
natural decline in renal function by age, and inaccuracy
in the estimation of renal function wusing the
Modification of Diet in Renal Disease (MDRD) study
equation in older populations.?” As their study popula-
tion included only adults who had had a creatinine test
result, reasons for testing creatinine could also be rele-
vant confounders. As age increases, more comorbidities
accrue which require creatinine tests to guide therapy.
Hence, younger people who receive a creatinine test
may be at an unusually high risk for infections and CKD
due to the reasons associated with getting a creatinine
test. A real age-dependency of the CKD-infection associ-
ation would be consistent with the lower effect of CKD

on UTI incidence found among 86-90-year-olds (0.90,
95% CI 0.50 to 1.77) compared with an adult study
population with a mean age of 66 years (1.50, 95% CI
1.10 to 1.90). However, it may be that the study among
the older adults measured a less severe outcome, and
CKD may be associated with other factors that eventually
lead to hospitalisation for UTL* *

CKD was not a component of the primary study ques-
tion for nine of the 14 studies; thus, there is a risk that
this association may have been reported and published
only when CKD was found to be a risk factor for infec-
tion or an important confounder of another relation-
ship. This would result in selective reporting bias, with a
subsequent overestimation of the association of CKD
with infection risk. This bias would be expected to affect
smaller studies to a greater extent, and a funnel plot
might show an asymmetry of relative risk estimates about
the central pooled estimate among smaller studies. The
sparsely populated funnel plot (see online supplemen-
tary figure S1) provides no clear evidence for or against
selective reporting bias, but some evidence of selective
reporting bias comes from within the individual studies.
For example, the crude HR for the association of cre-
atinine clearance with UTI incidence is reported in

McDonald HI, Thomas SL, Nitsch D. BMJ Open 2014;4:¢004100. doi:10.1136/bmjopen-2013-004100 9
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Table 2 Summary of risk of bias within studies (quality assessment tool adapted from Higgins et af'*)

Selection

Selection bias: Non-differential

Non-differential

Selection bias:  bias: loss to misclassification: Information misclassification: Information Reverse
control selection participation follow-up exposure bias: exposure outcome bias: Ci ] ion
Case—control studies
Vinogradova et al'® NA

Watt et al'”
Loeb et al®
Schnoor et al'®
Cohort studies
Higgins®®
Hackam et aP*
Dalrymple et aP®
Karunajeewa et aP®
James et af®
James et af”
Wang et aP®
Caljouw et af®
Campbell et aF'
USRDS 2010%°

Key to table 2.

Low risk of bias
Uncertain risk of bias
High risk of bias

NA
NA

NA

NA

NA

NA

NA

NA

NA

NA
—
=
I
Caljouw et al® (0.9,95% CI 0.5 to 1.7), but as creatinine
clearance was not found to be significant in the multi-
variable model, the adjusted association is not reported.

The overlap in the study populations of the two large
cohort studies based in Calgary, Canada could result in
more similar estimates than if the study populations
were independent.?® 7 Outcomes in the two studies are
likely to be correlated with each other: hospitalisation
with pneumonia could cause a positive blood culture,
which would result in one infection being included as
an outcome in both studies. This is unlikely to have a
large effect, particularly in the qualitative assessment of
the combined evidence, as the potential overlap of
person-time is limited.

Although we excluded study populations routinely
treated with specialist medication (unless for kidney
disease), some study populations may have been at
higher risk of infection than the general population,
and this may have affected the relationship of CKD to
infection. For example, the cohort of patients admitted
for an acute cardiovascular event or an arterial revascu-
larisation procedure will have had a higher prevalence
of comorbidities (such as diabetes) than the general
population and excluded patients with severe comorbid-
ities who did not survive an acute cardiovascular event,
or who were not fit enough to undergo the procedure.?*
Each of the selected study populations limits the gener-
alisability of the individual study result, but the qualita-
tively similar findings across the variety of study
populations, and their qualitative consistency with the
studies based among the general population,” !¢ 1921 232829
support a positive association between CKD and infec-
tion risk in a variety of study populations.

A few large, high-quality studies which excluded
patients with ESRD have found a graded association
between predialysis CKD and risk of hospitalisation with
infection. All studies identified in this review were com-
patible with a positive association of CKD with increased

infection risk. There are little data available on the asso-
ciation of CKD with infection incidence using less severe
outcome measures than hospitalisation, and it is not pos-
sible in most studies to distinguish an effect on suscepti-
bility to infection from an effect on the severity of
infection.

The potential age-dependency of the relationship
between CKD and infection is intriguing and needs
further research. Also, there is currently no evidence on
the relationship between proteinuria and infection inci-
dence independent of the glomerular filtration rate.
Future studies should identify infections in the commu-
nity in addition to hospitalisations for infection, charac-
terise the association of proteinuria adjusted for the
glomerular filtration rate, explore the age-dependency
of the association and assess vaccine efficacy among
older people with CKD.

Contributors All authors designed the study strategy including the search
terms, inclusion and exclusion criteria. HIM performed the search, study
selection and data extraction. DN screened the randomly selected sample of
100 abstracts. All authors agreed on the quality assessment of included
papers and interpretation of results by discussion. HIM drafted the article,
which DN and SLT revised. All authors approved the final version of the
manuscript.

Funding This research received no specific grant from any funding agency
in the public, commercial or not-for-profit sectors.

Competing interests This report is independent research arising from a
Career Development Fellowship supported by the National Institute for Health
Research, awarded to SLT (grant number CDF 2010-03-32). HIM is funded by
a Kidney Research UK studentship, grant reference ST2/2011.

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement All data, including full search terms and eligibility
criteria, are available either in the article or as online supplementary material
submitted with this manuscript.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 3.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided

10 McDonald HI, Thomas SL, Nitsch D. BMJ Open 2014;4:6004100. doi:10.1136/bmjopen-2013-004100



8 Open Access

the original work is properly cited and the use is non-commercial. See: http:/
creativecommons.org/licenses/by-nc/3.0/

REFERENCES

1.

2.

Coresh J, Selvin E, Stevens LA, et al. Prevalence of chronic kidney
disease in the United States. JAMA 2007;298:2038—47.

Collins AJ, Foley R, Herzog C, et al. United States Renal Data
System 2007 Annual Data Report Abstract. Am J Kidney Dis
2008;51:A6-7.

Sarnak MJ, Jaber BL. Mortality caused by sepsis in patients with
end-stage renal disease compared with the general population.
Kidney Int 2000;58:1758—64.

Sarnak MJ, Jaber BL. Pulmonary infectious mortality among patients
with end-stage renal disease. Chest 2001;120:1883-7.

US Renal Data System 2011 Annual Data Report. Morbidity and
mortality in patients with chronic kidney disease. Am J Kidney Dis
2012;59:59-68.

Nagvi SB, Collins AJ. Infectious complications in chronic kidney
disease. Adv Chronic Kidney Dis 2006;13:199-204.

Viasus D, Garcia-Vidal C, Cruzado JM, et al. Epidemiology, clinical
features and outcomes of pneumonia in patients with chronic kidney
disease. Nephrol Dial Transplant 2011;26:2899-906.

Kausz AT, Gilbertson DT. Overview of vaccination in chronic kidney
disease. Adv Chronic Kidney Dis 2006;13:209-14.

Allon M, Depner TA, Radeva M, et al. Impact of dialysis dose and
membrane on infection-related hospitalization and death: results of
the HEMO Study. J Am Soc Nephrol 2003;14:1863-70.

Dalrymple LS, Go AS. Epidemiology of acute infections among
patients with chronic kidney disease. Clin J Am Soc Nephrol
2008;3:1487-93.

Foley RN. Infections in patients with chronic kidney disease. Infect
Dis Clin North Am 2007;21:659-72, viii.

Foley RN. Infections and cardiovascular disease in patients with
chronic kidney disease. Adv Chronic Kidney Dis 2006;13:205-8.
The World Bank. Country and lending groups. 2012 [6 Jun 2013].
http://data.worldbank.org/about/country-classifications/
country-and-lending-groups

Higgins JP, Altman DG, Gotzsche PC, et al. The Cochrane
Collaboration’s tool for assessing risk of bias in randomised trials.
BMJ 2011;343:d5928.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

Higgins JP, Thompson SG, Deeks JJ, et al. Measuring
inconsistency in meta-analyses. BMJ 2003;327:557—60.
Vinogradova Y, Hippisley-Cox J, Coupland C. Identification of new
risk factors for pneumonia: population-based case-control study.
Br J Gen Pract 2009;59:6329-38.

Watt JP, O’Brien KL, Benin AL, et al. Risk factors for invasive
pneumococcal disease among Navajo adults. Am J Epidemiol
2007;166:1080-7.

Loeb M, Neupane B, Walter SD, et al. Environmental risk factors for
community-acquired pneumonia hospitalization in older adults. J Am
Geriatr Soc 2009;57:1036-40.

Schnoor M, Klante T, Beckmann M, et al. Risk factors for
community-acquired pneumonia in German adults: the impact of
children in the household. Epidemiol Infect 2007;135:1389-97.
Collins AJ, Foley RN, Herzog C, et al. US Renal Data System 2010
Annual Data Report. Am J Kidney Dis 2011;57(1 Suppl 1):A8,
e1-526.

Campbell CNJ, Mytton OT, McLean EM, et al. Hospitalization in two
waves of pandemic influenza A(H1N1) in England. Epidemiol Infect
2011;139:1560-9.

Higgins RM. Infections in a renal unit. Q J Med 1989;70:41-51.
Dalrymple LS, Katz R, Kestenbaum B, et al. The risk of infection-related
hospitalization with decreased kidney function. Am J Kidney Dis
2012;59:356-63.

Hackam DG, Mamdani M, Li P, et al. Statins and sepsis in patients
with cardiovascular disease: a population-based cohort analysis.
Lancet 2006;367:413-18.

Karunajeewa H, McGechie D, Stuccio G, et al. Asymptomatic
bacteriuria as a predictor of subsequent hospitalisation with urinary
tract infection in diabetic adults: the Fremantle Diabetes Study.
Diabetologia 2005;48:1288-91.

James MT, Laupland KB, Tonelli M, et al. Risk of bloodstream
infection in patients with chronic kidney disease not treated with
dialysis. Arch Intern Med 2008;168:2333-9.

James MT, Quan H, Tonelli M, et al. CKD and risk of
hospitalization and death with pneumonia. Am J Kidney Dis
2009;54:24-32.

Wang HE, Shapiro NI, Griffin R, et al. Chronic medical conditions
and risk of sepsis. PLoS ONE 2012;7:e48307.

Caljouw MA, den Elzen WP, Cools HJ, et al. Predictive factors of
urinary tract infections among the oldest old in the general
population. A population-based prospective follow-up study. BMC
Med 2011;9:57.

McDonald HI, Thomas SL, Nitsch D. BMJ Open 2014;4:¢004100. doi:10.1136/bmjopen-2013-004100 1



METHODS SECTION

In this section, Chapter 3 describes the data sources used in the study and identification of
the study population, Chapter 4 presents the methods used to identify episodes of
infection and calculate infection rates, Chapter 5 describes the identification of CKD, and

Chapter 6 provides detailed definition of all other variables used in analyses.

[45]



Chapter 3. Data sources and study population
3.1 Use of electronic health records for epidemiological

research

Primary care in the United Kingdom (UK) is comprehensively computerised.[58] Clinicians
record consultations and diagnoses directly into electronic clinical management systems,
and prescribe electronically. Laboratory test results are increasingly reported electronically.
The UK National Health Service (NHS) is free at the point of care for all UK residents, and
provides near-universal coverage: 99% of the population are registered with a General
Practitioner in primary care, and patients register with each practice for an average of 12
years.[59, 60] Once these electronic patient records have been collected, anonymised and
aggregated into large administrative databases, they permit large observational studies

with a dataset rich in detail, with long follow-up based among the general population.[61]

As with any secondary data analysis, care must be taken in interpretation.[62] It is
important to assess data quality, including completeness and accuracy.[63] Appropriate
data handling and interpretation require an understanding of the context within which the
data were generated.[64] Secular trends in electronic health records may reflect changing
epidemiology, patient health service use, clinical practice or recording patterns. In
particular, the Quality and Outcomes Framework (QOF), introduced 1 April 2004, financially
incentivised electronic recording of certain outcomes in primary care to demonstrate the

achievement of ‘pay for performance’ indicators.[65]

Data linkage offers the opportunity to combine the advantages of different datasets: for
example, to capture co-morbidities recorded in primary care, while identifying time in
hospital from secondary care records.[63] This study used a large database of anonymised
electronic health records from primary care in the UK, with linkages to secondary care,

mortality and socio-economic status datasets.

3.2 Primary care data from the Clinical Practice Research

Datalink

Primary care data were obtained from the Clinical Practice Research Datalink (CPRD). CPRD
contains data continuously recorded from 1987 under its previous incarnations, Value

Added Medical Products Ltd (VAMP) and the General Practice Research Database
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(GPRD).[66, 67] Data were extracted in May 2011, when CPRD contained data for
12,808,177 patients at 627 practices across the UK.[68, 69]

The CPRD population has been found to be representative of the general UK population in
terms of sex and age structure, with some under-representation of single-GP practices, and

of practices in inner London.[67]

3.2.1 CPRD data collection

All participating practices use VISION Practice Management software. Events in primary
care are recorded directly by the healthcare practitioner. Information recorded includes
patient demographics and registration dates, consultation dates and diagnoses, lifestyle
information (e.g. smoking status), clinical details (e.g. blood pressure), test results,
prescriptions, and interactions with secondary care (e.g. referrals, discharge
summaries).[69] Diagnoses are encoded contemporaneously by the healthcare practitioner
using the Read coding system, the national standard.[70] General practices submit

anonymised records for all registered patients to the central database.

3.2.2 CPRD data quality

CPRD checks data quality indicators by general practice and for individual patient
records.[66, 67, 69] Specific requirements for data quality from each primary care practice
have altered over time, but are based on markers of continuity of recording and a recorded
mortality rate within predicted parameters. Each practice is considered ‘up-to-standard’ for
the latest continuous period of time during which the practice records have met the quality
and continuity standards.[66, 67, 69] Quality requirements for individual patient records
include a valid gender, year of birth, reason supplied for any transfer out from the practice,
and permanent registration. Only patients with acceptable records are included in the
database made available to researchers. The commonest reason for rejecting a patient’s
record is temporary registration.[69] In May 2011, when the data for this thesis were
extracted, all CPRD practices were ‘up-to-standard’ and 11,287,981 (88.1%) of the patients

had acceptable records.[68]

One well-recognised quality issue is the over-estimation of incidence rates in the initial
period following a patient’s registration with the practice. Disease symptoms may lead
some patients to register with a new practice, biasing observed incidence rates upwards for
the time shortly after registration. In addition, pre-existing co-morbidities or past major
medical events are often entered without distinction from new diagnoses, during the early

patient visits in which previous medical history is established. Lewis et al. found that this
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increased incidence rate following new patient registration returned to baseline within 6
months for most acute conditions (including pneumonia), and within a year for most

chronic conditions (including diabetes mellitus).[71]

A 2010 systematic review of validation studies in CPRD found 357 validations for 183
diagnoses. Most studies estimated the positive predictive value of a CPRD diagnosis (the
proportion of cases recorded in CPRD which represented true cases) by requesting
confirmation from the patient’s GP. Estimates of positive predictive value of a diagnosis in
CPRD were generally good: the median proportion of cases confirmed by validation was
89% (range 24-100%). Fewer studies calculated sensitivity (the proportion of true cases
identified as such in CPRD) or specificity (the proportion of patients without a disease
correctly identified in CPRD as non-cases), but those that did found high validity for the
diagnoses studied.[72] Disease rates in CPRD have been compared against other UK
sources for 99 different diagnoses, including diabetes, pneumonia, chickenpox and asthma,
providing some indirect support to claims of both good validity of recorded diagnoses and

representativeness of the CPRD population to the UK.[72]

3.2.3 CPRD data structure

Data are recorded as a combination of free-text and coded data. For reasons of patient
confidentiality, information entered as free text is not routinely available.[66] These may
include comments on encoded material, or longer communications such as letters to or
from secondary care. The essentials of longer free-text communications, such as conditions

diagnosed in secondary care, may also be entered as encoded records.[69]

Data are available in a set of files, sorted by type of information (Table 3.1). Prescriptions
are recorded in the therapy file. These are encoded using the Multilex product coding
system, and also contain the BNF chapter for the prescription. CPRD provide a dictionary of
medication product codes (“the CPRD Product Browser”), which may be searched by drug
name and BNF code. Immunisations are recorded in the immunisation file using product
codes and a CPRD variable labelled “immstype” which also records the vaccine type. A wide
range of information including medical diagnoses, clinical symptoms and signs, and some
lifestyle factors and test results are encoded using the Read code system. Read codes may
be recorded in clinical, referral, immunisation and test files. CPRD provide a dictionary of all

Read codes (“the CPRD Medical Browser”) which occur in the database.

Structured data are recorded using CPRD ‘entity types’. These are used to record test

results and clinical data entered using templates (such as blood pressure recordings).The
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entity type variable encodes the record type, e.g. ‘Blood pressure recording’. Each entity
type has up to seven data fields attached which contain the test results or template
contents. CPRD provide a key for each entity type of what it records, how the data are
structured, and look-up tables to translate each data field. Entity types with all data fields
are recorded in additional clinical details files and test files. Entity codes may also be

recorded in clinical files, but without accompanying data fields.

Thus: diagnostic records are available as Read codes in clinical, referral, immunisation and
test files; prescription records are available as product codes in therapy files; and test
results are available as entity codes in test and additional clinical details files and may also

be entered using Read codes in clinical, referral, immunisation and test files.

Table 3.1: Data files in the Clinical Practice Research Datalink (CPRD)

File Selected contents

Patient Patient demographics (gender, year of birth, death date) and
registration dates

Practice Practice details (region, date of last data collection, date since which
practice has met data quality standards)

Staff Practice staff details (gender and role)

Consultation Details of the type of consultation (e.g. home visit)

Clinical Medical history details

Additional Information recorded using templates, e.g. blood pressure recordings

Clinical

Details

Referral Patient referrals to external centres (specialty, urgency, type e.g. day
case)

Immunisation  Immunisation records

Test Test results

Therapy Prescriptions issued in primary care (Multilex product code, BNF code,
quantity)

BNF, British National Formulary

3.2.4 Principles of data management in CPRD

To identify each diagnosis in CPRD, a Read codelist was compiled using a combination of
text-based and hierarchical searching. The CPRD Medical Browser was first searched using
text terms, to identify an initial codelist. Relevant Read code headings were identified from
this codelist, and used to search the CPRD Medical Browser hierarchically, and the two

codelists were then combined.

To identify prescriptions, a medication code lists was compiled using the CPRD Product

Browser using search terms identified from the British National Formulary (BNF).[73]
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To identify test results or other structured data records, the relevant entity codes were

identified from CPRD meta-data.

Records were then extracted from the relevant data files, and merged with a patient list to
identify events of interest among the study population. Records were cleaned and any
required algorithms applied, to identify the event of interest. The detailed methods used to
define particular diagnoses are described in Chapter 4 for infections, Chapter 5 for CKD,

and Chapter 6 for other variables.

3.3 Data linkages with CPRD

CPRD patient records are linked to other routine datasets for English general practices,
subject to practice-level consent.[68] This thesis used linkages to inpatient secondary care
records from Hospital Episode Statistics (HES), mortality data from death registrations and
socio-economic data from the national census, the latter both held by the Office for

National Statistics (ONS).

All linkages were performed by a third party (the Health and Social Care Information
Centre), so that patient anonymity to the database users was maintained.[74] Linkage
between CPRD and HES was based on the patient’s NHS number, gender, and partial date
of birth. Linkage between CPRD and mortality data was based on the patient’s NHS
number, supplemented with date of birth and postcode. Socio-economic status estimates

were linked to CPRD records by the postcode of patient residence.

3.4 Secondary care data from Hospital Episode Statistics
Hospital Episode Statistics (HES) is a database of all attendances at NHS hospitals in
England. This study used anonymised HES inpatient admissions data, which have been
collected from 1989 onwards.[75] The seventh version of the CPRD-linked HES inpatient

admissions dataset was used.

3.4.1 HES data collection

Hospital care providers submit coded records of all hospital inpatient admissions to the
Secondary Uses Service (SUS). Data are encoded retrospectively, typically by administrative
coders, using inpatient records and hospital discharge summary. Since the phased
introduction of Payment by Results in the mid-1990s, payment for hospital care providers

has been based on activity levels calculated from these reported data, which has thus
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provided a strong financial incentive for full recording of patient diagnoses and treatments,
and admission and discharge dates, since before the start of our study period.[76] Data are
extracted monthly and annually from SUS and cleaned to form Hospital Episode

Statistics.[77]

3.4.2 HES data quality

Inpatient data collection includes a system of checks designed to assure data quality. Tools
to check the validity of reported data are made available to hospital care providers, to
encourage good quality data coding at source. SUS data submissions are audited for
completeness and invalid data formats, with results fed back to hospital care providers.

HES data extracted from SUS are also cleaned and checked for internal validity.[77]

The effectiveness of these data quality checks is unclear. The Audit Commission audits the
payment claims against the cost of care provided annually. Errors in clinical coding vary
from 0—-20% by hospital care provider when considered in terms of whether an appropriate
payment was claimed.[78] The accuracy of clinical coding considered in terms of whether
the diagnoses recorded provide an accurate assessment of the health status of each
patient from a clinical perspective is less clear. The Commission noted that co-morbidities
were inconsistently recorded, and that coding was more accurate when there was clinical

overview of the diagnoses recorded.[78]

3.4.3 HES data structure

HES data are structured in episodes, which together form spells. Any period of time a
patient spends continuously in hospital is referred to as a spell, which spans the time from
hospital admission to discharge. When the clinical team responsible for a patient’s care
changes, a new episode is recorded within that spell (Figure 3.1). A set of up to 20
diagnoses are recorded for each episode, of which the first (primary) diagnosis for the first
episode encodes the main reason for admission.[75] The coding system is based on the 10

revision of the International Classification of Diseases (ICD-10).[79]
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Figure 3.1: Hospital Episode Statistics (HES) data structure

Patient attends hospital and is admiitted e.g.to assessment unit

Referred to the care of consultant A e.g. surgery

Transferred to the care of consultant B e.g. elderly care

Discharged

2 A 4

Episode 1 Episode 2 Episode 3

Spell

Reason for admission: primary diagnosis of episode 1
The HES dataset is provided as a set of text files. The files used in this thesis are

summarised in Table 3.2.

Table 3.2: Selected data files in Hospital Episode Statistics (HES)

File Selected contents
Patient file Patient identifier, ethnicity
Episode file: one Spell number (constant for all episodes which together form a

record per episode  single spell in hospital for a patient)
Episode key (identifier for each episode of care)
Admission date (Date of admission for the spell)
Discharge date (Date of discharge for the spell)
E-order (field which identifies the order of episodes within a spell)

Episode diagnosis Episode key (identifier for each episode of care)

file ICD-10 codes for the episode
D-order (field which identifies the order of diagnoses within an
episode)

3.4.4 Principles of data management in CPRD-HES linked data

ICD-10 codes for a diagnosis of interest were selected using a hierarchical approach from
the ICD-10 classification.[75] These were extracted from the ‘episode diagnosis’ files, and
merged with the ‘episode’ files using the episode key to locate the diagnosis within a
hospital spell. The primary reason for admission was identified as the diagnosis recorded as
the primary diagnosis (d-order value of 1 in the episode diagnosis file) for the first episode

of an admission (e-order of 1 in the episode file).

3.5 Mortality data from the Office for National Statistics

This study used anonymised Office for National Statistics (ONS) mortality data derived from

death registration records. Updated mortality data were obtained during this study. The
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original version of ONS mortality data was used to identify exit from the study cohort for
objectives 2—4, and to describe mortality following infection in the analysis of burden of
infection among patients 265 with diabetes (objective 2). The updated version was used for
the analysis of the association of CKD with post-infection mortality (objective 5).

3.5.1 ONS data collection

Date and cause of death for all deaths in England and Wales are collated from civil
registration records. Information on cause of death is recorded on a death certificate by a
doctor in approximately 80% of cases, and these are coded automatically by a software
programme. Causes of death are recorded in free-text by a coroner (following post-mortem

and/or inquest) in approximately 20% of cases, and these are coded manually.[80]

3.5.2 ONS data quality
Mortality data derived from death registration records in the UK are high quality, with good
completeness, systematic coding rules applied consistently to clinically-led diagnosis

selection, and low use of ill-defined codes.[81]

3.5.3 ONS data structure
Text files contained the date of death and up to 15 causes of death. The updated dataset

also included meta-data describing the quality of the linkage to CPRD.

Causes of death were coded using the Ninth Revision of the International Classification of
Disease (ICD-9) until 2001, and the Tenth Revision (ICD-10) subsequently. This not only
altered the format and number of codes available, but also the rule governing the selection
of the underlying cause of death (Rule 3). This rule states that if the condition which would
otherwise be selected as the underlying cause of death “is obviously a direct consequence
of another reported condition... select this primary condition”. In particular, this has
reduced the number of deaths with underlying cause of death assigned to pneumonia. The
conditions considered underlying causes if they are co-reported differ according to the
precise code used to record pneumonia, but may include any conditions that impair the
immune system, wasting diseases (such as cancer), diseases causing paralysis (such as

stroke), and chronic lung disease.[80]

A bridging study used both ICD-9 and ICD-10 coding to assign underlying cause of death to
deaths which occurred in 1999, and compared the results. For nearly half of all deaths with
pneumonia assigned as the underlying cause of death using the ICD-9 coding system, the
underlying cause of death was reassigned using the ICD-10 coding system. Most of the

affected deaths were reassigned to Chapter IX (Diseases of the circulatory system, which
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includes stroke and ischaemic heart disease), and a substantial proportion were reassigned
to dementia, Parkinson’s disease, and neoplasms.[82] Hence, recording of infection and
particularly pneumonia as a specific cause of death is vulnerable to artefactual change, and
full capture of infection-related mortality necessitates use of both underlying and

contributory cause of death ICD codes.

3.6 ONS socio-economic status data
The study used linked ONS socio-economic status data for individual patients, based on

residence.

Socio-economic status was described using the index of multiple deprivation (IMD), a
composite area-level marker of deprivation.[83] Deprivation is identified in seven
dimensions: housing, income, employment, education and training, health and disability,
living environment, and crime. These are combined to form a single estimate of multiple
deprivation, which is calculated at the level of lower super output area, a geographical unit
with a population of approximately 1,000-3,000. The lower super output areas are then

ranked, and divided into quintiles. ONS IMD estimates from 2007 were used.

3.7 Software

Data management and analysis were conducted in Stata unless otherwise specified: version

12.0 for objective 2, and version 13.0 for objectives 3-5.

3.8 Ethics

This study formed part of a project led by Dr Sara Thomas on the burden, determinants and
outcomes of severe infections in older people in the UK, which received ethics approval
from the LSHTM ethics committee (LSHTM ethics reference 6116) and GPRD/CPRD data use
approval by the CPRD ethics committee (ISAC reference 11_033).

An amendment which provided further detail of the definition of chronic kidney disease as
part of aim 4 of the original protocol, was submitted to and approved by the CPRD ethics
committee (ISAC reference 11_033A). This amendment made no changes to the original

protocol.
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3.9 Identifying the study cohort

The primary study population comprised patients registered in CPRD aged 265 years with
diabetes mellitus (study population A, 3.9.1). The rationale for studying older people with

diabetes mellitus is discussed in 1.4.1.

For analyses of the association of CKD with infection incidence or vaccine effectiveness

among patients with CKD (objectives 3 and 4), patients were required to have a valid serum

creatinine result, and patients with a history of renal replacement therapy were excluded

(study population B, 3.9.2).

To study the association between CKD and short-term post-infectious mortality (objective
5), the study population was additionally restricted to patients with available linkage to
ONS mortality data, and the cohort was identified anew using the updated linked ONS

mortality data (study population C, 3.9.3).

3.9.1 Study cohort A: patients aged 265 years with diabetes mellitus
The primary study population comprised all 219,145 patients registered in CPRD during the
study period (1 April 1997 — 31 March 2011) aged 265 years with diabetes mellitus.

To ensure data quality, patients were only eligible if both patient and practice data met
CPRD quality standards (3.2.2). To allow good assessment of co-morbidities at baseline, and
prevent over-estimation of infection incidence (3.2.2), patients were required to be

registered with the practice for at least a year before study entry.[71]

Patients entered study cohort A at the last date of: diabetes diagnosis date, 65" birthday,
one year anniversary of current registration at the practice, date practice data reached
quality control requirements ‘up-to-standard’, or 1 April 1997. Patients exited study cohort
A at the first date of: date of death, leaving the practice, last date of data collection from

the practice, or 31 March 2011.

Diabetes mellitus was identified from diagnoses recorded in primary care. Two Read
codelists were used, both compiled by Dr Sara Thomas, listed in Appendix B. The first
codelist contained Read codes which were considered to encode a definite diagnosis of
diabetes. Any one of these ‘definite’ codes identified a patient with diabetes mellitus. The
second codelist contained Read codes which suggested a possible diagnosis of diabetes.
These codes identified a patient with diabetes only if the patient had also received a

prescription for an antidiabetes medication. | compiled product code lists for antidiabetes
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medications, which are discussed in 6.6.3 and listed in Appendix B. The ‘diabetes diagnosis

date’ was the earliest date of any qualifying diagnosis code or prescription.

To maintain patient anonymity, CPRD provides year but not day or month or birth. To
calculate age from year of birth, all patients were assigned a nominal birthday of 1 July.
Date of death was identified from ONS mortality records if the patient had a death
recorded in linked ONS data, and from CPRD date of death records if not.

Identification of the cohort is described in Figure 3.2. In total, 13.8% (35,186/254,388) of all
patients were excluded: 13,335 patients had only ‘possible’ codes for diabetes, with no
relevant medications to confirm diabetes; and 21,850 patients met a criterion for exit
before becoming eligible for entry, and thus contributed no time to the study. Among the
219,203 eligible patients, the median time eligible was 3.9 years (range 29 days to 14.0

years).
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Figure 3.2: Defining study cohort A: patients aged 265 years with diabetes mellitus

CPRD
patients

Any
diabetes
code

Initial list:
254,388 patients

) None:

;zgg::s Relevant 13,335

code medication (5.2%)
EXCLUDED

At least one
‘definite’ code:
240,649 (94.6%)
ELIGIBLE

At least one

prescription:

404 (0.16%)
ELIGIBLE

Time eligible

None (exit before
entry to study):
21,908
(9.1%)
EXCLUDED

INCLUDED
219,145

(86.1% of initial list)

CPRD, Clinical Practice Research Datalink
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3.9.2 Study cohort B: patients with a serum creatinine test and no history of
renal replacement therapy

Study cohort B comprised the subset of study population A who had a valid serum

creatinine result recorded, after patients with a history of renal replacement therapy had

been excluded.

Excluding patients with a history of renal replacement therapy
Renal replacement therapy was identified in CPRD by a Read code for renal transplant or

dialysis. The Read code list is described in 5.3 and listed in Appendix D.

For objective 2, patients with a history of renal replacement therapy in CPRD prior to the
study were excluded, and patients with a first incidence of renal replacement therapy in

CPRD during the study were censored from this date.

Subsequently, identification of renal replacement therapy was improved by additionally
excluding patients with an ICD-10 code for renal transplant or dialysis in HES (listed in
Appendix D). A sensitivity analysis was conducted for objective 2 in which this was also
applied to study cohort B: an additional 62 patients were excluded, and the study exit date

was altered for 440 patients. Results of this are presented in 8.4.

Identifying patients with a valid serum creatinine result

A valid serum creatinine result was required to define the patient’s CKD status.

Clinical reasons for testing serum creatinine include acute illness, particularly infection, and
patient characteristics which may be related to infection. There is therefore a risk of
ascertainment bias in estimates of the association between CKD and infection from greater
creatinine recording among patients with higher incidence of, or potential mortality from,
infection. This risk may be mitigated by routine monitoring and complete recording. Several
of the entry criteria to the study cohort (such as a diagnosis of diabetes mellitus, age >65
years, or practice recording reaching required CPRD data standards) may be associated
with completeness of serum creatinine monitoring or recording. We examined
completeness of serum creatinine recording in the year prior to entry to study cohort A
compared to the first year after entry to study cohort A among patients without a history
of renal replacement therapy. Serum creatinine recording was more complete after entry

to study cohort A (5.4.2).

Classifying patients’ CKD using serum creatinine results prior to fulfilling the eligibility

criteria for study population A would therefore have increased the risk of ascertainment
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bias in estimation of the association between CKD and infection incidence. It was therefore
decided that patients would only enter study cohort B from the date of the first valid serum
creatinine test after fulfilling other eligibility criteria. Serum creatinine results were

identified and cleaned as described fully in 5.4.1.

Cohort B entry and exit dates

Patients entered study cohort B on the date of the first valid creatinine result recorded
after the last time-point of: diabetes diagnosis date, 65" birthday, one year anniversary of
current registration at the practice, date practice data reached quality control

requirements ‘up-to-standard’, or 1 April 1997.

Patients exited study cohort B at the first date of: date of death, leaving the practice, last
date of data collection from the practice, renal replacement therapy (dialysis or renal

transplant) or 31 March 2011.

3.9.3 Study population C: patients with ONS mortality data linkage

Analysis of the association of CKD with short-term post-infection mortality (objective 5)
was restricted to patients with an available linkage to ONS mortality data, to optimize
timely ascertainment of mortality. An updated linkage to ONS mortality data was available,
and so the study cohort were defined anew using the date of death recorded in the

updated ONS dataset.

The updated mortality dataset recorded deaths registered from 1 January 1998 to 10
January 2012, and so the study period was restricted to start on 1 January 1998. Dates of
death in CPRD were not used to identify patient death for the cohort exit date. As death
would not be identified after the date on which the datasets linkage was established, the
date on which record linkage was checked (linkage date) was additionally used to define

cohort exit.
Study cohort C was otherwise defined using the same criteria as cohort B.

Cohort C study entry and exit dates

Patients entered study cohort C on the date of the first valid creatinine result recorded
after the last time-point of: diabetes diagnosis date, 65" birthday, one year anniversary of
current registration at the practice, date practice data reached quality control ‘up-to-
standard’, or 1 January 1998. Patients exited study cohort C at the first date of: date of

death (recorded in the updated ONS dataset), leaving the practice, last date of data
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collection from the practice, renal replacement therapy (dialysis or renal transplant in CPRD

or HES), ONS data linkage date, or 31 March 2011.

3.9.4 Relationship between study cohorts

Study cohort A comprised all patients in CPRD with diabetes mellitus aged 265 years. Study
cohort B represented the subset of cohort A who had valid serum creatinine result and no
history of renal replacement therapy. These restrictions were introduced to permit analysis
of infection incidence and vaccine effectiveness according to CKD status, excluding patients

with end-stage renal disease (Objectives 3 and 4).

Study cohort C would have been the subset of cohort B who had ONS mortality data linkage
available. However, an updated mortality dataset linkage was available. Defining the cohort
anew with this dataset offered the opportunity to study a larger cohort for this objective.
As date of death was defined using an updated mortality dataset for study cohort C, which
could alter the date of study exit to be earlier or later, study cohort C was not a direct

subset of study cohort A.

The relationship between study cohorts A, B and C is illustrated in Figure 3.3. Any
additional study exclusion criteria (such as exclusion of patients with missing data) are

described in the chapter presenting the relevant data analysis.

[60]



Figure 3.3: Overview of eligibility criteria for study cohorts A, B and C

Study cohort & LStudy cohort B
Batienks =05 years in CPRD Patients =65 years in CPRD with
with diabetes mellitus diabetes mellitus, a valid semim
creatinine result, and
Cohort entry: date 1 no history of RRT in CPRD.
Cohaort exit: date 2
Cohort entry: first valid serum

creatining result after date 1
Cohort exit; date 2 or RRT

Date 1 was the last date of:

Study cohort ©

Patients 265 years in CPRD with:
diabetes mellitus,

avalid serum creatinine result, no
histary of RRT In CPRD nar HES,
and available linkage to updated
OMS mortality dataset.

Cohaort entry: latest of date 1 or 1
January 1998

Cahart exit: latest of ONS data
linkage date, of date 2 [with date of
death defined using updated ONS
dataset), or RRT

diabetes diagnosis, 85" birthday, one year anniversary of current registration at
the practice, date practice data reached quality standards, or 1 April 1997,

Date 2 was the first date of:

date of death, leaving the practice, last data collection from the practice, or 31

March 2011,

CPRD, Clinical Practice Research Datalink; RRT, renal replacement therapy; HES, Hospital Episode Statistics;

ONS, Office for National Statistics
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Chapter 4. Definition of infections

Four acute, community-acquired infections were studied: urinary tract infection (UTI),

lower respiratory tract infection (LRTI), pneumonia (as a subset of LRTI) and sepsis.

The strategy for defining episodes of infection was based on previous work by Elizabeth
Millett and Sara Thomas in defining LRTIs and pneumonia.[5] The general principles were
that: infections were identified from clinical diagnoses in primary or secondary care;
diagnoses recorded within 28 days of one another were treated as a continuation of the
same infection; hospital-acquired infections were excluded; time in hospital was excluded
from time at risk of that infection; and combined CPRD and HES data were used whenever

HES-linked data were available for a patient.

| used the data management files created by Elizabeth Millett and Dr Sara Thomas to define
episodes of LRTI (including pneumonia), and adapted these to define episodes of other
infections (Elizabeth Millett, PhD thesis, LSHTM, unpublished). Both Elizabeth Millett and
Dr Sara Thomas provided extensive practical advice and support towards applying their
methods to this study’s dataset, and adapting them for UTls and sepsis. Elizabeth Millett’s
methods for defining LRTI and pneumonia are described in 4.1, followed by adaptations for

this thesis to sepsis and UTI.

4.1 Lower respiratory tract infections (LRTIs), including

pneumonia

4.1.1 LRTI diagnosis codes

The Read code list used to identify clinical diagnoses of LRTI in CPRD, and the ICD-10 code
list used to identify clinical diagnoses of LRTI in HES, were developed by three clinical
epidemiologists (Dr Sara Thomas, Dr Jennifer Quint, a respiratory physician, and Prof. Liam
Smeeth, GP). The codes are listed in Appendix C. Exacerbations of chronic obstructive
pulmonary disease (COPD) were not included unless they specified an infectious aetiology.
Codes identified as pneumonia codes defined both an LRTI and a pneumonia. Codes such as
acute bronchitis and influenza identified LRTI but not pneumonia. The Read code list
included one diagnosis for a post-operative infection, H262.00 ‘Postoperative pneumonia’

which was used to identify hospital-acquired infections (4.1.4).
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4.1.2 CPRD data extraction
CPRD records which included a Read code for LRTI were extracted from clinical, test and

referral files. There were no instances of the listed Read codes in the immunisation files.

4.1.3 Definition of LRTI episodes in CPRD

An LRTI diagnosis code defined the incident date for an LRTI if there were no LRTI diagnoses
recorded within the previous 28 days. A diagnosis recorded within 28 days of a previous
LRTI diagnosis continued the same episode of LRTI. The duration of each episode of LRTI
was from the incident date until 28 days after the last diagnosis of LRTI within the episode

(Figure 4.1: A).

4.1.4 Identification of hospital-acquired LRTI episodes using unlinked CPRD
data
If the episode of LRTl included the diagnostic code H262.00 ‘Postoperative pneumonia’, the

entire episode was considered an episode of hospital-acquired pneumonia.

If the incident date of an episode was within 14 days after a CPRD record of hospitalisation
(including inpatient admissions, hospice stays, day cases and non-urgent admissions), the
episode was judged to be hospital-acquired (Figure 4.1: B). Records which defined
inpatient admission were: Read codes for inpatient admission or hospice stay in a clinical,
test or referral file; consultation type field recorded as 23 ‘Hospital admission’ or 47
‘Hospital Inpat Rept’ in a patient’s consultation file; or inpatient field recorded as 1
‘Inpatient’ in a referral file. Records which defined day case or non-urgent admissions were:
Read codes for day cases or non-urgent admissions in a clinical, test or referral file;
consultation type field recorded as 25 ‘Day Case Report’ in a consultation file; or inpatient
field recorded as 2 ‘Day Case’ in a referral file. Emergency department attendances were

not used to identify hospitalisations.

Hospital-acquired LRTIs were not included as outcomes, and the duration of a hospital-

acquired LRTI was removed from time at risk of a community-acquired LRTI.

Episodes of LRTI which did not contain a code for post-operative infection, and did not
occur within 14 days of a CPRD record of hospitalisation were considered community-

acquired for patients without CPRD-HES linkage available.

4.1.5 HES data extraction and cleaning
All hospital episodes for the study population were extracted from the HES ‘episode’ file.

Episodes which included an LRTI were identified by extracting records which included an
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LRTI ICD-10 code from the HES ‘episode diagnosis’ file. LRTI diagnoses were merged into
the ‘episode’ files by matching records on patient identifier, spell number and the episode

key.

The data were collapsed to form one record for each hospital spell, with an indicator for
whether an LRTI occurred as the primary diagnosis for the first episode of the spell, or at
any point during the spell. The first episode was identified using the e-order field of the
‘episode’ file, and the primary diagnosis of the episode was identified using the d-order

field, of the ‘episode diagnosis’ file (3.3.3).

Hospital spells with a missing admission or discharge date, and hospital spells with a
discharge date earlier than the admission date, were discarded. When a patient had two
spells with the same admission date, at least one had a discharge date on the same day for
all cases, and so these are likely to represent same day readmissions. Hospital spells for a
single patient which overlapped in time or were nested one within another were also
identified. For patients with multiple spells on one date, nested spells, or overlapping
spells, these spells were combined to form one record of continuous hospitalisation from
the earliest admission date to the latest discharge date. The spell with the earliest
admission date (and lowest spell number for same day admissions) was used to determine
whether LRTI was the primary reason for admission at the start of the combined period of
continuous hospitalisation. All spells were used to identify whether there was any LRTI

diagnosis at any point during the combined period of continuous hospitalisation.

4.1.6 Definition of LRTI episodes in CPRD-HES linked data
Combined CPRD and HES data were used to define LRTIs for all patients with HES-linkage

available.

When a patient is admitted to hospital for a community-acquired infection, LRTI should be
recorded as the main reason for hospital admission. Hospital spells with LRTI recorded as
the primary diagnosis for the first episode of the spell are referred to in this thesis as
“hospitalisations for LRTI”, and defined an incident community-acquired LRTI, with duration

from hospital admission until 28 days after hospital discharge (Figure 4.1: C).

Patients may also be admitted to hospital with a community-acquired infection which is not
their main reason for admission (for example, if a myocardial infarction occurs secondary to
a community-acquired LRTI). The LRTI which is recorded cannot be distinguished in the HES
records from a hospital-acquired LRTI. Hospital spells with an LRTI diagnosis which was not

recorded as the primary diagnosis for the first episode are referred to in this thesis as
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“hospitalisations including an LRTI”. In the absence of other evidence, these were assumed
to represent hospital-acquired LRTIs, with duration from hospital admission to 28 days

after hospital discharge (Figure 4.1: D).

Either HES or CPRD diagnoses could continue an ongoing LRTI, without changing its status
as community- or hospital-acquired. If a hospital admission for or including an LRTI
occurred during a community- or hospital-acquired LRTI identified from CPRD diagnosis,
the LRTI was continued until 28 days after hospital discharge (Figure 4.1: F and G). A CPRD
diagnosis of LRTI recorded during the 28 days after discharge from a hospital spell for or
including an LRTI continued the LRTI until 28 days after the last diagnosis (Figure 4.1: H and

1).

Hospital records with no LRTI were also used to define LRTIs as hospital-acquired. Any
incident LRTI occurring within 14 days after any hospital discharge recorded in HES was
defined as hospital-acquired (Figure 4.1: E and J). A diagnosis of LRTI in CPRD which was
during a hospital spell recorded in the linked HES data was also considered a hospital-

acquired LRTI, with duration until 28 days after hospital discharge (Figure 4.1: K).

An exception was made when a CPRD diagnosis of LRTI was recorded on the same day as a
HES admission for a spell which did not have any record of LRTI in the spell. It was
considered possible for these patients that the patient had been diagnosed as having
possible pneumonia in primary care, and referred to hospital for investigation and
admission. However, as LRTI was absent from all records of that hospital spell it appeared
likely that investigation in secondary care had provided an alternative diagnosis. In this
case, the increased investigation possible in secondary care (for example, the easy
availability of chest X-rays) were considered to cast doubt upon the primary care diagnosis.
Thus, if a CPRD diagnosis of LRTI occurred on the same day as a hospital admission for a

spell with no record of LRTI in the spell, this was not used to define an LRTI.

Any one episode of LRTI could combine multiple records of LRTI in CPRD and HES in any

order; the same principles were applied (Figure 4.1: L).
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4.1.7 Pneumonia as a subset of LRTI

Pneumonia was identified as a subset of LRTI. Codes which defined pneumonia diagnoses
are listed in Appendix C. The first pneumonia diagnosis within an LRTI defined the
pneumonia incident date. The duration of the pneumonia episode was from the

pneumonia incident date to the end of the LRTI within which it occurred.

A major difference between community-acquired and hospital-acquired pneumonia is that
each is associated with a different profile of pathogens.[84] If a pneumonia episode
developed from a hospital-acquired LRTI, the causative pathogen was likely to be hospital-
acquired. If a patient was admitted to hospital with a community-acquired LRTI, any
subsequent progression to pneumonia might be caused by hospital-acquired pathogens. To
ensure we classified as community-acquired only those episodes of pneumonia which were
likely to be caused by pathogens acquired in the community, pneumonia was defined as
community-acquired only if it was within a community-acquired LRTI and there was no
hospitalisation between the LRTI incident date and the pneumonia incident date (Figure

4.2).

Figure 4.2: Defining community-acquired and hospital-acquired pneumonia episodes
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LRTI, Lower Respiratory Tract Infection; CPRD, Clinical Practice Research Datalink; HES, Hospital Episode
Statistics
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4.2 Sepsis
Clinical diagnoses were used to identify community-acquired and hospital-acquired

episodes of sepsis, applying the same strategy as described above for defining episodes of

LRTI.

4.2.1 Identification of diagnostic codes for sepsis

The outcome of interest was clinically diagnosed acute, community-acquired sepsis. Sepsis
is defined as a systemic inflammatory response in the presence of infection.[85]
Bacteraemia, or disseminated infections which commonly arise through haematogenous
spread, may occur in the absence of a systemic inflammatory response, and so these codes
were not considered sufficient evidence to identify sepsis, and were not included in the
diagnosis code lists. Likewise, positive blood culture tests may occur without a systemic
inflammatory response, and were not considered sufficient evidence of a clinically relevant
episode of sepsis. Systemic infections which are commonly subacute, or chronic, or with a
long latent period, such as disseminated blastomycosis or systemic cryptococcosis, were

not considered acute, and were not included.

| identified diagnostic Read codes for sepsis using the search strategy in Table 4.1, which
started with a text-based search and then also used the identified codes to search
hierarchically. | combined this list with a Read code list compiled separately by Dr Sara
Thomas and discussed this with Dr Sara Thomas and Dr Dorothea Nitsch to compile a final
set of Read codes, listed in Appendix C. Codes specifying that sepsis was post-operative or
a result of a blood transfusion were identified, but none were recorded for the study

population, and so these were not used to identify hospital-acquired episodes of sepsis.

Table 4.1: Search strategy for sepsis Read codes

Search CPRD Medical browser version 1.3.2
details Database build ‘ever’

Search date 10 April 2012
Stage 1 Text-based search

Read terms *sepsis*, *septic*, *blood*infect*, *blood*poison*, *endocard*,
*pyaem*, pyem*, *viraem*, *virem*, *fungaem*, *fungem?*,
*system*mycos*, *system*inf*, *SIR*, *bacteraem®*, *bacterem* or
*culture*
Stage 2 Identifying relevant Read code hierarchies
Sorted results of text-based search by Read code to identify relevant
Read code headings.
Stage 3 Hierarchical search
Read codes | 140*, A* G51*, G54*, H5*, J65%*, 166*, J67*, L0O4*, L09*, L29*, LAO*,
L43*, Q40*, Qyu*, RO5*, R10*, SL4*, SP2*, SP3*

CPRD, Clinical Practice Research Datalink
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ICD-10 codes were searched hierarchically to identify diagnostic codes for sepsis. Two
codes were identified which were not sufficient to identify a sepsis episode, but could have
been consistent with a diagnosis of sepsis. These were: B349 “Viral infection’, unspecified
and A499 ‘Bacterial infection’, unspecified. These would have been used to confirm a
diagnosis of sepsis if they occurred during a hospital spell with a CPRD diagnosis on the day
of admission, but there were no instances of this combination. The ICD-10 code list for

sepsis diagnoses is listed in Appendix C.

4.3 Urinary tract infections

Acute urinary tract infections (UTIs) were identified from clinical diagnoses using the same
strategy as used to define LRTIs, modified to incorporate diagnostic codes for suspected
UTI, and with a difference in how a primary care diagnosis on the same day as hospital

admission was classified.

4.3.1 Identification of diagnostic codes for UTIs

The outcomes of interest were acute, community-acquired infections of the bladder and
upper urinary tract. Urethritis and male accessory gland infections such as prostatitis have
different clinical presentations from bladder and upper urinary tract infections, with
different risk profiles.[86] We considered these to be separate clinical entities from bladder
and upper urinary tract infections. As less severe conditions, they may also be more
vulnerable to ascertainment bias from health-seeking behaviour, diagnosis and recording
bias. We thus did not include urethritis and male accessory gland infections as UTls. While
UTIs may cause positive urine cultures, these may also occur in the context of
asymptomatic bacteruria. To ensure we only identified clinically-relevant infections, we

used clinical diagnoses to identify UTls, and did not use urine bacterial culture test results.

Diagnostic codes for UTI were identified by Dr Sara Thomas and code lists were finalised in
discussion with Dr Dorothea Nitsch and myself. The Read and ICD-10 codes selected to
define UTls are listed in Appendix C. Codes for ‘recurrent UTI’ were assumed to be
recorded in the context of a current infection. Codes which specified that a UTI had

occurred in pregnancy were assumed to be historical in this age group and were not used.

If Read code K190200 ‘Post operative urinary infection’ occurred during a UTI episode, the

entire episode was classified as hospital-acquired.

Codes for pyelonephritis were vulnerable to cross-use to describe chronic kidney disease.

For example, acute renal infections are recorded in HES records using the ICD-10 codes N10
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‘Acute tubulo-interstitial nephritis’ or N12 ‘Tubulo-interstitial nephritis, not specified as
acute or chronic’, both with an additional code B95-99 to identify the infectious agent. If an
infectious agent is not recorded, code N12 could represent a chronic tubulo-interstitial
nephritis (a cause of CKD), or an episode of pyelonephritis where the infectious agent was
not identified or not recorded. To avoid misclassifying patients with CKD as having episodes
of pyelonephritis, a cautious approach was taken in selecting codes to identify
pyelonephritis. Codes which were ambiguous or required another code to identify an

infectious aetiology were not used to identify pyelonephritis.

4.3.2 Resolving conflict between primary care diagnosis and hospital records
For patients admitted to hospital on the same day as a diagnosis of UTl in primary care, the

hospital records did not always include a diagnosis of UTI for the admission.

Urinary tract infection is usually a clinical diagnosis in primary care, and the diagnostic gold
standard is urine microscopy and culture, which is available in primary care.[87] Primary
care diagnoses were therefore treated with some confidence. It was thought plausible that
recording of UTls in hospital discharge records could be incomplete for patients admitted

to hospital who had a community-acquired UTI at the time.

If a UTI was recorded in CPRD on the same day as a hospital admission, this was defined as
a community-acquired UTI even if the hospital spell did not include an ICD-10 code for UTI.
Otherwise, CPRD and HES records were combined to identify community-acquired and

hospital-acquired UTI using the same principles as those used to define LRTI.

4.3.3 Codes for suspected UTI

In clinical practice, a patient with symptoms of UTI may be recorded as having a suspected
UTI: pending the results of urine microbiology, for example. We included Read code 1J4..00
‘Suspected UTI’ in the UTI code list used to define episodes of UTI. ‘Suspected UTI’ codes
were treated in the same way as other UTI diagnostic codes for defining the start, end or
duration of any group of UTI codes within 28 days of one another to form a UTI episode
(Figure 4.3: A). However, a group of diagnoses which comprised only codes for suspected
UTI without any other code for UTI did not define an episode of UTI (Figure 4.3:B). Other
than this requirement, suspected UTI codes were treated identically to other UTI diagnostic

codes in defining UTIs in combined CPRD-HES records (Figure 4.3: C).
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Figure 4.3: Use of Read code 1J4..00 'Suspected UTI' in defining episodes of UTI
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4.4 ldentifying infectious aetiology

Data sources identifying infectious aetiology were available within both primary and
secondary care datasets. Aetiology may be recorded in diagnostic codes for infection,
either as Read codes in primary care records (e.g. H21..00 Lobar (pneumococcal)
pneumonia) or as ICD-10 codes in secondary care records (either directly in the diagnostic
ICD-10 code, such as J13 Pneumonia due to Streptococcus pneumonia, or by attachment of
a separate code recording the causative pathogen).[76] Microbiological test results sent
from primary care were available in CPRD, although tests conducted in secondary care

were not available in HES.

Infectious aetiology is incompletely identified and recorded for community-acquired
infections: fewer than half of patients with community-acquired pneumonia have a
pathogen identified.[84, 88] In part this is due to the low diagnostic yield of many
microbiological tests, especially among patients who have commenced antibiotic
treatment.[89] However, it is also due to selective investigation, particularly in primary

care. Guidelines on the management of community-acquired UTIl and LRTI in primary care
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recommend that microbiological tests should be sent only for selected patients.[88, 90, 91]
Impaired renal function is an indication for microbiological investigation for UTI and if
associated with poorer prognosis of infection would also influence microbiological
investigation more generally.[90] Thus, information on infectious aetiology was incomplete
among the study population, and was likely to be differential by CKD status. Restricting any
analysis to infections with identified aetiology would have included only a selected subset
of patients, and would have been likely to introduce selection bias into estimates of the
association of CKD with infection incidence or mortality. Description of infectious aetiology

was therefore not attempted for this thesis.

4.5 Time at risk of community-acquired infection

Time at risk of community-acquired infection was identified separately for each type of
infection. Patients were considered at risk of a community-acquired infection unless they
were experiencing an ongoing episode of infection, or were a current hospital inpatient, or
were within 14 days of discharge from hospital. Community-acquired or hospital-acquired
infections were removed from person-time at risk for each patient. When HES-linkage was

available, time in hospital was also removed from time at risk for each patient.

4.6 Calculating infection incidence

Infection rates were calculated using Poisson regression models. Poisson regression was
selected in preference to Cox regression because it allowed me to look at how infection
rates changed over several dimensions of time (for example age and calendar year). Fitting
Poisson regression models is also computationally less intensive than fitting Cox regression
models, which is relevant with this large dataset. Lexis expansions were used to allow
adjustment for age and calendar year. The Poisson regression model assumes that baseline
hazard is constant within a period of time which does not cross boundaries of age category

or calendar year.

A random effects model was used to adjust for clustering of multiple infections among
individual patients. Random effects models specify explicitly the between-cluster variation,
and include it in the model. This adjusts both the parameter estimate and standard errors
for clustering, with less weight given to infections which are part of a cluster of infections

occurring to one patient. This approach also allows likelihood ratio tests to be used.
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Chapter 5. Defining chronic kidney disease in electronic health

records

This chapter describes the identification of chronic kidney disease (CKD) from electronic
health records among older people with diabetes. CKD was classified using two separate
markers of kidney disease: estimated glomerular filtration rate, and a history of
proteinuria. The general principles were that: CKD status was identified from primary care
records; eGFR was calculated from serum creatinine test results using the CKD-EPI
equation, and classified according to clinical categories; patients without a serum
creatinine test result were excluded from studies of the association of CKD with infection-
related outcomes; proteinuria was identified from test results and Read code records; a
history of proteinuria was a binary non-reversible exposure in which the first valid
proteinuria record changed the patient’s status from negative to positive for the rest of the
patient’s follow-up; a cautious approach was taken to identifying positive proteinuria status
(for example, a ‘trace’ of proteinuria was not counted as positive); proteinuria records
coincident with a urinary tract infection were removed; and the absence of a positive

proteinuria record was assumed to indicate a negative status.

This definition of CKD was developed in the light of how CKD is classified, monitored and
recorded in electronic health records, and following an exploration of data quality in CPRD.
This chapter first describes the classification, identification and monitoring of CKD in clinical
practice, and discusses the likely impact of changes in clinical practice over the study period
(1997-2011) on CKD recording. The chapter then discusses what was already known about
the validity of CKD recording in CPRD. The data cleaning and categorisation used to define
CKD in this thesis are presented in detail, and alternative approaches which were explored

are briefly reviewed.
5.1 Chronic Kkidney disease

Chronic kidney disease (CKD) is an impairment of kidney structure or function that persists
for at least three months. CKD is almost always asymptomatic until advanced, and
diagnosis depends on screening or incidental findings of impaired kidney structure or
function. Although the kidney has many functions, the rate at which the glomerular
capillaries in the kidney filter waste products, known as the glomerular filtration rate (GFR),
is considered the best overall indicator of kidney function. Impaired kidney structure may
be evidenced by a broad range of signs, including structural abnormalities observed on

imaging, histological abnormalities, and protein in the urine (proteinuria).[10]
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5.1.1 Classification of CKD

Classification of CKD in the UK has evolved over the last decade. Changes in CKD
classification have been driven by accumulating evidence from large epidemiological
studies of the prognostic importance of both proteinuria and even moderate reductions of
estimated GFR (eGFR), particularly in combination.[10] Albuminuria and reduced eGFR are
associated with increased cardiovascular events, and all-cause and cardiovascular

mortality, even at early stages of CKD.[23, 92-94]

The first widely adopted classification of CKD was developed by the US National Kidney
Foundation as part of the Kidney Disease Outcomes Quality Initiative (K/DOQI) in 2002
(Table 5.1).[13] This described five stages of CKD. Stages 3-5 were identified based on two
GFR estimations at least three months apart. Stages 1-2 additionally required other
evidence of kidney damage, such as proteinuria. This classification was recommended for
use in the UK by the Department of Health in 2005, and will have been used clinically in the

UK for the majority of the study period.[95]

In 2008, the UK National Institute for Health and Care Excellence (NICE) recommended the
division of stage 3 into 3a (eGFR 45-59 ml/min/1.73m?) and 3b (eGFR 30-44

ml/min/1.73m?), and acknowledgement of persistent proteinuria within each stage.[11]

Table 5.1: K/DOQI 2002 classification of chronic kidney disease

CKD Evidence of kidney

stage GFR! damage required? Description

1 >90 Yes Kidney damage with normal/ T eGFR
2 60-89 Yes Kidney damage with mild | eGFR

3 30-59 Moderate J, eGFR

4 15-29 Severe | eGFR

5 < 15 or dialysis Kidney failure

From the Kidney Disease Outcomes Quality Initiative (K/DOQI) 2002 classification of CKD [13]
1. Glomerular filtration rate (ml/min/1.73m?2) on at least two occasions three months apart
2. Persistent proteinuria, albuminuria or haematuria, or structural abnormalities

In 2012, the Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group in the
US recommended that CKD be classified by GFR status, albuminuria status, and the cause of
CKD.[10] In this classification, GFR is categorised as previously, including the distinction
between 3a and 3b. The ratio of albumin to creatinine in the urine (ACR) is categorised as
normal/ mildly elevated (<3 mg/mmol), moderately elevated, or severely elevated (>30
mg/mmol). These categories are combined to describe the severity of CKD: for example, a
patient with eGFR 50ml/min/1.73m? on at least two occasions three months apart, and

persistent albuminuria of 20 mg/mmol has CKD status G3a A2 (Table 5.2). This
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classification is based on evidence of the prognosis associated with the combination of GFR
and albuminuria status, and represents recommended practice in the UK at the time of

writing but was published after the end of the thesis study period.[96]

Table 5.2: KDIGO 2012 classification of CKD prognosis by GFR and albuminuria status

Persistent ACR categories
Description and range
Al A2 A3
<3 mg/mmol [3—-30 mg/mmol[>30 mg/mmol
Normal to Moderately Severely
mildly . .
. 1 increased increased
increased
— ——
G1 9o Normal Low risk !VloderateIY High risk
) increased risk
‘:\ C L . 2 . .
@ € /G2 |60-89 Mildly decreased! ow risk !\/IoderateIY High risk
50T increased risk
&= : — ——
I3 % 2 G3a 45-59 Mildly to moderately !\/IoderateIY High risk Very high risk
I3 = 2 decreased increased risk
r=2 Moderately to severely [High risk Very high risk |Very high risk
G E 3(63b30-44 decreased
()
0G4 [15-29 Severely decreased Very high risk [Very high risk |Very high risk
G5 <15 Kidney failure Very high risk Very high risk |[Very high risk

KDIGO, Kidney Disease: Improving Global Outcomes; CKD, chronic kidney disease; GFR, glomerular
filtration rate; ACR, albumin:creatinine ratio

1. Relative to young adult level

2. No chronic kidney disease if no other markers of kidney disease

5.1.2 Estimating glomerular filtration rate

GFR cannot be measured directly. It can be measured indirectly by measuring the rate at
which an exogenous marker of filtration, such as inulin or iothalamate, is cleared from
plasma into urine. This is expensive, requires close monitoring over an interval of time, may

involve exposure to radiation, and is not used in routine clinical practice.[97]

GFR is more conveniently estimated using endogenous markers of filtration, such as serum
creatinine, which is simple and inexpensive to measure. Creatinine is a waste product of
muscle metabolism which is eliminated renally, with free glomerular filtration and only a
small component of tubular excretion. The level of creatinine in the serum reflects the
equilibrium between the rate at which it is produced and the rate at which it is filtered.
Creatinine production is influenced by a range of factors including age, sex, ethnicity,
muscle mass and dietary protein. Among patients with low creatinine production, reduced

GFR may therefore co-exist with a ‘normal’ level of serum creatinine.[97]

Equations such as the Cockcroft-Gault equation, which address this problem by adjusting

the serum creatinine result for age, sex and weight to estimate GFR, have existed since the
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1970s.[97] However, at the start of the study period, the commonest approach to
identifying impaired renal function in primary care was to classify an unadjusted serum
creatinine level as normal (<120 umol/l), raised (120-150 pumol/l) or requiring nephrology
referral (>150 umol/l).[44] Thus patients with impaired eGFR but low creatinine production
were not identified. As age is a strong predictor of creatinine production, this particularly
affected older people. In a Canadian study, 47.3% (316/668) of primary care patients aged
>70 years with a ‘normal’ serum creatinine (<130 umol/l) had a reduced eGFR <50 ml/min

using the Cockcroft-Gault equation.[98]

The Modification of Diet in Renal Disease (MDRD) Study equation was published in
1999,[99] and widely adopted following its recommendation in Royal College of General
Practitioner (RCGP) 2005 guidelines,[100] and automatic reporting of calculated eGFR by
UK laboratories from April 2006.[20, 101] The MDRD equation tends to underestimate
eGFR at higher levels of GFR, and a new estimating equation, the CKD Epidemiology
Collaboration (CKD-EPI) creatinine equation was published in 2009.[102] The CKD-EPI
equation has been validated among diverse populations, including older people, and
provides a more accurate estimation of GFR, which is more closely correlated with

prognosis than estimates using the MDRD equation.[97]

A more accurate estimation of GFR is also possible by combining creatinine with another
endogenous marker, cystatin, using the 2012 CKD-EPI creatinine-cystatin C equation.[97]
However, serum cystatin is infrequently measured in clinical practice, and so this is not

available in routinely collected historic electronic health records.

Laboratory estimation of serum creatinine has seen improvements since 1997. Laboratory
variation in estimation of serum creatinine was addressed with the phased introduction of
laboratory-specific standardisation from 2006.[103] Creatinine assays are now calibrated to
a reference assay using isotope-dilution mass spectrometry. The CX3 assay method used
for the majority of the study period tended to a slight positive bias in creatinine estimation:

serum creatinine results are 5% lower after IDMS-standardisation.[97, 104]
5.1.3 Measurement of proteinuria

A variety of tests exist to identify proteinuria. These range from urine reagent strips
(“dipsticks’) which provide results at the bedside within minutes, to more accurate

laboratory measurement of protein: creatinine ratio or albumin: creatinine ratio.

Proteinuria, although most commonly caused by kidney damage, may result from other

aetiologies (for example, multiple myeloma causes overproduction of immunoglobulin light
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chains, which circulate in the plasma and are excreted by the kidneys into the urine).
Albumin is a plasma protein normally found at low levels in the urine, but which at
increased quantities is pathognomonic of kidney disease.[10] The urinary albumin:
creatinine ratio (ACR) is more sensitive to low levels of proteinuria than the protein:
creatinine ratio (PCR).[10] It is albuminuria which has been studied and found to have a
graded association with all-cause and cardiovascular mortality.[92] For these reasons,
urinary ACR was recommended by NICE in 2008 as the test of choice for screening for

diabetic nephropathy and is considered best practice for CKD screening in general.[10, 11]

Bedside urine reagent strips are used in clinical practice for a variety of reasons, such as
investigating suspected UTls. Although ACR has been the recognised test of choice for CKD
screening among patients with diabetes since at least 2008, the less precise and less
renally-specific test of ‘dipstick’ for total proteinuria will also occur in primary care records,

both for CKD screening during the early years of the study, and for other clinical purposes.
5.1.4 The effect of changes in primary care on CKD diagnosis

Over the study period 1997-2011, CKD diagnosis in primary care has changed considerably.
Changes in CKD testing and classification have been driven by a growing evidence base for
the prognostic significance of CKD, which may itself have influenced clinical practice. In
particular, uncertainty as to whether early stages of CKD held any prognostic implications
for older people may have reduced enthusiasm for formally diagnosing CKD among older
people at the start of the study period.[105] Any hesitance is likely to have reduced as
evidence has accumulated that reduced eGFR and proteinuria among older people identify
individuals at higher risk of hospitalisation, and reduced eGFR is associated with a higher
risk of all-cause and cardiovascular mortality, although the significance of eGFR 45-60
ml/min/1.73m? remains less clear among this age group than among younger adults.[105-
108] The clinical value of monitoring for proteinuria has also been enhanced by finding that
treatment of proteinuria with angiotensin converting enzyme inhitors can slow progression

of CKD.[109]

Adoption of changes in CKD testing and classification has been reinforced by other external
factors and events (Figure 5.1). A number of guidelines for the identification and
monitoring of CKD in primary care were published during 2005-8.[11, 95, 100] The Quality
and Outcomes Framework (QOF) has incentivised GPs to monitor serum creatinine or

creatinine clearance of diabetic patients annually since 2004, and to keep a register of
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patients with CKD using a defined set of Read codes since 2006, which are likely to have

increased monitoring and standardised recording of CKD, respectively.[65]

The effect of these changes is difficult to quantify precisely, as increased CKD diagnosis
could reflect a combination of increased ascertainment and increasing CKD prevalence.
Many of the changes clustered around the years 2005-6 (Figure 5.1). Hobbs et al. identified
a 47.5% increase in referrals to renal clinics in Kent in 2006—-2008 compared with 2004—
2006, and this steep and sudden increase is likely to be substantially explained by changes
in clinical practice rather than a step change in CKD prevalence.[20] The increasingly
routine use of eGFR rather than absolute serum creatinine level over the study period will
have directly resulted in increased recognition and earlier diagnosis of CKD in primary care,
particularly among older people.[110, 111] This change is likely to have been substantial:
among 5,072 patients in primary care with diabetes, serum creatinine of >120 umol/I
identified only 33% of the 1,588 patients diagnosed with CKD stages 3-5 when eGFR was
estimated using the MDRD equation.[46] Other changes are likely to have contributed
incrementally to earlier recognition of CKD. For example, automated laboratory reporting
of eGFR in Australasia was temporally associated with a 4% decrease in late referral for

renal replacement therapy.[112]
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Figure 5.1: Timeline of changes to identification of CKD in primary care during the study period 1997-2011

1997

1999 MDRD Study equation published

2002 K/D0QI classification of CKD published

2004 QOF introduced, incentivises annual eGFR monitoring
|| among patients with diabetes

2005 RCGP and Department of Health guidelines published

2006 QOF incentivised CKD register, phased introduction of
laboratory-specific standardisation of serum creatinine tests
and eGFR reporting

2008 NICE guidelines published

2009 CKD-EP| eguation published

2011

MDRD, Modification of Diet in Renal Disease; K/DOQI, Kidney Disease Outcomes Quality
Initiative; QOF, Quality and Outcomes Framework; RCGP, Royal College of General
Practitioners; NICE, National Institute for Health and Care Excellence; CKD-EPI, Chronic

Kidney Disease Epidemiology Collaboration

Thus CKD identification in primary care has changed enormously during the study period,
and records of CKD diagnosis in CPRD will reflect this. If CKD were ascertained in our study
exclusively from clinical diagnoses, there would be a risk of ascertainment bias. Rates of
infection have increased over time in older individuals, and if ascertainment of CKD also
increased over time due to changes in primary care practice, this could result in severe

over-estimation of an association between CKD and infection rates.[5]

Throughout the many changes in clinical practice over the study period which have affected
ascertainment and recording of CKD, serum creatinine testing has remained the constant

underlying test for CKD in primary care.
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5.1.5 Classifying renal disease by cause

Clinical guidelines recommend that clinicians consider the cause of disease when classifying
CKD.[10] Investigation and diagnosis of the cause of CKD generally occurs in secondary care
outpatient clinics, but would be communicated to primary care via letter, which may be
recorded in free-text (and hence unavailable in the CPRD dataset) or encoded (and

available).

Not all patients with CKD will routinely have underlying renal pathology investigated, and
this may particularly be true among older patients with multiple co-morbidities. Renal
impairment among young patients with no co-morbidities is more likely to have an
underlying cause which would benefit from investigation and specialist management than

among older patients with diabetes.[100]

A wide range of pathologies may cause CKD, and within each condition there may be a
range of severity of CKD. Assessing the prognostic significance of the underlying cause of
renal disease for a patient with CKD is informed at an individual patient level by knowledge
of the presentation and progression of the renal pathology, and the patient’s medical

history, and relies on clinical judgment rather than a systematic classification of aetiologies.

For these reasons, the cause of disease is likely to be unavailable for most older patients
with diabetes in CPRD, and population-level classification of CKD by aetiology is less

practicable than classification by eGFR and proteinuria status.
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5.2 CKD recording in electronic health records

Most patients with CKD are identified, monitored and managed entirely in primary
care.[100] CPRD is therefore the most relevant database for identifying CKD status in this

thesis.

Electronic health records are secondary data, which were not generated for the purpose of
this research.[62] The primary purpose for which these data were recorded is clinical care
of the patient. Data generation is driven by clinical practice: for example, screening for CKD
is a response to patient risk factors. Secondary reasons for data recording include local
audit and quality improvement, external pressures such as financial incentives, and
awareness that the practice participates in research by submitting records to the CPRD.
Aspects of data recording, information technology, and database curation may also
influence how CKD is recorded in CRPD, separately from clinical changes. The valid

identification of CKD in CPRD is thus dependent on a wide range of factors.
5.2.1 Datarecording affects completeness and validity of CKD records

Data recording in primary care, and curation of the research database may affect the
quality and availability to researchers of different data types encoding CKD status. How

clinical data are recorded in CPRD in general was described in 3.2.

The variety of tests for proteinuria will be reflected in less uniform recording of proteinuria
test results than serum creatinine tests. Proteinuria tests may be recorded in a variety of
formats in the database, and may frequently be unrecorded, especially if proteinuria is
absent. In particular, bedside urine reagent strip tests may be recorded in free-text rather
than coded, particularly if negative. In a validation study of primary care records, among
432 patients with a recorded diagnosis of CKD stage 3-5, proteinuria testing was only
recorded using a Read code or structured test result record if positive. The Read code 4672
‘Urine protein test negative’ was not used at all, among 93 records of proteinuria testing
recorded in structured data. Manual test searches identified tests for proteinuria recorded
in free text without a Read code. Nearly half of these were negative (69/142).[113] To
maintain anonymisation of the database, free-text is not available in CPRD without the
considerable expense of checking by a third party for any identifying information, and thus
a high proportion of negative proteinuria test results may be absent in the dataset available

for this thesis.

In contrast, the shift of laboratory test result reporting in primary care from fax or letter to

automated electronic reporting directly into patient records, which was almost universal by
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2007,[101] is likely to have enhanced consistency of recording, reduced data entry error,
and reduced the risk of under-recording of ‘normal’ results for serum creatinine test

results.

5.2.2 What do we know about completeness of CKD recording among older
people with diabetes mellitus?
Older people with diabetes are a highly-monitored population for CKD. Diabetic
nephropathy has been well-recognised as a potential complication of diabetes mellitus for
some time, and standard care for patients with diabetes should have included regular
monitoring for CKD throughout the study period. Guidelines published during the study
have consistently recommended annual screening for, and at least annual monitoring of,
impaired renal function and proteinuria in primary care.[11, 95, 100] Among 5,072 patients
with diabetes registered at 17 English practices in 2003—4, 92% had a serum creatinine
measurement recorded in the previous 2 years.[46] There was sufficient information to
estimate GFR for 4,139 (81.6%) using the simplified MDRD equation. Completeness of
creatinine recording is likely to have improved since, as this study pre-dated QOF
incentivisation of creatinine monitoring. Albuminuria was poorly recorded: only 36% of

patients with diabetes had any record of albuminuria having been measured.[46]
5.2.3 What do we know about the validity of CKD recorded in CPRD?

The validity of classification of a variable is generally considered from two perspectives:
sensitivity and specificity; or positive and negative predictive values.[62] These describe the

relationship of the classification to the true underlying state (Table 5.3).

Table 5.3: Describing validity: classification of binary variables compared to the true underlying state

Recorded CKD status |
Positive Negative Total
Gold standard True positive a b a+b
(true CKD status) | True negative c d c+d
Total a+c b+d a+b+c+d

Specificity is the probability of correctly classifying as unexposed a person who is truly
unexposed. This can be represented as d/(c+d). Sensitivity is the probability of correctly

classifying as exposed a person who is truly exposed. This can be represented as a/(a+b).

The positive predictive value is the probability that a person who is classified as exposed is
truly exposed, which can be represented as a/(a+c). The negative predictive value is the
probability that a person classified as unexposed is truly unexposed, which can be

represented as d/(b+d).
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The positive predictive value of diagnoses recorded in CPRD are generally good.[72]
However, as CKD is ‘silent’, or asymptomatic, until quite advanced, under-ascertainment is
a particularly high risk for CKD compared to many diseases. This would reduce sensitivity of

CKD diagnosis recording.

Most studies of the validity of CKD coding in administrative database coding and existing
datasets have investigated inpatient hospital claims databases in the US. These datasets
differ considerably from CPRD, in that coding uses ICD classifications, the purpose of coding
is for cost claims not case management, and the study population is usually inpatient.[114,

115]

Van Staa et al. conducted an external validation of a range of recorded diagnoses in CPRD
against a reference standard of diagnoses on hospital discharge summaries for 500
patients. For diabetic nephropathy there was 96.1% agreement: this high agreement may
be misleading, as for 413 patients with concordant results the diagnosis was absent in both
sources, which may simply reflect incomplete recording in both CPRD and hospital

discharge summaries.[116]

Two studies have assessed the performance of CKD Read codes in primary care records
against eGFR calculated from serum creatinine. In a general practice of approximately
11,000 patients, a quarter of patients had a creatinine recorded, of whom 492 had CKD
stage 3-5 according to the calculated eGFR. CKD Read code searches identified 36/492
(7.3% sensitivity compared to eGFR). Full-text manual searching of patient records only
identified a further 4 cases: 452/492 (92%) were undiagnosed cases.[113] A list of 45 CKD
Read codes were validated against eGFR for all subjects with at least one creatinine
measurement between 2002-8 in The Health Improvement Network, a large electronic
primary care dataset. Read codes had 48.8% sensitivity and 98.2% specificity to identify
CKD stages 3—5 compared to recorded eGFR, with a positive predictive value of 88.9% (95%
Cl 88.7—-89.1) and negative predictive value of 86.5%.[117]

GFR estimated from routinely monitored serum creatinine test is not a true reference
standard, and may itself lack validity. For example, CKD may be over-estimated when using
a single serum creatinine result.[118] It would therefore be a simplification to see these
results purely as demonstrating the sensitivity lost downstream of creatinine testing by the
requirement for clinical interpretation, diagnosis and Read code recording. These internal
validations may also not be generalisable to patients without a recorded serum creatinine

test.
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However, the results do suggest that CKD Read codes are considerably less sensitive for
identifying CKD in primary care than eGFR calculated from serum creatinine results. This
inference is supported by the NEOERICA study, which studied the prevalence of CKD using
primary care records for the population of Kent, Manchester and Surrey. The prevalence of
stage 3-5 CKD identified using serum creatinine results (8.5%) was among the highest UK
estimates to date, suggesting that this method of establishing CKD status is not unduly
limited by missing creatinine results, while only 1.6% of the cohort had a diagnosis of renal

disease in their primary care records.[17]

If CKD were ascertained in our study from diagnosed CKD only, there would be a greater
risk of under-ascertainment of CKD than if serum creatinine results are used to estimate
GFR. Non-differential under-ascertainment of CKD could result in under-estimation of the
associations between CKD and infections, as the observed associations would be diluted
versions of the true underlying associations. If diagnosis were influenced by clinical factors
which were risk factors for infection as well as risk factors for CKD — such as smoking — use
of CKD diagnosis to identify CKD in CPRD could cause ascertainment bias, in which the

association between CKD and infection would be over-estimated.

5.3 Identification of patients with CKD in CPRD

As discussed in 5.1.1, current best clinical practice is to classify CKD according to eGFR,
albuminuria and cause.[10] There is good evidence that eGFR and albuminuria are both
independently associated with CKD prognosis.[92] Classifying CKD status according to eGFR
and proteinuria independently and according to the categories in current classification
schemes would allow comparison of the relationships between CKD and infection with
those between CKD and cardiovascular disease, and would facilitate translation of results

into clinical practice.

This study identified patients with CKD in CPRD by first excluding patients with a history of
renal replacement (5.3.1), estimating glomerular filtration rates from serum creatinine

tests (5.4) and, separately, identifying patients with a history of proteinuria (5.5).

5.3.1 Exclusion of patients with a history of renal replacement therapy
A history of renal replacement therapy was used to exclude patients from study

populations B and C (3.9.2 and 3.9.3).

| identified Read codes for renal replacement therapy using the search strategy in Table

5.10 (5.5.2). These were sorted into codes specifying renal transplant, dialysis, and
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acquired arteriovenous fistula (Table 5.4). For most dialysis codes it was not specified
whether dialysis was historical or ongoing, nor whether the dialysis was short-term (for
AKI) or longer-term for CKD. Therefore, no distinctions were made between short-term and

long-term dialysis, nor between historical and ongoing dialysis.

Codes recording the creation of an arterio-venous fistula were not used to exclude patients
from the study population, as patients may be prepared for haemodialysis in advance of
renal failure, and so this would have risked introducing selection bias to analyses of the
association between CKD and infection. For example, if patients with fewer co-morbidities
or receiving more active preventive care received arterio-venous fistulae at an earlier stage
of CKD, this could create a selection bias in which patients remaining in the study at CKD
stages 4-5 had higher risk of infection than those excluded, resulting in a spurious

association between CKD stages 4-5 and infection risk.

Table 5.4: Summary of Read codes identifying renal replacement therapy in CPRD

Subgroup Number of Number of Commonest code in CPRD

codes events in

CPRD

Renal transplant 24 11,718 7B00.00 Transplantation of kidney
Dialysis (any) 34 13,114 7L1A200 Haemodialysis NEC
Acquired arteriovenous 16 3,008 7A60100 Creation of arteriovenous
fistula fistula NEC
Total 74 29,840

CPRD, Clinical Practice Research Datalink

Patients with a history of renal replacement therapy were identified from CPRD using the

Read codes listed in Appendix D.

Patients with a history of renal replacement therapy recorded in Hospital Episode Statistics

were identified using a list of ICD-10 codes developed by Dr Sara Thomas (Appendix D).

(85]



5.4 Estimating glomerular filtration rate from serum

creatinine tests in CPRD

CKD status was described among the 218,688 patients aged 265 years with diabetes

mellitus and no history of renal replacement therapy in CPRD.

GFR status was assigned by calculating eGFR from serum creatinine tests (using the CKD-EPI
equation and adjusting results to the current assay standardisation), and categorised

according to eGFR thresholds used in current clinical CKD classification.[10]
5.4.1 Data extraction and cleaning of serum creatinine test results

Test results in CRPD are curated as “entity codes” (3.2.3). Entity code 165 records serum
creatinine test results. This contains seven data fields: operator (e.g. >), value (e.g. 78), unit
of measure (e.g. umol/l), qualifier (e.g. [8] High), normal range from, normal range to (e.g.
120), normal range basis (e.g. [3] Age and sex based). An entity code record may also have

an attached Read code.

All records with entity code 165 were extracted from the test files. Entity codes may also be
recorded in clinical files but these files do not include the data fields containing the test
result value, and so were not extracted. Entity codes may be stored in additional clinical

files with all relevant data fields, but there were none in this location for entity code 165.

Duplicate records were dropped, and the 2,632,313 non-duplicate records with entity code

165 among 207,616 patients were cleaned as Figure 5.2.

Of the 76 records excluded for an inconsistent Read code, 66 had Read code 44HG.00
‘Serum creatine kinase level’. Other Read codes judged inconsistent were 4679 ‘Urine
dipstick for protein’, 46W..00 ‘Urine microalbumin’, C04..13 ‘Hypothyroidism’ and G581.00

‘Left ventricular failure’.

Acceptable serum creatinine values (20-3000 umol/I) were selected by consulting the
improbable values excluded by the National Diabetes Audit[119] and discussion with Dr
Dorothea Nitsch, nephrologist. Non-duplicate records on the same day were kept in this

dataset at this point.
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Figure 5.2: Data cleaning of serum creatinine tests (entity code 165)

2,632,313 non-duplicate
records among 207,616
patients

Date:
Missing n=24
Prior to study entry n=845,777
After study exit n=5,073

A 4

1,781,439 non-duplicate
records during the study
period among 193,976
patients

Creatinine value missing n=14,266
Creatinine value zero n=3,660

Record labelled with a Read code
> inconsistent with serum creatinine
test n=76

Improbable values:
Creatinine value <20 n=1,542
Creatinine value >3000 n=119

A

Record duplicate other than Read
v code n=173

A 4

1,761,603 valid records
during the study period
among 193,658 patients

Additional data cleaning could have been provided by checking whether the Read code was
consistent with the serum creatinine value, for example, looking for patients with a high
serum creatinine value and a Read code for low serum creatinine. The potential for this was
limited, as 96.8% (1,705,552/1,761,603) of the included serum creatinine tests were
labelled with Read code 44J3.00 ‘Serum creatinine’. In addition, classification of an absolute
serum creatinine level as normal is consistent with impaired GFR, which could make
interpretation of Read codes for normal renal function unreliable. This data cleaning option

was therefore not used.

The potential for using the unit of measure to identify records in alternative units (such as
mg/dl) or units raising suspicion of a GFR estimate recorded as a serum creatinine result
was explored by tabulating creatinine values by the unit recorded (Table 5.5). Again, this

appeared to have limited potential for data cleaning: 93.6% of valid tests had the expected
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unit for serum creatinine in the UK (umol/L), and median test result values did not differ

markedly across units of measure.

Table 5.5: Serum creatinine test values by unit of measure among valid tests (n=1,762,411)

Number of valid tests  Unit of measure Maedian value (interquartile range)

n %
1,649,647 93.6 umol/L 96 (81-119)
79,598 4.5 missing 97 (83 —118)
23,768 1.3 mmol/L 98 (83 -118)
8,564 0.5 mol/L 93 (76 —118)
299 0.02 JuL 92 (74 - 124)
289 0.02 microU/L 112 (94 - 149)
61 0.003 Mmol 90 (75-113)
57 0.003 Umol 99 (88 — 115)
<20 mL/min, 1, mg/mmol, mmol/mmol (creat)
<10 ng, nmol/L, h, mmol/mol, mg/dL, u/L, umol/min, %, mg/L, pmol/L, L,
mg/mmol (creat), iu/L, m,ug.L, umol/g (creat), umol/mmol
1 1(tot), 1/mL, mL, mmol/d, ng/mL, rad, u, ug, um, umol/mL/h,

umol/mol

Total exceeds 1,761,603 (the number of valid serum creatinine tests), as records which are duplicates for serum creatinine
value and date but with different units of measure are included in this table.

5.4.2 The decision not to use serum creatinine tests prior to study entry
Several study entry criteria (such as diagnosis of diabetes mellitus) may be associated with
subsequent increased serum creatinine screening and monitoring. Valid serum creatinine
test results prior to study entry were also identified and cleaned identically to the process
in Figure 5.2, other than selection by study entry date, to see if serum creatinine results
were less complete in the year prior to study entry. Completeness of serum creatinine
recording was compared between the year prior to study entry and the first year in the
study, stratified according to whether study entry was pre- or post-QOF (1 April 2004), as
this was expected to alter screening for CKD. Completeness was 12.6% higher after study
entry among patients who entered the study pre-QOF (Table 5.6). Including historical
serum creatinine tests prior to study entry therefore carried a risk of introducing
ascertainment bias (as discussed in 3.9.2), hence it was decided to use serum creatinine

results only after study entry.

Table 5.6: Are serum creatinine results less complete in the year prior to study entry?

Year of creatinine record Number of creatinine Number of patients with a
results creatinine result (%)

Study entry before 1 April 2004 (111,591 patients)

Year prior to study entry 69,873 44,623 (40.0%)

First eligible year 105,575 58,701 (52.6%)

Study entry on or after 1 April 2004 (107,097 patients)

Year prior to study entry 185,868 92,769 (86.6%)

First eligible year 195,919 90,716 (84.7%)
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5.4.3 Estimating GFR from serum creatinine tests

Serum creatinine values were multiplied by 0.95 for assay adjustment to IDMS-
standardised serum creatinine,[104] and divided by 88.4 to convert units from umol/I to

mg/dl. GFR was estimated using the CKD-EPI equation:[102]

GFR = 141 x min(Scr/k, 1)* x max(Scr/k, 1)1-2%° x 0.993"¢¢ x 1.018 [if female] _
1.159 [if Black ethnicity]

where: Scris serum creatinine (mg/dL)
K is 0.7 for females and 0.9 for males,
a is -0.329 for females and -0.411 for males,
min indicates the minimum of (Scr/k) or 1, and
max indicates the maximum of (Scr/k) or 1.

For example, eGFR for a 65-year old woman with black ethnicity and serum creatinine

0.8mg/dL:
GFR= 141 x 1 x(0.8/0.7)2% x (0.993)% x 1.018 x 1.159 = 90 ml/min/1.73 m?
Methods for identifying patients with Black ethnicity are described in 6.1.2.

Individual serum creatinine records were classified corresponding to clinical categories
used during the study period (eGFR <15, 15-29, 30-44, 45-59, or 260 ml/min/1.73m?).[10]
To allow analysis to compare with epidemiological studies, a longer classification was also
used, which classified eGFR results over 60 as 60-74, 75-89, 90-104, and =105
ml/min/1.73m?).[92] There were 1,501 pairs of records which produced different estimates
of eGFR on the same day according to the longer classification. As omitting these results
was likely to have a minimal effect on data completeness, and an intuitive way to identify
the estimate most likely to be correct was to consult the previous result for that patient, it

was decided to omit records on the same day where the estimated GFR categories clashed.
5.4.4 Completeness of serum creatinine test results

Serum creatinine tests provided good completeness with regular updating during the study
period. Among the 218,688 patients in the study population, 88.5% (193,646) had
1,760,094 valid serum creatinine tests during the study period. Figure 5.3 shows the
percentage of patients who had a valid serum creatinine test available in each financial

year for which they were eligible for inclusion throughout the full year. Completeness of
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test result availability improved steadily from 32.8% in 1997-8 to 89.0% in 2004-5, and

remained steady at over 90% for each subsequent year.

Serum creatinine was frequently monitored. Among the 193,646 patients with at least one
result, the median number of serum creatinine results per patient during the study period
was 15 (range 1-272, IQR 8-21). For 89% of records, the next test result was within a year.
The time from each GFR estimate to the next test result or study exit was a median of 137

days (IQR 56-242).

Figure 5.3: Completeness of serum creatinine recording among patients eligible for each full financial year
(among the 193,646 patients with at least one creatinine result during follow up)
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5.4.5 Identifying chronicity of impaired eGFR

The clinical classification of CKD requires that impaired renal function persist for at least 3
months for CKD diagnosis. In epidemiological studies of the effect of CKD on mortality, the
definition of CKD is often based on a single measurement of serum creatinine at
baseline.[24] However, serum creatinine fluctuates, and identifying CKD based on a single
estimate of GFR will tend to over-estimate CKD prevalence.[118] A single impaired GFR may
also be caused by acute kidney injury, AKI. AKI describes a rapid reduction in renal function,
identified by a sudden decline in eGFR.[120] Both impaired eGFR and albuminuria, as well
as being markers of CKD, are strongly and independently associated with an increased risk
of AKI.[121] The commonest trigger of AKI among hospital inpatients is sepsis.[120]
Misclassifying AKI as CKD could therefore result in over-estimation of the association

between CKD and infection.
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Two tests at least three months apart could be used at baseline to identify CKD, and this
would be more robust to misclassification from creatinine fluctuation or AKIl. However,
creatinine monitoring may be more frequent among patients at higher risk of infection. In
particular, acute or severe infections will prompt monitoring of eGFR, and if patients with
more frequently monitored creatinine are more likely to be identified as having CKD (for
example, as they are more likely to be eligible for a definition requiring two test results
rather than one) this could also introduce ascertainment bias which would result in over-

estimation of the association of CKD with infection incidence.

Thus, if using serum creatinine test results to assign CKD status based on eGFR, a balance
must be found between minimising misclassification of a single reduced eGFR as CKD by
requiring two results, and minimising ascertainment bias that would result from differential
testing by using a single eGFR result. How best to do this may depend on the length of
follow-up time. Over a short period of follow-up, a ‘best-of-two’ method could be used.
CKD status could be ascertained at baseline using the highest eGFR result of the latest two
serum creatinine tests recorded at baseline that were at least three months apart. This
would approximate the clinical requirement that eGFR be impaired at a certain level for at
least three months before that stage of CKD be diagnosed. In the absence of two suitable
results, the single most recent creatinine result could be accepted, to reduce ascertainment

bias.

Measuring CKD at baseline without updating status over time might not be suitable for a
study with a long follow-up time, over which patients’ CKD may progress. If patients with
more rapid progression of CKD also experience higher rates of infection, the association of
CKD with infection could be severely under-estimated by identifying CKD only at baseline.
Risk factors for progression of CKD are not fully understood but poor glycaemic control may

be a common risk factor for CKD progression and increased risk of infection incidence.[122]

If two results are required to define time-updated CKD status in epidemiological studies,
the time between the first and second result must be handled with care to avoid immortal
time bias.[123] If this time is considered ‘exposed’ to CKD (or removed from analysis),
infections following the first test are attributed to the exposed group (or excluded) for
patients who have a second test but to the unexposed group for patients who have a single
test. If infections are associated with increased creatinine testing this would bias estimates
the association between CKD and infection upwards. The approach of choice is to classify

this time as unexposed (Figure 5.4). Events attributed to the unexposed group may reflect
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the effect of early CKD, overestimating the infection rate among the unexposed: this results

in a conservative estimate of the effect of CKD on infection incidence.

Figure 5.4: The risk of immortal time bias if two creatinine test results are required to define CKD status

Unexposed person time

No repeat creatinine test
CKD status remains unexposed

Creatinine test
eGFR <60

Removing this time (or classifying as exposed)
would bias estimates of association between
CKD and infection upwards if repeat test is
associated with infecition

Unexposed person time

Creatinine test Repeat creatinine test
eGFR <60 eGFR <60

The ‘last-carried-forward’ method used by James et al. may be more suitable for studies
with a sufficiently long follow-up time for CKD progression to be an issue.[124, 125] In this
approach, CKD stage is defined at any given time using the GFR estimate produced by the
single most recent creatinine result (Figure 5.5). This method allows updating of the
patient’s status as CKD progresses. Although creatinine fluctuation and AKI will result in
over-estimation of CKD stage, the patient’s status will be updated at the next test result,
minimising misclassified person-time. If AKl is evident among serum creatinine results
being monitored in primary care, frequent testing would be expected until GFR has

stabilised, and so misclassified person-time from AKI should be minimal.
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Figure 5.5: The last-carried-forward method for establishing GFR status
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Another option could be to use Read codes to try to identify CKD rather than temporarily
reduced GFR. However, encoding of CKD may not be sufficiently complete to permit this,
and the negative predictive value of Read codes for CKD is unclear. In a validation of Read
codes in CPRD, 10% of potential cases of acute renal failure were found to have CKD on
manual review of the patient records, despite all patients with identified CKD Read codes

having been removed from the sample.[126]
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5.5 Identification of proteinuria status in CPRD

Proteinuria tests are less consistently and completely recorded than serum creatinine tests,
and are particularly likely to be missing from the database if negative. Test records and
Read codes for proteinuria were combined to identify a proteinuria variable. This was a
binary non-reversible exposure recording a history of proteinuria. The first valid positive
proteinuria record changed the patient’s status from negative to positive, which it then
remained until study exit. The absence of a positive proteinuria record was assumed to
indicate negative status. As this approach allows a single result to define ongoing
proteinuria status, caution was indicated in interpreting test results as positive. A ‘trace’ of
proteinuria was not counted as positive, and the results were extensively cleaned to ensure
internal consistency. This approach involved tolerating likely under-ascertainment of
proteinuria, but should result in conservative estimates for the association between

proteinuria and infection.

The possibilities of quantifying proteinuria, and of identifying albuminuria separately from
total proteinuria, to allow classification consistent with current clinical practice, were also

explored.

5.5.1 Proteinuria entity code data extraction

Three entity codes recorded proteinuria test results (Table 5.7). Albumin: creatinine ratio
test results were not available as a separate entity code in the May 2011 CPRD database |
used to select my study population. All test records with entity code 287, 431 or 435 were
extracted from the test files. None were recorded in the additional clinical files. Entity

codes were cleaned as described in Figure 5.6.

Table 5.7: Entity codes available in CPRD for identifying proteinuria status

Entity code Data format

287 Urinalysis-Protein test 4 data fields: qualifier (e.g. [8] High), normal
431 Urine dipstick for protein test  range from (e.g. 3), normal range to (e.g. 10),
435 Urine microalbumin test normal range basis (e.g. [3] Age and sex based).

May also have Read code label.

Removal of records coincident with urinary tract infection

Persistent albuminuria is a sign of renal damage used to classify CKD: transient proteinuria
has a variety of causes including fever and urinary tract infection (UTI).[127] Misclassifying
transient proteinuria resulting from fever as persistent proteinuria indicating CKD could

result in ascertainment bias which could overestimate the association between CKD and
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infection. Ideally, the definition of proteinuria for identifying CKD would avoid this, for
example by using only Read codes which clearly indicated persistent proteinuria, or by
requiring repeated positive proteinuria tests. This was likely to be impractical without
severely reducing ascertainment of persistent proteinuria. As a compromise, proteinuria

records coincident with a urinary tract infection (UTIl) were removed.

Records with a Read code for UTI on the same day were identified using Read codes listed
in Appendix C. This list was an expanded version of the list of Read codes used to identify
diagnoses of UTI for the purposes of defining episodes of infection (4.3.1). Infectious
urethritis was included, as urethritis may cause transient proteinuria. Of the 9,028
proteinuria records on the same day as a UTI, 3,264 (36.2%) recorded a positive proteinuria

result.

Figure 5.6: Data cleaning of proteinuria tests (entity codes 287, 431 and 435)

1,517,09 proteinuria test
records among 176,957
patients

Date missing n=40
Date after study exit n=1,619

A 4

Duplicates dropped n=92,357
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1,437,141 non-duplicate
proteinuria test records
during the study period
among 176,893 patients

Urinary tract infection diagnosis on
same day n=9,028

A 4

Record uninformative

n=492,830

Record internally inconsistent
n=27,392

Record negative or trace result
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Removal of uninformative records
A test result could not be obtained from 492,830 records where both the test value
(recorded in the qualifier field) and the Read code were missing or uninformative (e.g. Read

term 467..00 ‘Urine protein test’ with test value [0] missing).

Checking for internal consistency of records

Internal consistency was assessed by comparing the test value with the attached Read code
as shown in Table 5.8. Records were judged internally inconsistent if: (1) the test value was
[20] ‘Not examined’; (2) the Read code was inconsistent with the label for a proteinuria
result (of the 5,874 records judged to have an inconsistent Read code, 98.9% had Read
code 4691 ‘Urine protein test not done’); or (3) one of the test value and Read code
recorded a positive result while the other recorded a negative result. The distribution of
these internally inconsistent tests is described in Table 5.9. Trace results were considered
consistent with either positive or negative interpretation, depending on clinical context,
and so records containing a trace result and either a positive or negative value were not
considered internally inconsistent. The internally inconsistent test records which contained
both a positive and a negative result formed 0.2% (2537/1,437,141) of the non-duplicate

proteinuria test records, and probably represent data entry error.

[96]



[£6]

EIT'8TY'T | ¥SL'SPT 6789  LIV'SC v/8°S 8ECYYT'T T |elol
8’79 [A% 417 99 (0]0] 24 eve 129709 0 annessN
966°SY [4%43 98v‘C 98 € €0€'ty 0 eu] =
156°06 LET 98 TLT'S 14 €55'G8 0 9AnIsod 2
€€0°0C 6¢ T 61 7S0°T 7€6'8T 0 juajlsisuoduj 8
9 0 0 Vi 0 80v9 0 aAieWwIOjUIUN &
698119 ¥€8°66 06Ty  1S6'91T wuv'y TCv o8y T Suissin
|elol 9AINeSBN  9de4]l  IAINSOd  JUDISISUOIU|  dAnewsojuiun  SuissiA
anjen 1sa|
SpJ10J9aJ 1S9} m_‘:._:_wuohn jo >u:wum_w:Ou |euJajul ay]l :6°S 9|qel
689'L0T=u 1|nsaJ 9AlISOd asN
z0z'008=u 1|NsaJ 9JeJ1 40 aAeSaN
Z6€'/T=U pJ023J Jud3sIsuodul Ajjeusaiu|
0€8‘zey=u pJodaJ aAnewlojulun
annesaN
es| ]
9Anisod m
judlsisuodu| =
aAnewuojuIun &
Suissin
9AIeSaN | 9deul | DAINSOd | Jud1SISUOIU| | dAneWIOUIUN | SulsSIA
(pIa1y 191411ENb) BNnjeA 1s9 |
d|qelL

SPJ4023. 359} elINUId}04d Ul SPOI PeaYy pue anjeA 3s3} Jo uostedwo) :g'g




5.5.2 Identifying a Read code list for proteinuria

| extracted 2,174 Read codes identifying CKD status using the strategy in Table 5.10, which
starts by identifying text-based search terms, and uses these to identify relevant chapters
for a hierarchical search. | then identified the subset describing proteinuria or proteinuric

disease manually.

Table 5.10: Search strategy for Read codes identifying chronic kidney disease

Search CPRD Medical browser version 1.3.2
details Database build ‘ever’
Search date 17 January 2012
Stage 1 Text-based search
Read *rena* OR *nephr* OR *kidn* OR *glomerul* OR *creatinin* OR *GF*
terms
Stage 2 Identifying relevant Read code hierarchies

Sorted results of text-based search by Read code to identify relevant Read
code headings.

Stage 3 Hierarchical search
Read ZV* TB11* TBOO* TA22*TA02*SP15*SP14*SP08*SKO* SB24*S76*R14*
codes R13* RO8*Q48* Q20* Pyu* PD*P76* L393*L162*L121*

Kyu*K1*K0*G76*G72*G71*G70*G23*G22*D31*D21* Cyu*C35*C31*
C10*B9* B8*B7*B5*B4*90*9N*9h* 9b*8L*8H*8A*7P1* 7PO*7N5* 7L*
7B1* 7B0* 7A6*6A* 68*66* 585*57*557*53B* 4Q*41¥46*45*262*1Z,,
1J*, 1A5%*, 14V*, 14*

As the aim was to identify proteinuria separately from eGFR status, codes which did not

unambiguously record proteinuria were not included. Although diabetic nephropathy
causes albuminuria, a record of diabetic nephropathy in primary care for an older patient
with diabetes mellitus might also be used less formally to identify CKD in the presence of
diabetes. Codes for diabetic nephropathy which did not specify proteinuria were therefore
not included. For example, neither C109012 ‘Type 2 diabetes mellitus with renal
complications’ nor CLIOFCO0 ‘Type 2 diabetes mellitus with nephropathy’ were included,
whereas C10FLOO ‘Type 2 diabetes mellitus with persistent proteinuria’ was included. Codes
which identified proteinuria in pregnancy (such as pre-eclampsia) were not included, as

they would not imply ongoing persistent proteinuria among a population aged 265 years.

This codelist was also compared with a Read code list for proteinuria compiled separately
by Dr Catriona Shaw (Clinical Research Fellow, UK Renal Registry) and Dr Anoop Shah
(Clinical Research Association, University College London) with Dr Dorothea Nitsch. The

comparison identified 13 additional codes which were added to this codelist.

The final proteinuria Read code list comprised four subgroups (Table 5.11) and is listed in

full in Appendix D. Codes which could represent a single positive test result or transient
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proteinuria were identified within this codelist. Several of these codes (such as R110.00
‘[D]Proteinuria’ and R110z00 ‘/D]Proteinuria’) were codes incentivised for use to record
persistent proteinuria among patients with diabetes by QOF.[65] As these codes were
ambiguous, a cautious approach was taken and these were treated as potentially recording
transient proteinuria, although they were in practice likely to indicate persistent

proteinuria (these codes are flagged in Appendix D).

Table 5.11: Read codes identifying proteinuria

Subgroup Sample Read codes Number |May be
of codes |transient

Proteinuria test |R110.00 [D]Proteinuria

result or status 4675 Urine protein test = ++

Albuminuria test |R110300 [D]Microalbuminuria

result or status 46W0.00 Urine microalbumin positive
Proteinuria status |C10FLOO Type 2 diabetes mellitus with persistent
that does not proteinuria

appear to reflect a|121B.00 Chronic kidney disease stage 3 with 33 No
single test result |proteinuria

K190X00 Persistent proteinuria, unspecified
Proteinuric K011.00 Nephrotic syndrome with membranous
diseases glomerulonephritis 68 No
K020.00 Chronic proliferative glomerulonephritis

8 Yes

3 Yes

5.5.3 Data extraction and cleaning of Read codes for proteinuria

All Read codes for proteinuria were extracted from test, clinical and referral files. There
were 84,627 Read codes for proteinuria extracted for 41,281 patients. The 26,349 records
which had already been cleaned as they were proteinuria test records were dropped. The
61 records with a missing date and 215 with a date after study exit were dropped. Records

were de-duplicated, and 56,828 records for 31,845 patients remained.

A small number of Read codes (6.6%, 3,762/56,828) were attached to an entity code record
which was not an entity code for a proteinuria analysis. The entity codes to which Read
codes were attached were all considered consistent with a proteinuria result being
indicated by the Read code (Table 5.12). These entity code test values were not used to

identify proteinuria status, but the Read code for proteinuria remained in the analysis.
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Table 5.12: Entity codes for tests other than proteinuria analysis to which proteinuria Read codes were
attached

Entity code N %
286 ‘Urinalysis — Glucose’ 1,739 46.2
240 ‘Urine test’ 1,356 36.0
288 ‘Other laboratory tests’ 576 15.3
340 “ Urine biochemistry’ 59 1.6
430 ‘Urine dipstick for glucose’ 32 0.9
Total 3,762

There were 48,443 records with Read codes which could identify transient proteinuria.
They were kept in the analysis unless there was a UTI recorded on the same day, using the
same Read codes for UTI as were used to clean the proteinuria test results in 5.5.1. Once
the 429 proteinuria records which were recorded on the same day as a UTI diagnosis were

removed, this left 56,399 valid, non-duplicate records among 31,684 patients.

5.5.4 Records defining onset of a history of proteinuria

Using the combined proteinuria test results and Read codes, there were 165,247 records of
proteinuria before study exit among 62,367 (28.5%) of the 218,688 eligible patients. For
48% of these patients, this status relied upon a single record of proteinuria before or during
the study (29,822/62,367). Table 5.13 shows the record types defining onset of a history of
proteinuria. For 90% of patients with a history of proteinuria identified before study exit,
this was defined by a proteinuria or albuminuria test result or status which could have been

transient (56,324/62,367).
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Table 5.13: Description of records defining onset of proteinuria (n=62,367)

Total
Read term or test type n (%) n (%)
Proteinuria ‘Urinalysis-Protein test’ (entity code 287)* 22,773 (36.5)
test result or [D] Proteinuria 3,326 (5.3)
status ‘Urine dipstick for protein test’ (entity code 431)* 3,157 (5.1)
Prc.)telnurla' 2,480 (4.0) 34113
Urine protein test = + 1,613 (2.6) (54.7)
Urine protein test = ++ 491 (0.8)
Urine protein test = +++ 194 (0.3)
Urine protein test = ++++ 48 (0.1)
[D]Proteinuria NOS 31(0.1)
Albuminuria  ‘Urine microalbumin test’ (entity code 435)* 13,191 (21.2))
test result or  [D] Microalbuminuria 6,823 (10.9) 22,211
status [D] Albuminuria 1,858 (3.0)  (35.6)
Urine microalbumin positive 339 (0.5)
Proteinuria Type 2 diabetes mellitus with persistent proteinuria 1,355 (2.2)
status that Type 2 diabetes mellitus with persistent proteinuria 452 (0.7)
does not Chronic kidney disease stage 3 with proteinuria 138(0.2)
appear to Persistent proteinuria, unspecified 77 (0.1)
reflecta Chronic kidney disease stage 3A with proteinuria 60 (0.1)
single test Chronic kidney disease stage 3B with proteinuria 45(0.1) 2,277
result Type 1 diabetes mellitus with persistent proteinuria 33(0.1) (3.7)
Chronic kidney disease stage 2 with proteinuria 30(0.1)
Chronic kidney disease stage 4 with proteinuria 27 (<0.1)
Type 1 diabetes mellitus with persistent proteinuria 24 (<0.1)
Benign postural proteinuria 11 (<0.1)
Other records with <10 cases each 25 (<0.1)
Proteinuric Nephrotic syndrome 131 (0.2)
diseases Acute glomerulonephritis 60 (0.1)
Unspecified glomerulonephritis NOS 50 (0.1)
Nephrotic syndrome in diabetes mellitus 45 (0.1) 473
Acute interstitial nephritis 39(0.1) (0.8)
Berger's IgA or 1gG nephropathy 20 (<0.1)
Glomerulosclerosis 16 (<0.1)
Other records with <10 cases each 112 (0.2)
Multiple 3,293
records (5.3)
Total 62,367

* with a positive result indicated within the entity type record

5.5.5 Exploration of quantification of proteinuria, and identification of

albuminuria in test results

Positive proteinuria test results were explored to see whether albuminuria could be

distinguished from total proteinuria, and whether albuminuria could be quantified. Read

codes specifying that the analysis was albuminuria were almost exclusively limited to

records with entity code 435 ‘Urine microalbumin’. These Read codes therefore added little
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information, although they do provide evidence of internal consistency for these records.

Records with entity code 435 formed 38.0% of the proteinuria test records, and all but two

had a Read code specifying albuminuria measurement, and so it is reasonable to assume

that at least 38% of proteinuria tests recorded albuminuria rather than total proteinuria

(Table 5.14).

It was not possible to quantify albuminuria in these data. The only quantification available

for any of these entity types was in terms of +/++/+++/++++, a system which is used for

total protein urine reagent strips. This result was also occasionally recorded in Read codes,

e.g. 4674 ‘Urine protein test = +’. This information was only available for 63.7% of positive

proteinuria tests, and so precise quantification was not attempted.

Table 5.14: Description of positive proteinuria test results

Result Conflict in Total
quantified  quantification*
n (row %) n (row %)
Entity code 287 ‘Urinalysis-Protein test’
Microalbuminuria positive 0 0 3
Urinary albumin measurement 2(16.7) 0 12
Albumin not specified 53,764 (94.3) 216 (0.4) 57,005
Entity code 431 ‘Urine dipstick for protein’
Urinary albumin measurement 4 (100) 0 4
Albumin not specified 9,647 (99.1) 0 9,736
Entity code 435 ‘Urine microalbumin’
Albumin:creatinine ratio measurement 40 (97.6) 0 41
Microalbuminuria positive 726 (8.9) 0 8,156
Microalbuminuria measurement 4,397 (13.4) 0 32,730
Albumin not specified 2 (100) 0 2
Total 68,582 (63.7) 216 (0.2) 107,689

* conflict between proteinuria quantity recorded in test value and quantity specified in Read code
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5.6 Summary of definition of CKD in CPRD

Two markers of CKD, estimated glomerular filtration rate (eGFR) and proteinuria, were
identified separately, to allow analyses to treat these as potential independent markers of

infection risk.

5.6.1 Defining eGFR in CPRD

Serum creatinine tests offered a relatively complete and frequently updated source of GFR
estimates for a high proportion of the study population. They offered good granularity of
GFR categorisation, both distinguishing stage 3a and 3b, and permitting categorisation of
GFR at levels above 60 ml/min/1.73m?2. As the most consistently recorded data available for
assessing GFR status, they were the data source least vulnerable to ascertainment bias
arising from changes in the clinical context of CKD recording over the study period. The
completeness of recording among this study population minimised the risk of under-
ascertainment and ascertainment bias from CKD identification according to patient
characteristics (such as smoking status), changes in clinical practice and data recording

patterns.

For these reasons, eGFR was calculated from serum creatinine test results using the CKD-
EPI equation, including adjustment for ethnicity, and classified according to NICE 2008
guidelines.[11, 102]

The choice of the last-carried-forward method or the best-of-two method for each cohort
study was based upon the length of individual patient follow-up, to allow the tension
between misclassification of CKD with the risk of ascertainment bias to be balanced

according to whether CKD progression was likely during the follow-up period.

5.6.2 Defining a history of proteinuria in CPRD

Proteinuria was less consistently recorded. The quality of data recording did not permit
adequate ascertainment of a negative status: thus a pragmatic approach was taken, in
which it was assumed that absence of a positive test result implied a negative proteinuria
status. As a single positive result defined a positive status for the rest of the study, caution
was taken in accepting potential positive records. A conservative approach to identifying
positive results was taken which comprised excluding proteinuria records on the same day
as a UTI, not counting trace results as positive, extensive data cleaning to check internal
consistency of records, and not including diagnostic codes for diabetic nephropathy in the

codelist for proteinuria identification.

[103]



A binary variable of ‘history of proteinuria’ was defined in which absence of a positive
record was assumed to indicate no history of proteinuria. Data quality did not permit

confident identification of albuminuria, or quantification of proteinuria.
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5.7 Potential alternative approaches to identifying CKD

CPRD contains several other sources of data which could inform CKD status.

5.7.1 Unspecified tests in CPRD

Entity codes may be recorded together with a Read code: thus, a serum creatinine result
could be inferred from the unspecified test of entity code 288 ‘Other laboratory tests’ if this
were labelled with a Read code identifying a serum creatinine test or test result, such as
44J3300 ‘Serum creatinine raised’. Non-specific entity code test results could be
interpreted as proteinuria tests if labelled with a relevant Read code, such as 46TC.
‘Protein:Creatinine Ratio’. This inference depends on a Read code having been used
accurately and for the purpose of identifying the accompanying test result. Potential for
data entry error may be high among these records, as entry of a test result under ‘Other
laboratory test’ suggests an abnormal data entry context. Processing a GFR estimate as a
crude serum creatinine level, for example, would result in considerable misclassification of
CKD status. For these reasons, entity code 288 ‘Other laboratory tests’ was not used to

identify GFR status nor proteinuria.

5.7.2 Creatinine clearance test results in CPRD
Entity code 166 ‘Creatinine clearance’ records creatinine clearance test results, with the
same seven data fields as entity code 165 ‘Serum creatinine’ (5.4.1). All records with entity

code 166 were extracted from the test files: there were none in the additional clinical files.

Duplicate records were dropped, and the 12,093 non-duplicate records with entity code
166 among 5,750 patients were cleaned as Figure 5.7. Read codes judged inconsistent with
creatinine clearance were G20..00 ‘Essential hypertension’ (n=1), 46TC.00 ‘Urine
albumin:creatinine ratio’ (n=2), and 4417.00 ‘Albumin/creatinine ratio’ (n=2). Non-duplicate

records on the same day were kept in this dataset at this point.

Creatinine clearance tests added little to completeness of data. There were only 4,244 valid
creatinine clearance tests among 2,456 patients during the study period. For 895 creatinine
clearance tests, there was a serum creatinine test recorded on the same day. They also
restricted categorisation of eGFR: 375 records recorded only that creatinine clearance was
>60 ml/min. They were not found to be a useful addition to serum creatinine test results,

and were therefore not used.
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Figure 5.7: Data cleaning of creatinine clearance tests (entity codes 166)

12,093 non-duplicate
records among 5,750
patients

Date:
Missing n=15
Prior to study entry n=4,581
After study exit n=25

7,472 non-duplicate records
during the study period
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Value missing n=3,157
Value zero n=60

\ 4

Record labelled with a Read code
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clearance n=5

v

Improbable values:

Negative values n=2

> Value >1000 n=2

Operator > with value neither 60
nor 90 n=1

Record duplicate other than Read
v code n=1
4,244 valid records during
the study period among
2,456 patients

v

5.7.3 Read codes recording GFR status

From the search strategy described in Table 5.10, | identified Read codes which could be
used to identify staged CKD. These comprised: CKD stages 1-2; CKD stages 3—-5; and end-
stage renal failure (assumed to indicate CKD stage 5). These codes are listed in Appendix D

and summarised in Table 5.15.

Table 5.15: Summary of Read codes identifying staged CKD status

Subgroup Number Codes Commonest example in CPRD
of codes indicating
proteinuria
CKD stage 1-2 9 4 17Z11.00 Chronic kidney disease stage 2
CKD stage 3-5 25 10 1Z12.00 Chronic kidney disease stage 3
End-stage renal failure 3 0 KO050.00 End stage renal failure
Total 37 14
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These Read codes were extracted from clinical and referral files (there were none present
in test files). Six records with missing dates were dropped, records were de-duplicated and

restricted to those between study entry and study exit.

Staged Read codes added only slightly to completeness: there were 75,731 staged CKD
Read codes among 48,012 patients during the study period, of which 18,680 (24.7%) were
on the same day as a serum creatinine result. They permitted a less fine categorisation of
GFR than serum creatinine results. Among 58,795 read codes for CKD stage 3 during the
study period, 55,990 (95.2%) did not specify between stage 3a or 3b, which has been found
to be an important distinction in terms of prognosis among older people.[107, 108] They
were not found a useful addition to serum creatinine tests among this population, and

were not used.

This approach is supported by a recently published study of CKD prevalence in the total
population of CPRD, which identified CKD from either two eGFR measurements <90
ml/min/1.73m?, or a Read code for CKD, or both. Only 0.5% of the patients with CKD were

identified from a Read code alone. [18]
5.7.4 Renal disease aetiology

The cause of renal disease may not be fully investigated among this population, and
classification of CKD by cause of disease involves clinical interpretation of an individual
patient’s health, rather than application of a systematic classification of aetiologies (5.1.5).
As infection itself and the presence of risk factors for infection may influence clinical
investigation of the cause of CKD, classification of CKD according to aetiology risks
introducing ascertainment bias to the association between CKD and infection. However,
validity of diagnostic codes may differ among the older people with diabetes from the
general population, and the potential use of diagnostic codes to supplement CKD

classification by eGFR and proteinuria was explored in this population.[114]

From the codes extracted using the search strategy in Table 5.10, | identified Read codes
for renal pathology likely to cause CKD. These were disparate and difficult to classify
according to CKD status. In particular, many aetiologies could have varying relationships
with eGFR, proteinuria and prognosis, according to presentation and severity. Within each
subgroup, the most commonly occurring codes were usually those that would be ‘high-
level’ codes in a hierarchical coding system. These codes provide the least detailed
information and are thus least useful when seeking granularity of data. These Read codes

could be used as exclusion characteristics, to obtain a patient population unlikely to have
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CKD, but are less useful for classifying CKD status for an individual patient, as many codes

would have poor specificity for CKD.

5.7.5 Could we have used secondary care records to identify CKD?

The majority of CKD is identified, managed and monitored in primary care.[100] Patients
may be referred to secondary care for specialist investigation and management of
underlying renal disease, management of complications such as uncontrolled hypertension,
or initiation of renal replacement therapy. Patients referred to nephrologists from primary
care, for example for management of advanced CKD, or investigation of underlying renal
disease, are mostly treated in outpatient clinics: only about 5% of patients under the care
of a nephrologist at any one time are inpatients.[43] Outpatient records which provided
details of renal disease among these patients could be a useful supplement to primary care

records, but were not available to this study.

Linked hospital admission records were available, and co-morbidities are recorded in these.
However, there is a high risk of ascertainment bias if CKD status is established from
inpatient admission records. Infection is a major cause of hospital admission among older
people.[9] Infection is the leading trigger of AKI among hospital inpatients, and admission
with infection would therefore prompt monitoring of renal function.[120, 128] Pre-existing
CKD is also a recognised risk factor for development of AKI during infection.[121] CKD may
therefore be more likely to be recorded for patients admitted with infection, and so using
hospital acute admission records to supplement identification of CKD status would risk
increasing CKD ascertainment differentially among patients with a history of hospital
admission for infection. This could introduce ascertainment bias, with over-estimation of
the association between CKD and infection. For this reason, secondary care records were

not used as a data source for CKD status in this thesis.

Even if this were not the case, HES admission records would still not be ideal for
ascertaining CKD status. The HES inpatient database does not include secondary care test
results. CKD diagnoses may be under-recorded in hospital admission records: the sensitivity
of a diagnostic code of kidney disease in a Canadian administrative database of hospital
admissions was 38% compared to eGFR from serum creatinine results.[129] Co-morbidities
in hospital admission records are encoded using the 10" revision of the International
Classification of Diseases (ICD-10).[75] This coding system is not ideal for establishing CKD
status, as kidney disease is classified according to aetiology rather than function, which

would not permit ascertainment of staged CKD status.[79]
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Primary care of patients with CKD continues after referral to secondary care, and the GP
retains responsibility for co-ordination of the patient’s overall care. It is therefore to be

hoped that CKD identified in secondary care would be recorded in primary care records.
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Chapter 6. Describing the cohort
The cohort was described in terms of demographics, health behaviours, co-morbidities, and
characteristics of diabetes. Not all characteristics were relevant to every analysis: the

rationale for how covariates were included in each analysis is presented in Chapters 7-11.

6.1 Demographics

6.1.1 Age, gender and region

Year of birth, gender and region of residence were obtained from patient files in CPRD.
These records were complete for all patients. To calculate age from year of birth, patients
were assigned a nominal birthday of 1 July. Unless otherwise specified, age was categorised

in five-year bands up to age >85 years.

6.1.2 Ethnicity

Ethnicity is recorded in CPRD and HES. A study by Mathur et al. of usability of CPRD and
HES ethnicity records found that the consistency of ethnic category was high: within each
dataset, for patients with multiple ethnicity records within either dataset; and between
datasets, for patients with an ethnicity recorded in both datasets. In CPRD, ethnicity
recording increased considerably after recording was financially incentivised by the Quality
and Outcomes Framework (QOF) in 2006. Patients in CPRD with a recorded ethnicity in
2011 had a very similar ethnic breakdown to that recorded for the UK population in the
2011 census.[130]

The single ethnicity provided in the HES patient file was used as a descriptive variable for
objective 2. This variable is based on all ethnicity recordings in HES inpatient records for
each patient with HES linkage. Where multiple ethnicities were recorded for one patient,
the most frequently recorded code was provided. Where there was a tie, the more specific

ethnicity code was provided.

A more complete identification of Black ethnicity was required for calculation of estimated
glomerular filtration rate (eGFR) to identify CKD status for objectives 3—-5. For this purpose,
CPRD and HES records were combined. A Read code list developed by Rohini Mathur was
used to extract ethnicity records from clinical and referral files in CPRD (there were none in
other files). Patients with a single usable ethnicity record in CPRD were assigned this
ethnicity. Patients with multiple ethnicity records in CPRD were assigned the most

frequently recorded code for the patient: in the event of a tie, the most recently recorded
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of the frequently recorded codes for the patient was used. For patients with HES linkage
and no usable record of ethnicity in CPRD, the ethnicity variable in the HES patient file was
assigned. Where Mixed Black ethnicity was recorded, the patient was assigned Black

ethnicity for the purposes of adjusting for Black ethnicity in calculation of eGFR.

6.1.3 Socio-economic status

Socio-economic status was described using the index of multiple deprivation.[83] For all
patients, practice-level socio-economic status was available. This was the index of multiple
deprivation quintile for the postcode of the patient’s primary care practice. For patients
with data linkage, patient-level socio-economic status was available. This was the index of
multiple deprivation quintile for the postcode of the patient’s home address. The type of

socio-economic status used was specified in each analysis.

6.2 Nursing or residential home

A history of residence in a nursing or residential home was identified using a combination
of CPRD records, including a Read code list compiled by Elizabeth Millett. Many of the
commonly used Read codes were not sufficiently granular to distinguish between nursing
or residential homes (e.g. 13F6.00 ‘Nursing/other home’ and 13F7.00 ‘Residential
institution’). Warden-controlled and sheltered home residency were not included. A patient
was classified as having a history of nursing or residential home residence if there was any

eligible positive record without evidence of internal inconsistency (Table 6.1).

Table 6.1: Records defining nursing or residential home status

Record type Positive record Evidence of internal inconsistency
(records with these characteristics
were discarded)

Consultation type Values 30, ‘nursing home

field in the visit’, or 31, ‘residential

consultation file. home visit’.

Read code in clinical Read code for nursing or Eligible Read code was labelling an

or referral files residential home status, entity type 132 record which also

(nonein e.g. 9N1G.00 ‘Seen in recorded that residence was

immunisation or nursing home’. warden-supported or sheltered

test files). accommodation, or that the patient
lived alone.

Entity type 132 Any entity type 132 record Record labelled with a Read code for

‘Residence’ in with residence field values warden-controlled or sheltered

additional clinical 1 ‘nursing home’ or 2 accommodation, or with a Read

details file. ‘residential home’. code recording that the patient lived
alone.

[111]



6.3 Smoking

Smoking status was identified as a descriptive variable for objective 2 using an algorithm
and data management file developed by Dr lan Douglas. Entity type code 4 ‘Smoking’ in
CPRD records smoking status as ‘Non’, ‘Current’, or ‘Ex’. The latest smoking record prior to
the relevant index date for each study objective was used to identify ex- or current
smokers. Patients with their most recent smoking status recorded as non-smoker were only
identified as non-smokers if all previous records were consistent with this: if they had a
prior record of current or ex-smoking but their most recent status at the index date was
non-smoker, they were classified as an ex-smoker. If there was no smoking record prior to
the index date, the first smoking record after the index date was used. To be identified as a
non-smoker from the first record after the index date, all later values must also have been

consistent with never smoking: otherwise, the patient was classified as an ex-smoker.

For all other objectives, a fuller ascertainment of smoking status was developed which
combined entity type 4 ‘Smoking’ records, Read codes for smoking status (using a list
compiled by Dr Sara Thomas and Elizabeth Millett), prescriptions for smoking cessation
therapy (using a medication code list compiled by Dr Sara Thomas) from CPRD, and ICD-10
codes Z716 ‘Tobacco abuse counselling’ and Z720 ‘Tobacco use’ from HES. Smoking
cessation at baseline was identified at the timepoint of the latest relevant record prior to
study entry or (if there were no relevant records prior to study entry) the first record after

study entry.

As the success of smoking cessation attempts is generally low, success of smoking cessation
was not presumed, and a prescription for smoking cessation therapy was taken as evidence
of current smoking.[131] Similarly, both ICD-10 codes were taken as evidence of current
smoking. Read codes were categorised as: current smoker (e.g. 1374 ‘Moderate smoker -
10-19 cigs/d’), non-smoker (e.g. 1371.11 ‘Non-smoker’), ex-smoker (e.g. 1379 ‘Ex-moderate
smoker (10-19/day)’), or ever-smoker (where it was unclear whether the patient was a

current or ex-smoker, e.g. H310100 ‘Smokers’ cough’).

A recorded non-smoker status may be consistent with never having smoked, or with being
an ex-smoker. If a patient had a record with ex-smoker status on the same day as a record
with non-smoker status (e.g. an entity type 4 record with value ‘non-smoker’ labelled with
a Read code 137K.00 ‘Stopped smoking’), the patient was assumed to be an ex-smoker, and
was assigned ex-smoker status. A record of current or ex-smoker status re-categorised any

subsequent non-smoker record to ex-smoker status for that patient.
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For 0.1% of smoking status records (2,183/ 2,068,167) the patient was recorded as both a
current smoker and a non-smoker on the same day. These records could not be assigned a

smoking status, and were discarded.

For 3.3% of smoking status records (68,016/ 2,068,167) it was unclear whether the patient
was a current or ex-smoker, either because the only record was an ‘ever-smoker’ Read
code, or because there was a records of both current and ex-smoker status on the same
day. This was too small a group to be viable as a separate category in analyses. It was
considered better to classify these patients as either current or ex-smokers, to avoid any
risk of another record classifying them as non-smokers. These patients were classified as
current smokers. In the context of inability to quantify cigarette pack-years, the effect of
potentially misclassifying a small number of ex-smokers as current smokers was thought

likely to be minor.

6.4 Body mass index

Body mass index (BMI) was calculated from entity type codes for height and weight, using
an algorithm and data management file developed by Dr Krishnan Bhaskaran. Records of
height were cleaned, including conversion of values >100 from centimetres to metres, and
applying cut-offs at range extremes of <1.37m or >2.3m (4’ and 7'6”’). Records of weight
were cleaned, which included discarding records at range extremes of <25.4kg or >222 kg

(4 and 35 stone). BMI was calculated using the weight recorded closest to the index date.

6.5 Co-morbidities

Co-morbidities were identified using diagnoses in primary care using Read code lists
developed by Dr Sara Thomas and Elizabeth Millett. Co-morbidities identified, for different
purposes according to individual objectives, included: hypertension, congestive heart
failure, ischaemic heart disease (including myocardial infarction, angina pectoris, and other
ischaemic heart disease), peripheral vascular disease, cerebrovascular disease (including
stroke, transient ischaemic attack, and cerebrovascular dementia), other dementia, chronic
lung disease (including chronic obstructive pulmonary disease and other chronic lung
conditions, but not asthma), cancer (including haematological and metastatic cancers),
chronic liver disease (not including hepatorenal disease), connective tissue disorders

(including rheumatoid arthritis and systemic lupus erythematosus), human
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immunodeficiency virus infection, hyposplenia (including asplenia, coeliac disease and

sickle cell disease), and history of cochlear implant.

Read codes were extracted from clinical, referral and test files. All co-morbidities were
modelled as binary variables. A patient was defined as having a history of the co-morbidity
from the first instance of a Read code for the relevant co-morbidity, until study exit.
Absence of a Read code was assumed to indicate a negative status, as the absence of a co-
morbidity would not be recorded in a patient’s health care records. The diagnosis of
hypertension was supplemented with entity code type 15 ‘Hypertension register’ for the

analysis of the association of CKD with post-infection mortality (objective 5).

6.6 Medications

6.6.1 Steroid use

Oral steroid prescriptions were extracted from the CPRD therapy files, using a medication
code list compiled by Dr Sara Thomas, to identify steroid prescriptions within the three
months before study entry for objective 5, the association of CKD with short-term mortality

following infection.

6.6.2 Influenza and pneumococcal vaccinations

A history of pneumococcal vaccination or influenza vaccination was identified by extracting
pneumococcal and influenza vaccine prescriptions from therapy files in CPRD (using a
medication code list compiled by Elizabeth Millett) and Read codes for pneumococcal or
influenza vaccination status from clinical, test, referral and immunisation files in CPRD.
Pneumococcal and influenza vaccination status were determined separately. Any relevant
prescription or Read code defined a positive vaccinated status for the relevant vaccine: the
absence of a record was assumed to indicate a negative vaccination status. This
classification of influenza and pneumococcal vaccine status was used as a descriptive

variable for objective 2.

A more detailed definition of influenza and pneumococcal vaccination status was
developed for the estimation of vaccine effectiveness according to CKD status (objective 4)

and this is described in Chapter 9.
6.6.3 Anti-diabetes medications
The CPRD Product browser was searched using text terms and a hierarchical search using

the strategy in Table 6.2.
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Table 6.2: Search strategy for anti-diabetes medications

Search CPRD Product browser version 1.3.2
details Database build ‘ever’
Search date 2 February 2012
Stage 1 BNF search to identify text-terms and BNF headings
BNF BNF version 62 online
Stage 2 Text search of product names and drug substance names
Text terms *insulin®* and *insu*, *hypurin*, *bovine*, *porcine*, *actrapid*,

*humulin*, *aspart®, *novo*, *glulisine*, *apidra*, *lispro*, *huma*,
*detemir*, *levemir*, *glargine*, *lantus*, *lente*, *isophane?*,
*basal*, *protamine*, *biphasic*

*sulfonyl* , sulphonyl*, *gliben*, *gliclaz*,*zicron*, *diamicro*, *vitil*,
*glime*, *amaryl*, *glipiz*, *minod*, *tolbu*

*biguan*, *metfor*, *metsol*, *glucoph*, *bolamy*, *metabe*
*acarbo*, *glucob*, *exena*, *byet*, *liragl*, *victoz*, *nategl*,
*starl*, *piogl*, *actos* (and did not upload lactose-related codes),
*competac*, *repagl*, *prandi*, *saxagl*, *ongl*, *sitagl*, *janu*,
*vildagl*, *galv*, *eucrea*

Stage 3 Hierarchical search
BNF headings | 06010101*, 06010102*, 06010103*, 06010201*, 06010202*,
06010203*

BNF, British National Formulary

The product codes identified for insulin therapy are listed in Appendix B. A prescription of
insulin itself was required, rather than products which may be prescribed as adjuncts to
insulin treatment. Thus glucagon prescriptions, lancets, blood sugar monitoring devices and
delivery devices (unless pre-filled with insulin) were not considered sufficient evidence on

their own of insulin use, and were not included.

The product codes identified for oral anti-diabetes medications are listed in Appendix B.
Medications no longer licensed at the time of the search, such as first generation
sulphonylureas and rosiglitazone, were included, to capture historical prescriptions.
Metformin was included, as it is a commonly prescribed first-line oral anti-diabetes
medication. Metformin also has other indications, including treatment of polycystic ovarian
syndrome and metabolic syndrome. All patients included in the study cohort were required
to have a code for diabetes mellitus, and so prescription of metformin for indications other
than diabetes is likely to be rare among this cohort. Guar gum, a dietary fibre which can be
prescribed as an anti-diabetes medication was not included, as this is not its main
indication, and it is not commonly used for this purpose. Acarbose, which may be
prescribed for either type 1 or type 2 diabetes mellitus, was not included as (unlike other

oral anti-diabetes medications) it is not an indicator of type 2 diabetes mellitus. If would be
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unusual to be prescribed this as a solitary anti-diabetes medication, and so its exclusion
was unlikely to have affected the ascertainment of anti-diabetes medications for many

patients.

6.7 HbA1C

Glycated haemoglobin, or HbA1C, reflects mean blood glucose levels over the preceding
three months. It should be monitored at least every six months among patients with

diabetes, and more frequently if blood glucose control is not stable.[132]

HbA1C test results in CPRD may be reported in two forms, each with a different reference
range. HbA1C assays in the UK were predominantly aligned to the Diabetes Control and
Complications Trial (DCCT) assay and reported as a percentage during the study period.
From 1 June 2009, HbA1C assays were International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) standardised and reported in mmol/mol, although for a period
of dual reporting, the equivalent percentage was also provided, labelled “DCCT-

aligned”.[132]

| aimed to identify the latest HbA1C test result at baseline (study entry). As regular
monitoring of HbA1C is an important component of care for patients with diabetes, |
included a ‘none recorded’ category. Rather than being a missing data category, this was an

indicator for diabetes which may have been poorly monitored.

6.7.1 Data extraction and cleaning

HbA1C could be recorded in CPRD using a template, available in the database as entity
type 275 ‘HbAlc - diabetic control’, as a Read code containing the HbA1C result, or as a
more general test result (such as entity type 288 ‘Other laboratory tests’ with a Read code

label indicating that this was an HbA1C result.

Read codes were identified from the CPRD Medical Browser searching for Read terms
(*HbA*; *Hb*; *diab*control*; *glyc*haem?*; *glyc*Hb*; *A1*) and Read codes (42c*;
42V*; A2W*; 44T*; 66A*; C108*; C109*; C10E*;C10F*). This identified six codes which
provided a value for an HbA1C test, and 11 terms which were labels for an HbA1C test but

without the result (Table 6.3).

From clinical, test and referral files | extracted all records with an entity code of 275, or any
of the eligible Read codes in Table 6.3. There were no eligible records in the additional

clinical files.
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Table 6.3: Read codes for HbA1C tests and results

Read code Read term

Read code containing 42¢0.00 HbA1 < 7% - good control
HbA1C test result 42¢1.00 HbA1 7 - 10% - borderline control
42c2.00 HbA1 > 10% - bad control

42W1.00 Hb. A1C < 7% - good control
42W2.00 Hb. A1C 7-10% - borderline
42W3.00 Hb. A1C > 10% - bad control
Read code indicating HbA1C 42c..00 HbA1 - diabetic control
test 42¢3.00 HbA1 level (DCCT aligned)
42W..00 Hb. A1C - diabetic control
42W..11 Glycosylated Hb
42W..12 Glycated haemoglobin
42W4.00 HbA1c level (DCCT aligned)
42W5.00 Haemoglobin Alc level - IFCC standardised
42WZ.00 Hb. A1C - diabetic control NOS

44TB.00 Haemoglobin Alc level
44T1C.00 Haemoglobin Al level
44TL.00 Total glycosylated haemoglobin level

HbA1C, glycated haemoglobin

Records with no result available (Read code indicating a test performed but no entity type
attached to contain the results) were discarded (n=16,762). Two records with entity type
363 ‘Lipoprotein electrophoresis’ were discarded, because these were unlikely to encode
HbA1C results, and because this entity type had no numerical data field attached for an
appropriate result. Records with a missing data (n=70) or a date after study exit (n=5,983)
were discarded. This left 2,850,694 records, 97.7% of which were entity code 275 ‘HbAIc —
diabetic control’ with an attached Read code for an HbA1C test (Table 6.4).

Table 6.4: Origin of records of HbA1C tests

Entity code
213 Blood 274 275 HbAlc 288 Other none Total
glucose Fasting - diabetic laboratory
glucose control tests
o Read code 0 0 44,369 40 11,487 55,896
8 including result
; Read code for 8,047 1 2,784,487 2,191 —| 2,794,726
;.‘3 HbA1C test
None - - 72 - - 72

Total 8,047 1 2,828,928 2,231 11,487| 2,850,694

HbA1C, glycated haemoglobin

6.7.2 Categorising HbA1C results
HbA1C results were categorised as good (<7% or <53mmol/mol), borderline (7-10%, or 53—
86 mmol/mol), poor (>10% or >86 mmol/mol), or none recorded (no result prior to study

entry).
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For numerical results recorded as an entity code, there was potentially some ambiguity as
to whether these should be treated as DCCT-aligned (%) or IFCC-standardised (mmol/mol).
Each entity code had seven data fields attached. The second data field contained a

numerical value, which provided the test result. Other data fields of interest were the first,
which contained an ‘operator’ (e.g. <, >, =), the third, which contained a ‘unit’ (e.g. %), and
the fifth and sixth, which contained the lower and upper limits of the normal range. These
data fields were used to identify DCCT-aligned from IFCC-standardised results, for

appropriate categorisation.

Indicators of DCCT-alignment were: Read codes 42¢3.00 ‘HbA1 level (DCCT aligned)’ or
42W4.00 ‘HbA1c level (DCCT aligned)’, value 1-6, value 7 with operator recorded as <, unit
recorded as %, or normal range recorded as 4-6. Indicators of IFCC-standardisation were:
Read code 42W5.00 ‘Haemoglobin Alc level - IFCC standardised’, unit recorded as

mmol/mol, or normal range recorded as 20—42.

HbA1C records were categorised as shown in Figure 6.1. This assumed that results prior to
2009 were DCCT-aligned unless otherwise specified. This left 10,692 (0.4%) of the entity
records with a potentially usable result as unclassified. These records either had an
indicator of both IFCC and DCCT with value >7, or no indicator of IFCC nor DCCT in or after
2009 with value 27.

Where multiple records occurred on the same date, | prioritised: (1) results from Read
codes (as these had less potential for misclassification); (2) entity test results with an
uncontradicted DCCT or IFCC indicator; and (3) other entity test results. After prioritisation,
5528 pairs and 3 triplets of clashing results on the same day remained, and these were

discarded.
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Figure 6.1: Categorisation of HbA1C records
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6.8 Alternative approaches considered

6.8.1 Why were secondary care records not used to identify co-morbidities?
The impossibility of distinguishing a patient who truly does not have a co-morbidity from a
patient with missing co-morbidity data in routinely-collected health records means that co-
morbidity status is particularly vulnerable to ascertainment bias. Diagnoses were not
supplemented with HES diagnoses, as this might have resulted in greater ascertainment of
co-morbidities among patients with more hospital attendances. Patients with CKD have
higher rates of hospital attendance than patients without CKD, and infection is a common
cause of hospital admission among older people.[9, 107] Differential ascertainment of co-
morbidities among patients with CKD or among patients with frequent infection was
relevant to each analysis in this thesis. For example, differential ascertainment of co-
morbidity status would be likely to bias estimates of the association between CKD and
infection after adjustment for co-morbidities (objective 3). The direction of bias could differ
for each co-morbidity, and would be difficult to predict, as it would depend on the
relationship of the co-morbidity with CKD prevalence, all-cause hospital admission rates,
infection-related hospitalisation rates, and whether the co-morbidity coding in secondary

care was differential according to the reason for hospitalisation.

6.8.2 Why were medications not used to identify co-morbidities?

Medication status may vary systematically depending on CKD status. A large number of
commonly prescribed medications are contraindicated by impaired renal function.[73] In
addition, medications used to treat CKD may overlap with those prescribed for other co-
morbidities. For example, an angiotensin converting enzyme inhibitor (ACE inhibitor)
should be prescribed to patients with diabetes and proteinuria: but is also commonly
prescribed as an anti-hypertensive medication.[96] Adjusting estimates of the association
between CKD and infection for medications rather than diagnosis could result in bias, the
direction of which would be difficult to predict as it would depend upon the relationship
between the medication and CKD, the medication and the other co-morbidities for which it
is prescribed, and the relationship of these other co-morbidities with infection. As a general
approach, therefore, we did not use medications as proxies for co-morbidities, and

preferred to use clinical diagnoses to identify co-morbidities.

6.8.3 Could hypertension have been identified from blood pressure recordings?
As hypertension is ‘silent’, or asymptomatic, until quite advanced, and so may be under-

diagnosed, | investigated using blood pressure recordings to identify hypertension in
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addition to diagnoses. | identified patients as hypertensive from the first date of: a
diagnostic code for hypertension (as described above); inclusion on the hypertension
register (entity type code 15); or the third recording of raised blood pressure if all 3 records
were within a year of each other (not including records on the same day). Recordings of
raised blood pressure could be either a Read code recording raised blood pressure, or an
entity type code 1 (‘Blood pressure’) record with systolic blood pressure recorded as 2130
mm Hg (only acceptable if <350 mm) or diastolic blood pressure >80 mmHg (only
acceptable if £200). Entity type 1 records were only included if they were also labelled with
an appropriate Read code indicating a blood pressure measurement. The thresholds for
raised blood pressure were obtained from NICE guidelines for medication of hypertension

for patients with diabetes.[133]

Applying this definition to study cohort A obtained a prevalence of hypertension of 76.0%
(166,626/219,145) at baseline and 89.3% (195,621/219,145) by study exit. This was not
useful for discriminating between patients. It was therefore decided to use clinical
diagnosis to define hypertension, without blood pressure recordings. The process of
diagnosis and recording suggests that clinically relevant hypertension has been identified,
which may be more discriminatory in terms of risk. It is likely to capture patients with
hypertension controlled by medication, and risks missing patients with undiagnosed (and

uncontrolled) hypertension.

6.8.4 Could we have distinguished type 1 from type 2 diabetes mellitus?

Both infection risk and CKD prevalence may vary by the type of diabetes mellitus. Ideally,
patients with type 1 and type 2 diabetes mellitus would be distinguished to allow
consideration of this. However, diagnostic coding of type of diabetes is known to be
problematic, with most patients not having the type of diabetes recorded in electronic
health records, and considerable misclassification of those who do.[134] Completeness and
validity can be improved by assigning diabetes type according to an algorithm developed by
de Lusignan et al. which includes prescriptions, age at diagnosis and BMI at diagnosis.[135]
Unfortunately, when patients register with a primary care practice, prevalent and incident
diagnoses of diabetes cannot reliably be distinguished.[71] Hence, as many patients will
have changed primary care practice between first diagnosis of diabetes and eligibility for
our study population at age 65 years, the date of first diagnosis cannot be identified using
these data for this study population. Neither duration of diabetes, nor age and BMI at

diagnosis are therefore identifiable. We described the patients’ prescription histories of
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insulin and oral anti-diabetes medications, but were unable otherwise to identify type 1

from type 2 diabetes mellitus.
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RESULTS SECTION

Chapter 7 describes the burden of acute community-acquired infection among older
people with diabetes (objective 2). Chapter 8 presents an investigation into the association
between CKD and incidence of community-acquired LRTI (including pneumonia as a subset)
and sepsis (objective 3). Chapter 9 presents a study of the extent to which community-
acquired LRTI may be preventable with pneumococcal and influenza vaccination among
older people with diabetes, according to CKD status (objective 4). Chapter 10 describes a
study of the association between CKD and short-term mortality following community-

acquired pneumonia and sepsis (objective 5).

Results are presented in journal article format, each with a brief introduction, methods,
results, and discussion of the individual study. Any additional results or further discussion
relevant to the individual study is presented in the relevant chapter following the journal

article.
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Chapter 7. The burden of community-acquired infection among

older people with diabetes mellitus
This chapter presents and discusses the results of a study to investigate the burden of
acute, community-acquired infections among older people with diabetes mellitus
(objective 2). The results are presented and discussed in Paper 2. The Read code lists used
to identify patients with diabetes mellitus (referred to in the article as additional
supporting information) are available in Appendix B. The chapter concludes with a

supplementary exploration of the impact of incomplete data linkages.

7.1 Introduction to Paper 2

This study used a retrospective cohort design to assess the infection incidence rates among
patients aged 265 years with diabetes mellitus in CPRD (study cohort A, 3.9.1). This was a
descriptive study. Key characteristics of the study population (including demographics,
smoking status and common co-morbidities) were described at baseline, using definitions

described in Chapter 6.

The primary outcomes were incidence rates of community-acquired lower respiratory tract
infection (LRTI), pneumonia (as a subset of LRTI), urinary tract infection (UTI), and sepsis.
These infections were expected to be responsible for a high burden of morbidity or
mortality among the study population. LRTI and UTl are common infections, responsible for
a high burden of morbidity among the general population, and particularly among older
people.[5, 136] Pneumonia and sepsis are severe infections, and the commonest infectious
causes of death among patients receiving dialysis.[28] Methods used to identify
community-acquired infection incidence were detailed in Chapter 4. Infection incidence

rates were summarised by age, sex, region and year.

Secondary outcomes were all-cause hospital admission within 28 days of infection onset
and all-cause mortality within 28 and 90 days of infection onset. Infections may cause
hospital admissions and death directly or indirectly through complications, such as
myocardial infarction or stroke.[137] All-cause hospitalisation and mortality were therefore
described within a time-period following infection, rather than including only
hospitalisations and deaths attributed to infection. The time period was defined with
respect to infection onset date, even for infections with longer duration, to avoid biasing
estimates of hospitalisation and mortality upwards for patient groups prone to longer

infection episodes.
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Abstract

Aim To describe the incidence of acute community-acquired infections (lower respiratory tract infections, urinary tract
infections and sepsis) among the UK population aged >65 years with diabetes mellitus, and all-cause 28-day hospital
admission rates and mortality.

Methods We used electronic primary care records from the Clinical Practice Research Datalink, linked to death
certificates and Hospital Episode Statistics admission data, to conduct a retrospective cohort study from 1997 to 2011.

Results Among the 218 805 older people with diabetes there was a high burden of community-acquired infection,
lower respiratory tract infections having the highest incidence (crude rate: 152.7/1000 person-years) followed by urinary
tract infections (crude rates 51.4 and 147.9/1000 person-years for men and women, respectively). The incidence of all
infections increased over time, which appeared to be driven by the population’s changing age structure. Most patients
diagnosed with pneumonia and sepsis were hospitalized on the same day (77.8 and 75.1%, respectively). For lower
respiratory tract infections and urinary tract infections, a large proportion of 28-day hospitalizations were after the day
of diagnosis (39.1 and 44.3%, respectively), and a notable proportion of patients (7.1 and 5.1%, respectively) were
admitted for a cardiovascular condition. In the 4 weeks after onset, all-cause mortality was 32.1% for pneumonia
(3115/9697), 31.7% for sepsis (780/2461), 4.1% for lower respiratory tract infections (5685/139 301) and 1.6% for
urinary tract infections (1472/91 574).

Conclusions The present large cohort study provides up-to-date detailed infection incidence estimates among older
people with diabetes in the community, with variation by age, sex and region and over time. This should be of use for
patient communication of risk and future healthcare planning.

Diabet. Med. 31, 606-614 (2014)

in England [6]. The increase in pneumonia hospitalizations has

Introducti
niroduction been most marked among older adults [7]. The cost of

Community-acquired infections are common among older
adults, with a high burden of morbidity and mortality [1-4].
Pneumonia is the second most common cause of death in
people aged >75 years in England [5]. Hospitalizations for
infection are rising: age-standardized hospital admission rates
for community-acquired pneumonia and urinary tract infec-
tions more than doubled between 2000/2001 and 2010/2011

Correspondence to: Helen |. McDonald. E-mail: helen.mcdonald@Ishtm.ac.uk
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes.

606

hospitalizations was estimated at £235 m for pneumonia
and £316 m for urinary tract infection in 2010/2011 [6].
Diabetes is a risk factor for hospitalization with and mortality
from infection [8-13]. A higher prevalence of comorbidities
such as diabetes mellitus has been suggested as a driving factor
for the rising burden of infection-related hospitalizations [6,7].

The number of adults in England with diabetes mellitus is
predicted to rise from 3.1 million in 2010 to 4.6 million by
2030 [14]. Data on the burden of infection among older
adults with diabetes from a community or primary care
perspective, and their relationship with hospitalization and
mortality, are scarce. A large cohort study in Canada

© 2013 The Authors.
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Research article

What’s new?

» The present large cohort study is the first to describe the
burden of acute infections, including infections man-
aged in primary care, among older people with diabetes
for use in healthcare planning and communication of
risk with patients.

* On average per year among 1000 patients there
were 152.7 lower respiratory tract infections (95% CI
151.3-154.1) and 99.6 urinary tract infections (95%
CI 98.4-100.8).

» All infection rates were found to be increasing over
time.

» Within 28 days of pneumonia, 81.4% of patients were
hospitalized and 32.1% had died.

e An appreciable proportion of 28-day hospitalizations
after lower respiratory or urinary tract infection were
for cardiovascular conditions.

described the incidence of a range of infections among people
with diabetes of all ages, but not by age group, and noted
that the association between diabetes and infection changed
with age [15]. Studies of risk factors for community-acquired
infection among older adults have not been designed for
precise estimates of infection incidence among the subgroup
with diabetes [16,17].

Understanding the burden of infections in the community
among older adults with diabetes, and the short-term risk of
hospitalization and mortality after infection, is essential to
communicating risk of infections to patients, for designing
effective preventive care strategies, and for future healthcare
service planning.

The aim of the present study was to describe the incidence
of acute community-acquired infections (urinary tract infec-
tions, lower respiratory tract infections, including pneumo-
nia as a subset, and sepsis) among the UK population aged >
65 years with diabetes mellitus, and the short-term hospi-
talization and mortality rates following these infections.

Data sources

The Clinical Practice Research Datalink (CPRD, formerly
GPRD) is a large UK database of anonymized primary care
medical records [18]. We used the May 2011 dataset,
comprising 12.8 million patient records at 627 practices.
Diagnoses are entered directly by healthcare workers during
the patient consultation, in the form of Read codes. The
records also include patient demographics, prescriptions,
health behaviours, test results and interactions with secondary
care such as referrals. The CPRD population has been found to

© 2013 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK.

DIABETICMedicine

be representative of the general UK population [19]. The
CPRD asserts a range of data quality checks, and the validity of
recorded diagnoses in the CPRD is generally high [19,20].
Another strength of the CPRD is the availability of data
linkage for the subset of patients (> 50% of the total patients
included in the CPRD) registered at practices in England
which participate in CPRD data linkage [18]. The present
study used linked data on dates and diagnoses for all hospital
inpatient admissions to NHS hospitals in England from
Hospital Episodes Statistics, and mortality and socio-eco-
nomic status from the Office for National Statistics [21,22].

Study population and follow-up

Patients in CPRD aged =65 years with a diagnostic code for
diabetes mellitus were eligible for inclusion in the study. Two
lists of Read codes were used, ‘defining’ codes (sufficient
evidence of diabetes) and ‘possible’ codes (requiring confir-
mation). All patients with a ‘defining’ code were included
(e.g. C10F.11 ‘Type II diabetes mellitus’). Patients with a
‘possible’ code (e.g. IN1Q.00 ‘Seen in diabetic clinic’) were
only included if there was a history of prescription of insulin
or oral antidiabetes medication (Tables S1 and S2).

Patients entered the study at whichever was the latest of the
following timepoints: the diabetes diagnosis date, 65™ birth-
day, 1 year after practice registration date, the date the practice
reached CPRD quality control standards or 1 April 1997. The
1-year delay from registration was to prevent overestimation of
incidence from recording of historical events at new patient
registration and early consultations [23]. Patients exited the
study at whichever was the earliest of the following timepoints:
date of death (recorded in CPRD or Office for National
Statistics data), patient transferring out from the practice; last
data collection from the practice, or 31 March 2011.

Definition of infections

We studied urinary tract infection, lower respiratory tract
infection, pneumonia and sepsis. Urinary tract infections and
lower respiratory tract infections are common and are
responsible for a high burden of morbidity and mortality
among the older population, while pneumonia and sepsis are
rare but serious events which we would expect to be
well-ascertained in primary care records. Urinary tract
infections, lower respiratory tract infections and sepsis were
defined and analysed separately, while pneumonia was a
subset of lower respiratory tract infections.

Each infection was defined by a clinical diagnosis recorded
in primary care or hospital discharge records. To avoid
overestimation from repeat attendances for the same infec-
tion, diagnostic codes recorded within 28 days of one
another were attributed to a single episode of infection, with
the index date defined by the first diagnostic code, and
duration until 28 days after the last diagnostic code. Three
clinical epidemiologists agreed each list of diagnostic codes
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to be used to define each infection before data analysis. Code
lists are available on request.

Pneumonia codes were a subset of lower respiratory tract
infection codes. If any lower respiratory tract infection
included a pneumonia code, the pneumonia index date was
the date of the first diagnosis of pneumonia, and the
pneumonia episode ended on the end-date of the lower
respiratory tract infection episode within which it occurred.

For conservative estimates, Read code 1J4.00 ‘Suspected
urinary tract infection’ alone did not define an infection but
did continue an ongoing episode of urinary tract infection if
it occurred within 28 days of another urinary tract infection
diagnostic code. This was designed to avoid over-recording
of urinary tract infections from non-confirmed diagnoses or
from repeat attendances with ongoing infection.

An infection was designated as hospital-acquired: if the
index diagnosis occurred during or within 14 days of a
hospital admission (recorded in Hospital Episodes Statistics
records for patients with linked data, or recorded in the
CPRD for patients with unlinked data); if the index diagnosis
was recorded in a hospital discharge record, but was not the
primary reason for hospital admission; or if any of the
diagnoses in the episode recorded that the infection was
postoperative or otherwise hospital-acquired (e.g. K190299
‘Postoperative urinary infection’).
classified as community-acquired. These were necessarily

Other infections were

either first recorded in primary care records, or represented
the primary reason for hospital admission. The results
presented are for community-acquired infections only: hos-
pital-acquired infections were not included as outcomes.

Patients were at risk of a community-acquired infection
while eligible for study inclusion except during an infection
episode (community- or hospital-acquired) or during a
Hospital Episodes Statistics hospitalization spell or the
14 days after hospital discharge. Time at risk was calculated
separately for each type of infection; a patient could be at
risk of a lower respiratory tract infection despite an ongoing
urinary tract infection, for example.

The methods described above were based on or adapted
from previous work by Millett et al. [24] defining lower
respiratory tract infections and pneumonia.

Covariates

Socio-economic status was described using the index of
multiple deprivation, a composite area-level marker of depri-
vation [22]. The Office for National Statistics index of multiple
deprivation estimates from 2007 were linked to individual
patient records by the postcode of patient residence. Smoking
status and BMI were described using CPRD data at the start
of follow-up (baseline). Comorbidities, medications and
vaccination status were described using CPRD records at
baseline and at study exit. No influenza vaccinations recorded
>3 years before study entry were included at either timepoint.
For baseline comorbidities, medications and pneumococcal
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vaccination, any record of positive status in the patient’s
records from their registration at the practice up to or
including the study entry date was eligible. Comorbidities
were based on diagnostic Read codes and included cardio-
vascular disease (myocardial infarction, other ischaemic
heart disease, congestive heart failure, stroke and transient
ischaemic attacks), chronic lung disease (chronic obstructive
pulmonary disease and chronic interstitial lung diseases but
not asthma) and peripheral vascular disease. Code lists are
available on request.

Data analysis

All data were used to calculate incidence and mortality
estimates. Analyses were restricted to patients with Hospital
Episodes Statistics-linked data for description of hospitaliza-
tions. Incidence rates were calculated for each infection using
Poisson regression with lexis expansions for age and calendar
year, and a random-effects model to accommodate multiple
episodes. We conducted likelihood ratio tests for the asso-
ciation of sex with incidence of each infection type, and for
the sex-specific linear association of age group with incidence
of each infection type. Age standardization used the Office
for National Statistics mid-year population estimate for the
UK in 2004 [22]. Age-standardized regional rates were
presented only within England, as Hospital Episodes Statis-
tics-linked data are not available for Scotland, Wales and
Northern Ireland, and the inability to exclude time in
hospital for these regions meant their rates were not
comparable. For each infection, the proportion of infections
among patients with Hospital Episodes Statistics-linked data
who were admitted to hospital within 4 weeks of diagnosis,
and the subset of these admitted to hospital on the day of
admission, were calculated. The cause of admissions for
patients admitted within 4 weeks was described using the
primary diagnosis of the first episode of the first admission
after infection onset. For each infection, the 4-week
case-fatality rate using all-cause mortality was calculated,
using deaths recorded in Office for National Statistics-linked
mortality data or CPRD records.

Data analysis was conducted using Stata version 12.0,
except age standardization, for which Microsoft Excel 2007
was used.

Ethics approval

The study was approved by the Independent Scientific
Advisory Group of the CPRD (ISAC reference 11_033) and
the London School of Hygiene and Tropical Medicine Ethics
Committee (LSHTM reference 6116).

Results

The study population comprised 218 805 patients, with up to
7 years follow-up (Table 1). Hospital Episodes Statistics

© 2013 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK.
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Characteristics of study population at baseline and before end of follow-up (N = 218 805)

DIABETICMedicine

At Baseline

Before end of follow-up

Men Women Men Women
Median (interquartile range) time in study, years* 3.9 (1.7-6.1) 4.0 (1.7-7.1)
Median (interquartile range) age, years 70 (65-76) 72 (66-79)
Ethnicity, 7 (%)
Bangladeshi 85 (0.8) 60 (0.1)
Black African 125 (0.1) 127 (0.1)
Black Caribbean 477 (0.4) 519 (0.5)
Black Other 88 (0.1) 83 (0.1)
Chinese 86 (0.1) 85(0.1)
Indian 836 (0.8) 725 (0.7)
Mixed 89 (0.1) 99 (0.1)
Other Asian 216 (0.2) 169 (0.2)
Pakistani 270 (0.2) 219 (0.2)
White 44 400 (40.1) 43 524 (0.3)
Other 446 (0.4) 433 (0.4)
Missing or unknown 63 617 (57.4) 62 027 (57.4)
Socio-economic status: index of multiple deprivation quintile, 7 (%)
1 (least deprived) 12 105 (10.9) 10 485 (9.7)
14 037 (12.7) 12 831 (11.9)
3 12 290 (11.1) 11 893 (11.0)
4 11 595 (10.5) 12 273 (11.4)
5 (most deprived) 8626 (7.8) 9494 (8.8)
Not available 52 082 (47.0) 51094 (47.3)
BMI, n (%)
<18.5 kg/m?> 619 (0.6) 1741 (1.6)
18.5-24.9 kg/m?> 22 140 (20.0) 22 691 (21.2)
25-29.9 kg/m? 47 111 (42.5) 34 086 (31.5)
30-34.9 kg/m? 26 076 (23.5) 24 279 (22.5)
>35 kg/m?* 9628 (8.7) 16 505 (15.3)
Missing 5161 (4.7) 8768 (8.1)
Smoking status, 7 (%)
Non-smoker 28 844 (26.1) 54 759 (50.7)
Current 16 380 (14.8) 12 812 (11.9)
Previous 63 764 (57.6) 37 650 (34.8)
Missing 1747 (1.6) 2849 (2.6)
Comorbidities, 72 (%)
Cardiovascular disease 43 927 (39.7) 34 979 (32.4) 55539 (50.2) 46 439 (43.0)
Chronic lung disease 9258 (8.4) 7112 (6.6) 14 524 (13.1) 10 939 (10.1)
Peripheral vascular disease 9963 (9.0) 5609 (5.2) 16 195 (14.6) 9488 (8.8)
Vaccinations, 7 (%)
Pneumococcal: ever 55 641 (50.2) 51103 (47.3) 87 418 (78.9) 80 532 (74.5)
Influenza: < 3 years before study entry 83 479 (75.4) 80 288 (74.3) 100 296 (90.6) 95 688 (88.5)
Antidiabetes medications, 7 (%)
Insulin only 4260 (3.8) 4049 (3.7) 4242 (3.8) 3897 (3.6)
Oral medication only 41 268 (37.3) 37 806 (35.0) 59 249 (53.5) 55255 (51.1)
Both insulin and oral medication 6529 (5.9) 6082 (5.6) 15 924 (14.4) 14 491 (13.4)
None recorded 58 678 (53.0) 60 133 (55.6) 31 320 (28.3) 34427 (31.9)
Total 110 735 108 070

*Time in study includes person-time as a hospital inpatient or during an infection, which was excluded from time at risk of

community-acquired infection.

data linkage was available for 128 373 patients (58.7%). The
median (interquartile range) age of the cohort at baseline was
71 (65-77 years). Few patients (7 = 8137; 3.9%) were
medicated with insulin alone (with no history of oral
antidiabetes medications), consistent with a preponderance
of Type 2 diabetes mellitus in this age group. At baseline,
over a third of the cohort had a history of cardiovascular
comorbidity and 74.8% had received an influenza vaccina-
tion within the previous 3 years. Before the end of follow-up,
76.7% of patients had received a pneumococcal vaccine:
28.7% of unvaccinated patients (14 579/50 855) exited the

© 2013 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK.

study before 2003, when the pneumococcal vaccine was
phased in for people > 60 years old [25].

Incidence by age and sex

For all infections, incidence increased sharply with increasing
age (Table 2). For example, pneumonia incidence was 6-8
times higher among patients aged >85 years than patients
aged 65-69 years.

Women were more likely to experience urinary tract
infections than men in every age group, but this difference
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218 805)

Infection incidence by age and sex among older people with diabetes (N

Incidence rate /1000 person-years (95% CI)

P*

years

>85

70-74 years 75 =79 years 80-84 years

65-69 years

Age group
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reduced with increasing age. For lower respiratory tract
infections, the incidence was similar for men and women
within each age group. For pneumonia, the incidence was
higher among men than women for all age groups >
70 years.

Trends over time

The crude incidence of all infections increased over time
(Fig. 1A). For example, the crude incidence of lower
respiratory tract infections among men was 117.1/1000
person-years in 1997 (95% CI 110.9-123.4), and 154.6
/1000 person-years in 2010 (95% CI 150.5-158.8). Much
of this trend disappeared after standardization for age
(Fig. 1B).

Differences by region

For lower respiratory tract infections, the highest incidence
rates were in the North West (men 139.9/1000 person-
years [95% CI 140.2-167.6]; women 177.5/1000 person-
years [163.3-191.7]), Yorkshire and the Humber and the
West Midlands regions, while London experienced the
lowest incidence (men 116.8/1000 person-years [95% CI
112.1-121.6]; women 114.6/1000 person-years [110.3—
119.0] (Fig. 2). For urinary tract infection, the two regions
with the highest incidence were the West Midlands (men

(a) Crude infection incidence over time

LRTI and UTI incidence /1000 person years

s1eak uosiad () 1/ 2ouaprout sisdos pue eruownaug

0
1997 1999 2001 2003 2005 2007 2009
Financial year

Crude and age-standardized infection incidence rates by sex
over time among older people with diabetes (N = 218 805). UTI,
urinary tract infection; men, white symbols; women, black symbols;
circles, lower respiratory tract infection; squares, pneumonia; triangles,
UTTI; diamonds, sepsis.

© 2013 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK.
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Lower respiratory tract infection incidence rate

[ 1100-124 /1000 person-years

[ 125-149
N 150174
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FIGURE 2 Age-standardized lower respiratory tract infection rates by region among older people with diabetes (patients eligible for Hospital
Episode Statistics data linkage, N = 128 373). Boundary data provided through EDINA UKBORDERS with the support of the Economic and Social

Research Council (ESRC) and Jisc and is copyright of the Crown.

74.5/1000 person-years [95% CI 69.6-79.4]; women
176.9/1000 person-years [95% CI 169.7-184.1]) and the
North East for both sexes (Table S3). Incidence rates by
region are not presented for sepsis and pneumonia because
of small numbers of events. Regional variation in lower
respiratory tract infection incidence was similar for men
and women.

Hospitalizations

The proportion of infections that resulted in hospitalization
within the subsequent 4 weeks were highest for pneumonia
and sepsis and lowest for lower respiratory tract infections
as a whole (including pneumonia) and urinary tract
infections (Table 3); however, the number of hospitaliza-
tions after an urinary tract infections diagnosis exceeded the
number after pneumonia and sepsis combined, for both
same-day and 28-day hospitalizations. Most patients who
were hospitalized for pneumonia and sepsis were admitted
on the day of diagnosis. For lower respiratory tract
infections and urinary tract infections, a large proportion
of hospitalizations within 4 weeks were not on the day of
infection diagnosis (6588/16 835; 39.1%, and 5159/11 651;
44.3%, respectively), and a notable proportion (1198/16
835; 7.1%, and 596/11 651; 5.1%, respectively) were
admitted for a cardiovascular condition (International
Classification of Diseases codes 10, chapter I ‘Diseases of
the circulatory system’).

© 2013 The Authors.
Diabetic Medicine published by John Wiley & Sons Ltd on behalf of Diabetes UK.

Mortality

The case-fatality rate after pneumonia (32.1%) was similar
to that after sepsis [31.7% (Table 3)]. Although the 28-day
case-fatality rate after urinary tract infection was lower
(1.6%), the absolute number of deaths in the 28-days after
diagnosis of urinary tract infections (7 = 1472) was still high
compared with those after sepsis (7 = 780) because of the
higher incidence rate of urinary tract infections. The
case-fatality rate was similar for men and women for each
infection.

Discussion

To our knowledge this is the first large cohort study to give
detailed estimates of community-acquired infection rates
among older people with diabetes mellitus, including infec-
tions managed in primary care. There is a high burden of
community-acquired infection among older people with
diabetes, lower respiratory tract infections having the highest
incidence, followed by urinary tract infections. The incidence
of all infections increased with age (particularly pneumonia)
and increased over the study period; our age-standardization
analyses suggest that this increasing trend was driven by the
changing age structure of the population. Regional variation
in age-standardized rates could be attributable to the prev-
alence of risk factors for infection such as socio-economic
status, smoking, overweight and obesity, or diabetes control.
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218 805)

Infection incidence and 28-day all-cause hospitalization and mortality after infection onset among older people with diabetes (N

612

All-cause hospitalization*

<28 days
after onset

On day
of onset

Eligible

28-day all-cause
mortality

Crude incidence

infections

rate /1000 person- [P

years (95% CI)

Number of
infections

%

%

%

2831 4.2

<0.001

146.7-150.5)
154.8-158.9)
151.3-154.1)

10.4-11.1)

4.0

2854
5685

16 835 20.1

2.3

1

10 247

83 501

4.1

0.6

3

1558

0.001

.8

33

1557
3115
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5297 77.8 5534 81.4

6802

321

10.0-10.5)

2.4
1.3
1.6

30.0

582
890
1472

<0.001

50.49-52.40)
145.7-150.2)
98.4-100.8)
2.38-2.68)
2.34-2.64)
2.40-2.62)

11.3 11 651 20.2

6492

57 683

374
406
780

0.75

33.4

1057 75.1 1141 81.1

1407

31.7

148.6
156.8

68 183
71118
139 301

Men

Lower respiratory
tract infection

Women

Total

5095
4602

Men

Pneumonia

Women

Total

10.3

9697
24 180
67 394
91 574

51.4
147.9

Urinary tract infection

Women

Total

99.6

2.53
2.49
2.51

1246
1215

Men
‘Women

Total

Sepsis

2461

*Among patients eligible for Hospital Episode Statistics data linkage (N = 128 373).

**Likelihood ratio test for difference in crude incidence rate by gender.

For lower respiratory tract infections and urinary tract
infections, it is interesting that a high proportion of hospi-
talizations within 28 days were not on the day of diagnosis.
This could reflect high underlying hospitalization rates in this
cohort, or could be attributable to exacerbation of underly-
ing comorbidities by acute infections. The considerable
number of hospitalizations within 4 weeks of lower respira-
tory tract infections and urinary tract infections with a
cardiovascular cause of admission (International Classifica-
tion of Diseases codes 10 chapter I ‘Diseases of the
circulatory system’) are particularly intriguing, as both
infections have been found to exacerbate underlying cardio-
vascular comorbidity [26].

Estimates of infection incidence rates specifically among
patients with diabetes are scarce. A cohort study of patients
with diabetes of all ages reported higher rates of pneumonia
and sepsis than the present study, but included both
hospital-acquired  and
together [15].

A cohort study in the CPRD of the general population aged

community-acquired  infections

>65 years (from which we drew our population of patients
with diabetes), using the same methodology as the present
study, found an incidence of 122.9/1000 person-years for
lower respiratory tract infection and 8.0/1000 person-years
for pneumonia among the general population aged
>65 person-years [24]. The crude incidence of lower respi-
ratory tract infection and pneumonia observed in the present
study is ~50% higher. This could be consistent with a direct
effect of diabetes mellitus on infection incidence, or a higher
prevalence of risk factors for infection among patients with
diabetes, such as cardiovascular comorbidity or obesity. The
rates of pneumonia and urinary tract infections observed in
the present study are similarly raised compared with other
cohort studies of the general population of older people in
the UK/Europe [16,27].

Our sepsis estimate is lower than the rate of commu-
nity-acquired bloodstream infections in a large cohort study
in Canada, which found a rate of 4.5/1000 person-years
(95% CI 3.7-5.6) among a selected subset of the general
population aged >65 years with normal kidney function [28];
however, the Canadian study measured laboratory-defined
bacteraemia, while our outcome of interest was clinically
diagnosed sepsis.

The regional variation of lower respiratory tract infection
incidence within England has a similar pattern to that
observed in the general population [29].

The main strengths of the present study are: the large,
nationally representative cohort of an older population with
diabetes followed up over a prolonged period; the use of
primary care medical records to ascertain medically diag-
nosed community-acquired infections more fully than previ-
detailed  definitions  of
including distinguishing
repeated infection-related consultations within 28 days from
recurrent infections; use of CPRD hospitalization codes and

ous hospital-based  studies;

community-acquired infections

© 2013 The Authors.
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linked hospital data to exclude infections within 14 days of
discharge from hospital and to remove hospitalization
periods from time at risk for a more accurate estimation of
time at risk than previous studies; and the range of infections
considered.

The study methods were designed to produce conserva-
tive estimates of incidence rates, as follows. We used strict
criteria to identify and exclude possible hospital-associated
infections; we did not count diagnoses as new episodes of
infection if the record fell within 28 days of a previous code
for the same infection; patients without Hospital Episodes
Statistics data linkage had infections excluded from inci-
dence rates using CPRD indicators of possible hospi-
tal-acquired provenance (such as postoperative infection
codes) without removal of hospitalized time from time at
risk.

Potential limitations include secular changes in manage-
ment and diagnosis, but in the present study we saw no
evidence of this. We could not remove hospitalizations from
person-time at risk for patients with no Hospital Episodes
Statistics data linkage, which will have led to a slight
underestimate of infection rates.

Conclusions

The present study quantifies the high risk of commu-
nity-acquired infection among older people with diabetes,
and the proportion of patients who are admitted to hospital
or die within 4 weeks of infection onset. This will facilitate
discussions about risk of infections among older patients
with diabetes. Knowledge of regional variations and the
steep increase in risk with age among older people may assist
with designing effective preventive care strategies. Health-
care planners should consider the high infection incidence in
primary care and the proportion and pattern of 28-day
hospital admission in planning future healthcare provision
for this large and growing section of the UK population and
of healthcare users.

Future research should clarify the risk factors for infection
incidence, hospitalization and mortality, in particular any
modifiable risk or protective factors, among this growing
population.
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7.3 Discussion of the likely impact of incomplete data linkages

on infection incidence estimates

This section presents a more detailed discussion of the likely impact of incomplete data
linkage on infection incidence estimates. Additional results referred to in this discussion are

presented in 7.3.3.
7.3.1 Whatis the likely impact of incomplete CPRD-HES linkage availability?

HES linkage was available for 128,373/218,805 patients (58.7%). Practices in Northern
Ireland, Scotland and Wales, which were not eligible for HES-linkage, contributed 50,910
patients to the study population (23.3%). HES-linkage availability varied by region within
England: only 57.5% of patients in CPRD within the East Midlands region had HES-linkage
available, compared to 89.3% of patients in CPRD in the South West. Other than regional
differences, patient characteristics were similar for patients with and without HES-linkage

(Table 7.1).

Time in hospital was removed from time at risk of community-acquired infection for
patients with HES linkage, but this was not possible for patients without HES linkage. Thus,
for patients without HES linkage, infection incidence rates are an under-estimation. The
extent of this under-estimation will have been greater for patient groups who spent more
time in hospital, such as older patients. Thus, the relationship between infection incidence

and age may be even steeper than we observed.

The difference in HES-linkage by region could result in greater under-estimation of
infection incidence for regions with lower availability of HES-linkage. Table 7.2 presents
region-specific estimates of infection incidence with 95% confidence intervals, to allow
better assessment of the relationship between infection incidence rates by region than
possible from the journal figure. There is no clear relationship between availability of HES
linkage and region-specific infection incidence. For example, the East Midlands region has
the lowest availability of HES-linkage, but is ranked 5% of 10 regions in terms of LRTI
infection incidence for men and women. In addition, the regional variation in LRTI
incidence we observed among older people with diabetes mirrors regional variation in
primary care consultations for LRTI among the general population using Royal College of
General Practitioners data.[138] This suggests that bias from varying HES-linkage

availability is not sufficiently large to grossly distort estimates of regional variation in

[136]



infection incidence: the overall pattern is likely to be real, but region-specific incidence

rates should be interpreted with caution.

The proportion of patients admitted to hospital in the 28 days following infection onset
was described only among patients with HES linkage available. Any differences in hospital
admission thresholds between patients with and without HES linkage available could limit
generalisability for patients without HES linkage. There may be differences in clinical
practice resulting in different hospital admission thresholds between England and Scotland,
Wales, and Northern Ireland for example, due to different provision of care in the
community. However, hospital admission thresholds are unlikely to differ for patients with
and without HES linkage within England, so these results are likely to be generalisable

across England, rather than only to patients with HES linkage.
7.3.2 Whatis the likely impact of incomplete CPRD-ONS linkage?

A date of death was available from linked ONS records for 38,430 patients, of whom 23,707
(61.7%) had a death recorded on the same day in CPRD (Table 7.3). Dates of death
recorded in both CPRD and ONS showed good agreement, suggesting that CPRD death
dates are reasonably accurate. Among the 7,600 patients with different dates of death
recorded in CPRD and ONS datasets, 1934 (25.4%) were one day apart, and 6779 (89.2%)
were within 28 days of each other. As CPRD death dates were used for patients without a
death recorded in ONS, incomplete CPRD-ONS linkage may have resulted in under-
estimation of post-infection mortality. However, this appears to be a limited concern, as a
high proportion of patients with a death recorded in ONS also had a death recorded in
CPRD.
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7.3.3 Additional results comparing the population with and without available

data linkage

The additional results presented here are discussed in 7.3.1 and 7.3.2.

Table 7.1: Baseline characteristics of patients with and without HES linkage

Percentage | Characteristics | Characteristics of
of patients | of patients with | patients without

with HES HES linkage HES linkage

linkage median (IQR) median (IQR)
Age (years) N/A 71 (65-77) 71 (65-77)
Time in study (years) N/A 4.0 (1.8-7.3) 3.8(1.8-6.8)

row % n (column %) n (column %)
Gender Female 58.6 63,295 (49.3) 44,775 (49.5)
Socio- 1 (least deprived) 50.5 19,236 (15.0) 18,853 (20.9)
economic 2 65.6 25,716 (20.0) 13,482 (14.9)
status 3 58.8 26,664 (20.8) 18,670 (20.7)
4 58.8 29,391 (22.9) 20,632 (22.8)
5 (most deprived) 59.3 27,366 (21.3) 18,795 (20.8)
Region North East 73.0 2,800 (2.2) 1,037 (1.2)
North West 83.5 22,712 (17.7) 4,479 (5.0)
Yorkshire & The 68.6 6,793 (5.3) 3,111 (3.4)

Humber
East Midlands 57.7 5,168 (4.0) 3,785 (4.2)
West Midlands 80.5 15,403 (12.0) 3,740 (4.1)
East of England 79.3 15,455 (12.0) 4,042 (4.5)
South West 89.3 17,075 (13.3) 2,046 (2.3)
South Central 66.9 13,566 (10.6) 6,713 (7.4)
London 714 15,694 (12.2) 6,284 (7.0)
South East Coast 76.2 13,707 (10.7) 4,285 (4.7)
Northern Ireland - - 7,601 (8.4)
Scotland - - 19,248 (21.3)
Wales - - 24,061(26.6)
Body mass  <18.5 57.4 1,354 (1.1) 1,006 (1.1)
index (BMI)  18.5-24.9 59.3 26,565 (20.7) 18,266 (20.2)
25-29.9 58.9 47,822 (37.3) 33,375 (36.9)
30-34.9 58.1 29,245 (22.8) 21,110 (23.3)
35+ 58.5 15,298 (11.9) 10,835 (12.0)
Missing 58.1 8,089 (6.3) 5,840 (6.5)
Smoking Non-smoker 58.0 48,470 (37.8) 35,133 (38.9)
status Current 57.0 16,644 (13.0) 12,548 (13.9)
Ex-smoker 59.8 60,635 (47.2) 40,779 (45.1)
Unknown 57.1 2,624 (2.0) 1,972 (2.2)
Co- Cardiovascular disease 57.3 45,185 (35.2) 33,721 (37.3)
morbidities  Chronic lung disease 57.1 9,351 (7.3) 7,019 (7.8)
Peripheral vascular 56.4 8,787 (6.8) 6,785 (7.5)
disease

Total patients 58.7 128,373 90,432

HES, Hospital Episode Statistics

1. practice-level index of multiple deprivation quintile
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Table 7.2: Age-standardised infection incidence rates by region (n=218,805)

LRTI

/1,000 years (95% Cl) /1,000 years (95% Cl)
Region n Female Male Female Male
1775 153.9 1824 66.9

NorthEBast 3,837 10331917) (140.2-167.6) (166.1-198.8)  (57.0-76.7)
199.5 185.1 151.9 61.0

NorthWest 27,191 193 6905.4) (179.1-191.1) (146.6-157.2)  (57.6-64.5)
Yorkshire & o o 190.8 1836 131.7 53.5

the Humber (180.9-200.7)  (173.6-193.6) (123.5-139.9)  (48.3-58.7)
East 5 053 152.7 153.8 143.2 55.8

Midlands ' (144.4-161.0)  (144.6-163.0) (143.4-152.0)  (50.2-61.4)
West 16143 190.4 194.5 176.9 74.5

Midlands ' (183.6-197.3)  (187.1-201.8) (169.7-184.1)  (69.6-79.4)
Eastof o, 143.0 149.9 1437 59.8

England ' (137.5-148.5)  (144.0-155.7) (137.7-149.8)  (55.9-63.7)
1337 136.6 149.8 56.9

SouthWest 19,121 \1563139.0) (131.2-142.0) (143.5-156.2)  (53.2-60.7)
South 20279 134.1 138.0 161.2 62.2

Central ' (129.0-139.2)  (132.6-143.3) (154.7-167.8)  (58.3-66.2)
1146 116.8 131.2 56.8

tondon 21978 1103.119.0) (112.1-121.6) (125.9-136.6)  (53.0-60.6)
SouthEast oo 1226 1293 1343 51.9

Coast ' (117.5-127.7)  (123.9-134.7) (128.3-140.3)  (48.2-55.6)

LRTI, lower respiratory tract infection: UTI, urinary tract infection: 95% Cl, 95% confidence interval

Table 7.3: Deaths recorded in CPRD and ONS for patients aged 265 with diabetes mellitus (n=218,805)

Source of date of death record Number (%)

CPRD only 31,613 (45.1)
ONS only 7,123 (10.2)
CPRD and ONS coincident dates 23,707 (33.8)
CPRD and ONS discrepant dates 7,600 (10.9)
Total 70,043

CPRD, Clinical Practice Research Datalink; ONS, Office for National Statistics
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Chapter 8. The association of chronic kidney disease with

incidence of acute, community-acquired infection

This chapter presents a study of the association of markers of chronic kidney disease (CKD)
with incidence of acute, community-acquired infections (objective 3). The results are
presented and discussed in the journal article, and additional discussion follows in 8.3 and

8.4. The full results of all sensitivity analyses referred to are available in Appendix E.
8.1 Introduction to Paper 3

This paper presents a retrospective cohort study to identify incidence rate ratios of
infection according to markers of CKD using primary care records from the Clinical Practice
Research Datalink linked to Hospital Episode Statistics admissions data. The study
population comprised 191,672 patients aged 265 years with diabetes mellitus and a valid
serum creatinine result during follow-up, with no history of renal replacement therapy

(study population B), identified as described in 3.9.2.

The outcomes were acute, community-acquired lower respiratory tract infection (LRTI),
pneumonia (as a subset of LRTI) and sepsis. Methods used to identify community-acquired

infection incidence were detailed in Chapter 4.

The exposure of interest was CKD, identified by a history of proteinuria or reduced

estimated glomerular filtration rate (eGFR) as described in Chapter 5.

Incidence rate ratios were adjusted for a priori potential confounders of the association
between markers of CKD and infection as described in the article. Detailed definitions of
these confounders are described in Chapter 6. The interpretation of adjusted analyses are

discussed in the article, and further detailed discussion follows in 8.3.4.
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Original Investigation

CKD and the Risk of Acute, Community-Acquired Infections
Among Older People With Diabetes Mellitus: A Retrospective
Cohort Study Using Electronic Health Records

Helen I. McDonald, MSc,” Sara L. Thomas, PhD,? Elizabeth R.C. Millett, MSc,? and
Dorothea Nitsch, MD'

Background: Hospital admissions for community-acquired infection are increasing rapidly in the United
Kingdom, particularly among older individuals, possibly reflecting an increasing prevalence of comorbid
conditions such as chronic kidney disease (CKD). This study describes associations between CKD
(excluding patients treated by dialysis or transplantation) and community-acquired infection incidence
among older people with diabetes mellitus.

Study Design: Retrospective cohort study using primary care records from the Clinical Practice Research
Datalink linked to Hospital Episode Statistics admissions data.

Setting & Participants: 191,709 patients 65 years or older with diabetes mellitus and no history of renal
replacement therapy, United Kingdom, 1997 to 2011.

Predictor: Estimated glomerular filtration rate (eGFR) and history of proteinuria.

Outcomes: Incidence of community-acquired lower respiratory tract infections (LRTIs, with pneumonia as a
subset) and sepsis, diagnosed in primary or secondary care, excluding hospital admissions from time at risk.

Measurements: Poisson regression was used to calculate incidence rate ratios (IRRs) adjusted for age,
sex, smoking status, comorbid conditions, and characteristics of diabetes. Estimates for associations of eGFR
with infection were adjusted for proteinuria, and vice versa.

Results: Strong graded associations between lower eGFRs and infection were observed. Compared with
patients with eGFRs = 60 mL/min/1.73 m?, fully adjusted IRRs for pneumonia among those with eGFRs < 15,
1510 29, 30 to 44, and 45 to 59 mL/min/1.73 m? were 3.04 (95% Cl, 2.42-3.83), 1.73 (95% Cl, 1.57-1.92), 1.19
(95% Cl, 1.11-1.28), and 0.95 (95% Cl, 0.89-1.01), respectively. Associations between lower eGFRs and sepsis
were stronger, with fully adjusted IRRs up to 5.56 (95% ClI, 3.90-7.94). Those associations with LRTI were
weaker but still clinically relevant at up to 1.47 (95% Cl, 1.34-1.62). In fully adjusted models, a history of pro-
teinuria remained an independent marker of increased infection risk for LRTI, pneumonia, and sepsis (IRRs of
1.07 [95% CI, 1.05-1.09], 1.26 [95% Cl, 1.19-1.33], and 1.33 [95% ClI, 1.20-1.47]).

Limitations: Patients without creatinine results were excluded.

Conclusions: Strategies to prevent infection among people with CKD are needed.

Am J Kidney Dis. m(m):m-m. © 2015 The Authors. Published by Elsevier Inc. on behalf of the National Kidney
Foundation, Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

INDEX WORDS: Community-acquired infections; lower respiratory tract infections (LRTIs); pneumonia;
sepsis; non—dialysis-dependent chronic kidney disease (CKD); decreased renal function; estimated
glomerular filtration rate (eGFR); proteinuria; diabetes mellitus; aged; elderly; electronic health records.

ospitalization rates for infections in the United
Kingdom are increasing rapidly, particularly
among older individuals: age-standardized hospital
admission rates for community-acquired pneumonia
more than doubled between 2000 and 2010."” The
driving factors behind this increase are unclear, but a
higher prevalence of comorbid conditions in the aging
population has been suggested.'”
One comorbid condition associated with hospitali-
zation for infection is chronic kidney disease (CKD).

Patients receiving renal replacement therapy may be at
increased infection risk due to their treatment. This
study focuses on patients with CKD not treated by
dialysis or transplantation, which will be referred to as
CKD. A graded association between increasing
severity of CKD and higher risk of hospitalization
with pneumonia and sepsis has been reported, even at
early stages of CKD.”” These studies identified CKD
by reduced estimated glomerular filtration rate (eGFR).
Proteinuria also has been found to indicate an
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increased risk of infection-related hospitalization
among patients with diabetes.®” CKD is a risk factor
for poor prognosis from infection, so this could be
driven by a higher chance of hospital admission for
patients with community-acquired infection if they
have CKD." It is unclear whether CKD is a risk factor
for higher incidence of infection in the community.
One large case-control study identified CKD as a risk
factor for incidence of community-acquired pneu-
monia in primary care, but relied on routine diagnosis
of CKD in the general population and did not exclude
patients receiving renal replacement therapy.o

There is a high prevalence of CKD among people with
diabetes, particularly older people.'”'? Patients with
diabetes are monitored regularly in primary care for
CKD, and this has been financially incentivized in the
United Kingdom since 2004.'*'* Thus, studying people
with diabetes minimizes the potential for ascertainment
bias in estimating the association between CKD and
infection from routinely collected electronic health re-
cords. The subset of the UK population with diabetes
mellitus and aged 65 years or older is large and growing
and experiences a high burden of infection.'>'® This
population also is at higher risk of infectious complica-
tions such as acute kidney injury.17 If CKD is a risk
factor for infection incidence among older people with
diabetes, this could be important to health service plan-
ning, as well as to patients and their clinicians.

We aimed to describe, among older people with
diabetes, the associations between CKD (excluding
patients with a history of renal replacement therapy)
and community-acquired lower respiratory tract
infection (LRTI), pneumonia (as a subset of LRTI),
and sepsis. We used linked health records to identify
infections managed in primary or secondary care.

METHODS

Data Sources

We used the May 2011 data set of the Clinical Practice Research
Datalink (CPRD), a database of anonymized primary care medical
records comprising 12.8 million patient records at 627 practices in
the United Kingdom.'® Data include patient demographics, health
behaviors, test results, diagnoses, and prescriptions. The CPRD
population is representative of the general UK population and the
validity of recorded diagnoses generally is high.'”?° Linked data
are available for patients registered at consenting English prac-
tices. For linked patients, this study used linked data for all hos-
pital inpatient admissions to National Health Service hospitals in
England from Hospital Episodes Statistics (HES) and socioeco-
nomic status from the Office for National Statistics.?'**

Study Population and Follow-up

All patients in CPRD at any point between April 1997 and
March 2011 with diabetes mellitus, aged 65 years or older, with at
least one valid serum creatinine result during the study period, and
with no history of renal replacement therapy were eligible. The
definition of diabetes was based on diagnostic Read codes.
“Definite” codes, for example, C10F.00 Type 2 diabetes mellitus,
were sufficient evidence of diabetes. “Possible” codes, for

Initial cohort
aged 2 65 years
with diabetes mellitus
and no history of renal
replacement identified

n=218,688
No time eligible
No time at risk after exclusion of

periods of infection and
hospitalization n=477

Potentially eligible*

n=218,211
Not eligible
No valid serum creatinine n=24,738
Exclgded
No data on smoking status n=1,764

Included in analysis
n=191,709

Figure 1. Flowchart of study eligibility and participation.
*Baseline characteristics described in Table 1.

example, 90LA.11 Diabetes monitored, required an antidiabetes
medication prescription for confirmation. Full code lists were
published previously.'> Patients met eligibility criteria at the latest
date of diabetes diagnosis, 65th birthday, 1 year after practice
registration, practice fulfilling CPRD quality control standards, or
April 1, 1997. Their study entry date was their first valid serum
creatinine result after the eligibility criteria were met. Patients left
the study at the earliest date of death, leaving the practice, last data
collection from the practice, renal replacement therapy (dialysis or
kidney transplantation), or March 31, 2011.

Definition of CKD

We estimated glomerular filtration rate from primary care serum
creatinine test results, multiplied by 0.95 to correct for lack of
isotope-dilution mass spectrometry standardization, using the
CKD-EPI (CKD Epidemiology Collaboration) creatinine equa-
tion.”* > We included adjustment for black ethnicity.”® To reduce
misclassification of eGFR from variability in serum creatinine
results or acute illness, we used a last-carried-forward method,
with eGFR initially defined using the creatinine result that marked
entry to the study and updated at each subsequent creatinine result
so that eGFR was always defined by the single most recent
creatinine result, as previously performed by James et al.**’ For
our main analyses, we used eGFR categories corresponding to
those used in diagnosis (<15, 15-29, 30-44, 45-59, and =60 mL/
min/1.73 m?).>> During the study period, many UK laboratories
did not report the specific value of eGFR results if they
were =60 mL/min/1.73 m? and so we did not distinguish eGFR
categories > 60 mL/min/1.73 m® in the main analysis. We
repeated the final model including additional separate categories
for eGFR of 60 to 74, 75 to 89, and =90 mL/min/1.73 m?, with
patients with eGFRs of 75 to 89 mL/min/1.73 m? as a reference
group.

Either a positive urine protein test result or a diagnosis of
proteinuric kidney disease in CRPD defined onset of a history of
proteinuria. We excluded urine protein test results that occurred on
the same day as a diagnostic Read code for urinary tract infection.

Am J Kidney Dis. 2015;m(m):m-m
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Table 1. Baseline Characteristics of Potentially Eligible Study Population by Baseline eGFR

No Scr (n = 24,738)*

eGFR = 60 (n = 124,521)° eGFR < 60 (n = 68,952)°

Female sex 12,662 (51.2)
Age category
65-69 y 7,356 (29.7)
70-74 y 4,852 (19.6)
75-79 y 4,570 (18.5)
80-84 y 3,843 (15.5)
=85y 4,117 (16.6)
SES® by practice
1: least deprived 3,839 (15.5)
2 4,269 (17.3)
3 5,101 (20.6)
4 6,037 (24.4)
5: most deprived 5,492 (22.2)
Smoking status
Current smoker 3,976 (16.1)
Ex-smoker 7,034 (28.4)
Nonsmoker 10,968 (44.3)
Missing 2,760 (11.2)
Comorbid conditions
Ischemic heart disease 6,381 (25.8)
Congestive heart failure 3,108 (12.6)
Hypertension 12,229 (49.4)
Cerebrovascular disease 4,169 (16.9)
Other dementia 1,350 (5.5)
Chronic lung disease 2,344 (9.5)
Antidiabetes medications
Insulin only 1,407 (5.7)
Oral medication only 9,811 (39.7)
Both insulin and oral 1,473 (5.6)

None recorded 12,047 (48.7)

Hemoglobin A;®

Good 7,256 (29.3)
Borderline 5,185 (21.0)
Poor 1,431 (5.8)

None recorded 10,866 (43.9)

54,246 (43.6) 40,907 (59.3)
63,364 (50.9)
28,549 (22.9)
18,689 (15.0)
9,297 (7.5)
4,622 (3.7)

15,849 (23.0)
13,668 (19.8)
15,610 (22.6)
12,816 (18.6)
11,009 (16.0)

21,818 (17.5)
22,312 (17.9)
26,136 (21.0)
28,355 (22.8)
25,900 (20.8)

12,341 (17.9)
12,515 (18.2)
13,962 (20.3)
15,500 (22.5)
14,634 (21.2)

21,398 (17.2)
51,901 (41.7)
50,551 (40.6)

671 (0.5)

9,127 (13.2)
25,991 (37.7)
32,741 (47.5)

1,093 (1.6)

30,743 (24.7) 23,308 (33.8)

6,221 (5.0) 10,122 (14.7)
73,263 (58.8) 45,915 (66.6)
13,157 (10.6) 11,500 (16.7)

1,651 (1.3) 1,889 (2.7)

9,266 (7.4) 5,847 (8.5)

3,936 (3.2) 3,346 (4.9)
54,635 (43.9) 27,169 (39.4)

8,078 (6.5) 5,764 (8.4)

57,872 (46.5) 32,673 (47.4)

58,177 (46.7)
46,122 (37.0)
7,433 (6.0)
12,789 (10.3)

31,026 (45.0)
24,157 (35.0)
4,142 (6.0)
9,627 (14.0)

Note: N = 218,211. Values are given as number (percentage). Baseline is date of study entry for study participants (n = 191,709)
and date of eligibility for study entry for patients not included in the study due to having no available Scr result or no available smoking

status. eGFRs expressed in mL/min/1.73 m?.

Abbreviations: eGFR, estimated glomerular filtration rate; Scr, serum creatinine; SES, socioeconomic status.
®These patients had no Scr result available and hence were not included in study.
®These patients had an Scr result available and were included in study unless smoking status was missing.

°Index of multiple deprivation.

4Good, <53 mmol/mol (<7%); borderline, 53-86 mmol/mol (7%-10%); poor, >86 mmol/mol (>10%).

We did not count trace results as positive and checked records for
internal consistency.

Definition of Infections

We studied 3 acute community-acquired infections: LRTI
(which included diagnoses such as influenza and acute bronchitis),
pneumonia (as a subset of LRTI), and sepsis. Either diagnostic
Read codes in CPRD or any International Classification of Dis-
eases, Tenth Revision code that formed the primary diagnostic
code on hospital admission in HES could define an infection. To
avoid overestimation from repeat attendances for the same infec-
tion, diagnostic codes recorded within 28 days of one another were
attributed to a single episode of infection, with index date defined
by the first diagnostic code and duration until 28 days after the last

Am J Kidney Dis. 2015;m(m):m-m

diagnostic code. If any LRTI included a pneumonia code, the
pneumonia episode was considered to start from the first instance
of the pneumonia code and end on the end date of the LRTI within
which it occurred. Any infection with onset date during an HES
hospitalization spell, within 14 days after hospital discharge, or
that included a code for postoperative infection was identified as a
hospital-acquired infection and excluded. These methods were
described in detail previously.'>**

Time at Risk

Patients were not at risk of a community-acquired infection
during an infection (community or hospital acquired), during an
HES hospitalization spell, or within 14 days following hospital
discharge, and these periods were removed from time at risk. Time
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at risk was calculated separately for each type of infection; a pa-
tient could be at risk of sepsis despite an ongoing LRTI, for
example.

Definition of Covariates

Age was defined in 5-year age bands up to a final category of 85
years or older. Socioeconomic status was assigned at practice level
using 2007 Office for National Statistics estimates of the Index of
Multiple Deprivation, a composite area-level marker of depriva-
tion.”” Smoking status was identified as current, ex-smoker, or
nonsmoker from both HES and CPRD data. Smoking cessation
products were considered to indicate current smoking because
cessation success rates are low.”” The most recent smoking status
record by the study entry date defined smoking status at baseline
when available; if not recorded, the first subsequent record defined
smoking status at baseline. Comorbid conditions (ischemic heart
disease, congestive cardiac failure, hypertension, cerebrovascular
disease, other dementia, and chronic lung disease) were defined
using diagnostic CPRD Read codes. The first diagnostic record at
any point in the patient’s records defined onset of the condition.
Baseline hemoglobin A;. level was defined by the most recent
hemoglobin A, test result in CPRD prior to (or on) the study entry
date. Baseline diabetic medication history was defined using
CPRD prescription records.

Data Analysis

Incidence rates were calculated for each infection using Poisson
regression with lexis expansions for age and a random-effects
model to adjust for multiple infection episodes. Analysis was
conducted separately for each type of infection (LRTI, pneumonia,
and sepsis) using 3 main regression models.

Negative proteinuria test results tend to be under-recorded in
primary care records.’” For comorbid conditions and proteinuria
status, absence of a positive record was treated as absence of
disease, and for hemoglobin A, absence of a recorded result was
included as a category of hemoglobin A, status. We excluded
patients with no smoking status available.

Our first model adjusted for age, sex, socioeconomic status at
practice level, and date prior to or post April 1, 2004, when
Quality Outcomes Framework guidelines introduced financial in-
centives for recording CKD status among people with diabetes in
primary care that are suggested to have improved ascertainment of
CKD in primary care.”’ Our second model additionally adjusted
for confounding by smoking status and comorbid conditions. This
second model was run both with all variables assessed at baseline
and separately with new onset of comorbid condition time updated
during the study (but not smoking status because changes in
smoking status are particularly vulnerable to reverse causation).
Our final model additionally adjusted for hemoglobin A;. level
and diabetic medication history at baseline. All nonbinary cova-
riates were modeled as categorical variables.

Sensitivity analyses repeated the final model with the following
adjustments: limiting follow-up to post April 1, 2004; restricting
the data set to patients with HES linkage available; and using only
the first infection as an outcome.

All estimates for the associations of eGFR with infection were
adjusted for proteinuria, and vice versa, so that the effect estimates
for eGFR and proteinuria are independent.

We looked for evidence of interaction between eGFR and
proteinuria and between eGFR and age (65-74 and =75 years) in
the final models for LRTI and pneumonia using likelihood ratio
tests to assess nested models with and without interaction terms.
We did not look for interaction in the sepsis regression model due
to the smaller number of events.

Stata, version 13.1 (StataCorp LP), was used for data analyses.
All code lists are available on request.

Ethics Approval

The study was approved by the Independent Scientific Advisory
Committee of the CPRD (ISAC reference 11_033A) and the
London School of Hygiene & Tropical Medicine Ethics Com-
mittee (LSHTM reference 6116).

RESULTS

Of 218,211 patients potentially eligible for inclu-
sion, 191,709 (87.9%) had a valid serum creatinine
result and complete data available (Fig 1). Study
participants were followed up for a median of 4.6
(interquartile range [IQR], 2.3-7.6) years. Median age
at study entry was 71 (IQR, 66-78) years. For 113,106
study participants (59.0%), HES linkage was avail-
able. The population with no available serum creati-
nine result had a high prevalence of missing data for
both smoking status (2,760 of 24,738 [11.2%]) and
hemoglobin A, results (10,866 of 24,739 [43.9%]),
suggesting that this population may not attend pri-
mary care services frequently. The population with no
available creatinine result had a comorbid condition
profile similar to patients with CKD stages 3 to 5 in
terms of prevalence of congestive heart failure and
cerebrovascular disease (Table 1).

We found good completeness of serum creatinine
result recording: only 11% of potentially eligible pa-
tients lacked a valid serum creatinine result (Fig 1). The
median time for which each creatinine result was car-
ried forward was 137 (IQR, 56-242) days. At study
entry, 67,859 (35.4%) participants had CKD stages 3 to
5, defined as eGFR < 60 mL/min/1.73 m?, and 25,433
(13.3%) had a history of proteinuria (Table 2).%

We observed 115,080 LRTIs among 56,076 pa-
tients, 7,870 episodes of pneumonia among 7,095
patients, and 1,980 episodes of sepsis among 1,902
patients. Crude incidence rates were as follows:
LRTI, 155.8 (95% confidence interval [CI], 154.3-
157.4)/1,000 person-years; pneumonia, 10.3 (95% ClI,

Table 2. Prevalence of Markers of CKD at Baseline for Study

Participants

eGFR Proteinuria Absent History of Proteinuria Total

<15 307 234 (43.3) 541
15-29 3,373 1,205 (26.3) 4,578
30-44 14,857 3,417 (18.7) 18,274
45-59 38,672 5,794 (13.0) 44,466
60-74 52,168 6,726 (11.4) 58,894
75-89 41,446 5,379 (11.5) 46,825
=90 15,453 2,678 (14.8) 18,131
Total 166,276 25,433 (13.3) 191,709

Note: n = 191,709. Markers of CKD are eGFR and history of
proteinuria. Values are given as number or number (row per-
centage). eGFR categories expressed in mL/min/1.73 m?.

Abbreviations: CKD, chronic kidney disease; eGFR, esti-
mated glomerular filtration rate.

Am J Kidney Dis. 2015;m(m):m-m
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Adjusted for
Comorbid
Conditions

at Baseline™*®

Adjusted for
Time-Updated
Comorbid
Conditions™

Adjusted for
Characteristics
of Diabetes”"®

1.67 (1.51-1.85)
1.28 (1.23-1.33)
1.13 (1.10-1.15)
1.04 (1.03-1.06)
1.00 (reference)

3.69 (2.92-4.65)
2.01 (1.82-2.23)
1.31 (1.22-1.40)
0.98 (0.93-1.04)
1.00 (reference)

6.93 (4.86-9.90)
3.01 (2.52-3.61)
1.70 (1.49-1.95)
1.17 (1.04-1.32)

1.52 (1.38-1.68)
1.20 (1.15-1.24)
1.09 (1.07-1.12)
1.03 (1.02-1.05)
1.00 (reference)

3.25 (2.58-4.10)
1.82 (1.65-2.01)
1.23 (1.15-1.32)
0.96 (0.91-1.02)
1.00 (reference)

6.19 (4.34-8.82)
2.69 (2.25-3.23)
1.60 (1.39-1.83)
1.14 (1.02-1.29)

1.47 (1.34-1.62)
1.17 (1.13-1.22)
1.08 (1.05-1.10)
1.03 (1.01-1.04)
1.00 (reference)

3.04 (2.42-3.83)
1.73 (1.57-1.92)
1.19 (1.11-1.28)
0.95 (0.89-1.01)
1.00 (reference)

5.56 (3.90-7.94)
2.50 (2.08-3.00)
1.51 (1.32-1.73)
1.1 (0.99-1.25)

Time at
No. of Risk Crude Rate/1,000 Minimally
Infection Events (person-y) Person-y (95% CI) Adjusted™”

LRTI 115,080 808,194 155.8 (154.3-157.4)

eGFR < 15 607 2,632 295.3 (265.8-324.8) 1.78 (1.61-1.96)

eGFR 15-29 5,153 25,016 228.0 (219.8-236.2) 1.38 (1.33-1.43)

eGFR 30-44 16,557 96,214 188.7 (184.8-192.6) 1.19 (1.16-1.22)

eGFR 45-59 29,783 204,866 159.9 (157.4-162.4) 1.06 (1.05-1.08)

eGFR = 60 62,980 479,565 143.0 (141.3-144.7) 1.00 (reference)
Pneumonia’ 7,870 816,517 10.3 (10.1-10.6)

eGFR < 15 99 2,570 52.8 (40.7-65.0) 4.26 (3.37-5.38)

eGFR 15-29 650 25,362 30.6 (27.8-33.3) 2.29 (2.07-2.53)

eGFR 30-44 1,523 97,360 17.4 (16.4-18.4) 1.42 (1.33-1.53)

eGFR 45-59 1,980 207,025 10.2 (9.7-10.7) 1.01 (0.95-1.07)

eGFR = 60 3,618 484,200 7.8 (7.6-8.1) 1.00 (reference)
Sepsis 1,980 816,826 2.5 (2.4-2.6)

eGFR < 15 41 2,572 17.8 (11.8-23.9) 7.40 (5.19-10.55)

eGFR 15-29 186 25,382 8.1 (6.8-9.3) 3.29 (2.75-3.94)

eGFR 30-44 387 97,416 4.2 (3.7-4.6) 1.80 (1.58-2.06)

eGFR 45-59 499 207,103 2.5 (2.2-2.7) 1.19 (1.06-1.34)

eGFR = 60 867 484,352 1.8 (1.7-2.0) 1.00 (reference)

1.00 (reference) 1.00 (reference) 1.00 (reference)

Note: Unless otherwise indicated, values are given as rate ratio (95% Cl). eGFR categories expressed in mL/min/1.73 m?.

Abbreviations: ClI, confidence interval; eGFR, estimated glomerular filtration rate; LRTI, lower respiratory tract infection.

@Adjusted for proteinuria (updated), age (updated), sex, socioeconomic status by practice, and financial year prior to or post 2004.

PP < 0.001 for all rate ratios. Likelihood ratio test for inclusion of eGFR as a categorical variable in the model.

°Adjusted for proteinuria (updated), age (updated), sex, socioeconomic status by practice, financial year prior to or post 2004,
ischemic heart disease, congestive cardiac failure, hypertension, cerebrovascular disease, other dementia, chronic lung disease, and

smoking at baseline.

dAdjusted for proteinuria (updated), age (updated), sex, socioeconomic status by practice, financial year prior to or post 2004,
ischemic heart disease (updated), congestive cardiac failure (updated), hypertension (updated), cerebrovascular disease (updated),
other dementia (updated), chronic lung disease (updated), and smoking (baseline).

®Adjusted for proteinuria (updated), age (updated), sex, socioeconomic status by practice, financial year prior to or post 2004,
ischemic heart disease (updated), congestive cardiac failure (updated), hypertension (updated), cerebrovascular disease (updated),
other dementia (updated), chronic lung disease (updated), smoking (baseline), hemoglobin A, level (baseline), and antidiabetes

medication history (baseline).
'Subset of LRTI.

10.1-10.6)/1,000 person-years; and sepsis, 2.5 (95%
CI, 2.4-2.6)/1,000 person-years (Table 3).

Both eGFR and proteinuria were independent risk
markers for incidence of LRTI, pneumonia, and sepsis
(P < 0.001 for each analysis). A high incidence of
infection was observed among patients with CKD. For
example, crude LRTI rates were 228.0 (95% CI,
219.8-236.2)/1,000 person-years among patients with
eGFRs of 15 to 29 mL/min/1.73 m? compared to 143.0
(95% CI, 141.3-144.7)/1,000 person-years among pa-
tients with eGFRs = 60 mL/min/1.73 m?. The associ-
ation between eGFR and infection incidence was
graded, with increased infection incidence even at
early stages of CKD. Strong and graded associations
between reduced eGFR and infection remained after
adjustment for age, sex, smoking status, comorbid
conditions, and characteristics of diabetes. Compared
to eGFR = 60 mL/min/1.73 m?, fully adjusted inci-
dence rate ratios (IRRs) for pneumonia were 3.04 (95%
CI, 2.42-3.83), 1.73 (95% CI, 1.57-1.92), 1.19 (95%
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CI, 1.11-1.28), and 0.95 (95% CI, 0.89-1.01) for
eGFRs < 15, 151029, 30 to 44, and 45 to 59 mL/min/
1.73 m?, respectively. The associations between
reduced eGFR and sepsis were stronger, with fully
adjusted IRRs up to 5.56 (95% CI, 3.90-7.94), while
those with LRTI were less strong but still clinically
relevant, with fully adjusted IRRs up to 1.47 (95% CI,
1.34-1.62; Table 3). Fully adjusted rates and rate ratios
using patients with eGFRs of 75 to 89 mL/min/1.73 m*
as a reference group suggested a J-shaped relationship
between eGFR and LRTI and pneumonia incidence
(Fig 2; Table S1 [available as online supplementary
material]).

Proteinuria was an independent risk marker for
infection incidence after adjustment for eGFR
(Table 4). In minimally adjusted analyses, patients
with a history of proteinuria had a higher incidence of
LRTI, pneumonia, and sepsis (IRRs of 1.13 [95% CI,
1.10-1.15], 1.37 [95% CI, 1.30-1.45], and 1.44 [95%
CI, 1.30-1.59], respectively) compared with patients
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Figure 2. Fully adjusted infection rates/1,000 person-years
(with 95% confidence intervals) against category of estimated
glomerular filtration rate, by proteinuria status. Solid line, pa-
tients with a history of proteinuria; dashed line, patients with
no history of proteinuria. Rates adjusted for age (updated),
sex, socioeconomic status by practice, financial year prior to or
post 2004, ischemic heart disease (updated), congestive cardiac
failure (updated), hypertension (updated), cerebrovascular dis-
ease (updated), other dementia (updated), chronic lung disease
(updated), smoking (baseline), hemoglobin A level (baseline),
and antidiabetes medication history (baseline). *LRTI y-axis
scale is 10-fold greater than the pneumonia and sepsis scales.

without a history of proteinuria. These associations
were diminished but persisted after adjustment for
time-updated comorbid conditions and characteristics
of diabetes for LRTI, pneumonia, and sepsis (IRRs of
1.07 [95% CI, 1.05-1.09], 1.26 [95% CI, 1.19-1.33],
and 1.33 [95% CI, 1.20-1.47], respectively). The effect
of proteinuria did not vary by eGFR category (Fig 2).

No clinically important interaction between age
and eGFR was observed for LRTI or pneumonia.
Sensitivity analyses limiting follow-up to post April

2004, restricting the data set to patients with HES
linkage available, or using only the first infection
as an outcome found similar results to the main
analysis.

DISCUSSION

In our study population of older patients with dia-
betes, there was a high burden of community-acquired
LRTI, pneumonia, and sepsis among those with CKD
(manifested as reduced eGFR and/or history of pro-
teinuria). Reduced eGFR and history of proteinuria
represented independent risk markers for incidence of
LRTI, pneumonia, and sepsis. Associations between
eGFR and infection incidence were graded, with
increased infection incidence at more severe stages of
CKD. These associations persisted after adjustment
for comorbid conditions, smoking status, and char-
acteristics of diabetes mellitus. The association be-
tween eGFR and infection was not modified by age.
Effect sizes were larger for sepsis than for pneumonia,
and for pneumonia than for LRTL

The strengths of the study include the following:
first, consideration of both eGFR and proteinuria in
mutually adjusted analyses; second, frequent moni-
toring of serum creatinine and proteinuria, allowing
good ascertainment of CKD status; third, the detailed
methods used to define infections, including exclu-
sion of time in hospital from time at risk and treating
recurrent consultations for infection within 28 days as
a single episode; and fourth, inclusion of infections
managed in primary care, not just those resulting in
hospitalization or death.

The study is limited by the nature of routinely
collected data; we may have underascertained pro-
teinuria or comorbid conditions. The high prevalence
of proteinuria and comorbid conditions observed in
the study population suggests that neither is an
extensive problem. Proteinuria monitoring has been
financially incentivized in primary care for this pop-
ulation since 2004.> A small percentage of the po-
tential study population had no available creatinine
results and therefore were not included. These people
did not appear to seek regular care, which may have
led to us underestimating the association between
CKD and infection. We do not have formal validation
study data for our outcomes, but the advantage of
linked data is capturing a more complete ascertain-
ment of infections than in the stand-alone data sets
used previously.

The complex relationships between CKD, infec-
tion, and cardiovascular disease limit interpretation
of the direction of any causal association between
CKD and infection. The same comorbid conditions,
such as cardiovascular events, may both cause and be
caused by CKD. Adjustment for baseline comorbid
conditions risks underestimation of the association

Am J Kidney Dis. 2015;m(m):m-m
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Table 4. Infection Rates With Corresponding Rate Ratios by Proteinuria Status

Adjusted for Adjusted for

Time at Comorbid Time-Updated Adjusted for
No. of Risk Crude Rate/1,000 Minimally Conditions Comorbid Characteristics
Infection Events (person-y) Person-y (95% Cl) Adjusted™” at Baseline”® Conditions” of Diabetes”*®
LRTI 115,080 808,194 155.8 (154.3-157.4)
Proteinuria 31,823 202,658 178.7 (175.7-181.8) 1.13 (1.10-1.15) 1.15(1.13-1.17) 1.09 (1.07-1.11) 1.07 (1.05-1.09)
No proteinuria 83,257 605,536 148.9 (147.3-150.5) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Pneumonia’ 7,870 816,517 10.3 (10.1-10.6)
Proteinuria 2,646 204,908 14.4 (13.8-15.1) 1.37 (1.30-1.45) 1.40 (1.33-1.48) 1.31 (1.24-1.39) 1.26 (1.19-1.33)
No proteinuria 5,224 611,609 9.0 (8.8-9.3) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Sepsis 1,980 816,826 2.5 (2.4-2.6)
Proteinuria 712 205,002 3.6 (3.3-3.9) 1.44 (1.30-1.59) 1.46 (1.32-1.61) 1.41 (1.27-1.56) 1.33 (1.20-1.47)
No proteinuria 1,268 611,824 2.1 (2.0-2.2) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

Note: Unless otherwise indicated, values are given as rate ratio (95% ClI).

Abbreviations: Cl, confidence interval; eGFR, estimated glomerular filtration rate; LRTI, lower respiratory tract infection.

@Adjusted for eGFR (updated), age (updated), sex, socioeconomic status by practice, and financial year prior to or post 2004.

PP < 0.001 for all rate ratios. Likelihood ratio test for inclusion of eGFR as a binary variable in the model.

°Adjusted for eGFR (updated), age (updated), sex, socioeconomic status by practice, financial year prior to or post 2004, ischemic
heart disease, congestive cardiac failure, hypertension, cerebrovascular disease, other dementia, chronic lung disease, and smoking

at baseline.

dAdjusted for eGFR (updated), age (updated), sex, socioeconomic status by practice, financial year prior to or post 2004, ischemic
heart disease (updated), congestive cardiac failure (updated), hypertension (updated), cerebrovascular disease (updated), other
dementia (updated), chronic lung disease (updated), and smoking (baseline).

®Adjusted for eGFR (updated), age (updated), sex, socioeconomic status by practice, financial year prior to or post 2004, ischemic
heart disease (updated), congestive cardiac failure (updated), hypertension (updated), cerebrovascular disease (updated), other
dementia (updated), chronic lung disease (updated), smoking (baseline), hemoglobin A, level (baseline), and antidiabetes medication

history (baseline).
'Subset of LRTI.

between CKD and infection by residual confounding
from new-onset comorbid conditions that may reflect
baseline risk factors for these comorbid conditions,
such as poorly treated hypertension prior to CKD.
Adjustment for time-updated comorbid conditions is
vulnerable to overadjusting for events that mediate
any effect of CKD on infection. We present both
models. The true association between CKD and
infection is likely to lie between the 2 results. We
avoided time-updating hemoglobin A;. levels and
smoking status because these are vulnerable to reverse
causality from infection (eg, pneumonia may motivate
smoking cessation). We also addressed the risk of
reverse causality by conducting a sensitivity analysis
in which we limited follow-up to the first infection,
which found results similar to the main analysis. We
did not adjust for vaccination status because inter-
relationships between CKD status, receipt of vacci-
nation, and infection are likely to be complex and
looking formally for vaccine effectiveness was
beyond the scope of this report.

Our results may not be generalizable to the gen-
eral population without diabetes because there may
be a particular relationship between CKD and
infection among older people with diabetes. How-
ever, older people with diabetes are a large and
growing population with a high burden of CKD and

Am J Kidney Dis. 2015;m(m):m-m

infection, and so our findings in this population are
important.

The associations we observed of preexisting eGFR
with sepsis and pneumonia were similar to those
observed between eGFR with bloodstream infections
and pneumonia diagnoses in hospital records among
the general population 65 years and older (although
different outcome definitions mean the absolute rates
are not comparable).™ A large case-control study in
the United Kingdom identified CKD as a risk factor
for primary care diagnosis of pneumonia (adjusted
odds ratio, 1.72; 95% CI, 1.3-2.07), but the unclear
definition of CKD may have included patients with an
increased risk of infection from renal replacement
therapy and did not permit stage-specific rate ratios.’
James et al’ and Dalrymple et al’” observed a J-
shaped association between eGFR and infection
risk, which was not present using cystatin C-based
eGFR. Our results suggested that patients with
eGFRs = 90 mL/min/1.73 m*> had a slightly increased
risk of LRTI or pneumonia compared with those with
eGFRs of 75 to 89 mL/min/1.73 m>, but we did not
observe a J shape for the association of eGFR with
sepsis. James et al found that the association of eGFR
with hospitalization for pneumonia was weaker
among older age groups.” We did not observe an
interaction between eGFR and age in the present
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study, which may be due partly to our study popu-
lation being limited to older people. In a previous
study identifying albuminuria as a risk factor for
infection-related hospitalization among patients with
diabetes, eGFR was not an independent risk marker
for infection, and infections managed in primary
care were not included.® To our knowledge, our
finding that proteinuria is a risk marker for incidence
of LRTI, pneumonia, and sepsis, independently of
eGFR, and including infections managed in primary
care, is novel.

This study found that the associations of reduced
eGFR and history of proteinuria with infection
appeared to be due in part to underlying accrued
cardiovascular and cerebrovascular comorbid condi-
tions, but a strong graded association remained after
adjustment for these. It has been suggested that CKD
as a risk marker for infection may be a surrogate for
chronicity of diabetes or poor glycemic control.®
Adjustments for cardiovascular and cerebrovascular
comorbid conditions will reflect chronicity and
severity of diabetes to a certain extent, but further
adjustment for severity and control of diabetes had
little effect on the associations between CKD and
infection, suggesting that the associations between
CKD and infections are not explained fully by these
factors. Stronger independent associations with CKD
were observed for pneumonia than LRTI, and stron-
ger still for sepsis, consistent with a view of CKD as a
risk factor for poorer prognosis and greater incidence
of infection. For clinicians managing older people
with diabetes, our findings may help identify patients
at increased risk of infection and inform discussions
about infection risk and vaccination.”® For policy
makers, the association of CKD with a high burden of
morbidity from infection is important for health ser-
vice planning because the populations with diabetes
and CKD are predicted to grow.”*

Several unanswered questions remain. More
research is needed to identify the biological mecha-
nisms underlying the associations of proteinuria and
eGFR with infection and to improve infection pre-
vention strategies. For example, better understanding
of vaccine effectiveness among people with CKD
could inform whether pneumococcal and influenza
vaccination recommendations should include people
with proteinuria.™

ACKNOWLEDGEMENTS

Support: Dr Thomas reports a Career Development Fellowship
grant (CDF 2010-03-32) from the National Institute for Health
Research during the conduct of the study. Dr McDonald reports a
PhD studentship grant from Kidney Research UK (grant reference
ST2/2011) during the conduct of the study, for which Drs Thomas
and Nitsch wrote the studentship application. The study sponsors
had no role in the design or conduct of the study; the collection,
management, analysis, or interpretation of data; the preparation,

review, or approval of the manuscript; or the decision to submit it
for publication. The views expressed in this publication are those
of the authors and not necessarily those of the UK National Health
Service, the National Institute for Health Research, the Department
of Health, or Kidney Research UK.

Financial Disclosure: Dr Nitsch reports subcontract work for
grants received by BMIJ Informatica for the Healthcare Quality
Improvement Partnership national CKD audit. The remaining
authors declare that they have no other relevant financial interests.

Contributions: Research idea and study design: HIM, SLT,
ERCM, DN; data acquisition: SLT; data analysis/interpretation:
HIM, SLT, ERCM, DN; statistical analysis: HIM, ERCM; su-
pervision or mentorship: SLT, DN. Each author contributed
important intellectual content during manuscript drafting or revi-
sion and accepts accountability for the overall work by ensuring
that questions pertaining to the accuracy or integrity of any portion
of the work are appropriately investigated and resolved. HIM takes
responsibility that this study has been reported honestly, accu-
rately, and transparently; that no important aspects of the study
have been omitted; and that any discrepancies from the study as
planned have been explained.

SUPPLEMENTARY MATERIAL

Table S1: Sensitivity analysis of association between eGFR and
infection incidence.

Note: The supplementary material accompanying this article
(http://dx.doi.org/10.1053/j.ajkd.2014.11.027) is available at
www.ajkd.org

REFERENCES

1. Bardsley M, Blunt I, Davies S, Dixon J. Is secondary pre-
ventive care improving? Observational study of 10-year trends in
emergency admissions for conditions amenable to ambulatory
care. BMJ Open. 2013;3(1):e002007.

2. Trotter CL, Stuart JM, George R, Miller E. Increasing hos-
pital admissions for pneumonia, England. Emerg Infect Dis.
2008;14(5):727-733.

3. James MT, Quan H, Tonelli M, et al. CKD and risk of
hospitalization and death with pneumonia. Am J Kidney Dis.
2009;54(1):24-32.

4. Collins AJ, Foley RN, Herzog C, et al. US Renal Data System
2010 Annual Data Report. Am J Kidney Dis. 2011;57(1)(suppl 1):
A8, el-e526.

5. James MT, Laupland KB, Tonelli M, Manns BJ,
Culleton BF, Hemmelgarn BR. Risk of bloodstream infection in
patients with chronic kidney disease not treated with dialysis. Arch
Intern Med. 2008;168(21):2333-2339.

6. Hamilton EJ, Martin N, Makepeace A, Sillars BA, Davis WA,
Davis TM. Incidence and predictors of hospitalization for bacterial
infection in community-based patients with type 2 diabetes: the
Fremantle Diabetes Study. PLoS One. 2013;8(3):¢60502.

7. Karunajeewa H, McGechie D, Stuccio G, Stingemore N,
Davis WA, Davis TM. Asymptomatic bacteriuria as a predictor of
subsequent hospitalisation with urinary tract infection in diabetic
adults: the Fremantle Diabetes Study. Diabetologia. 2005;48(7):
1288-1291.

8. Viasus D, Garcia-Vidal C, Cruzado JM, et al. Epidemiology,
clinical features and outcomes of pneumonia in patients with chronic
kidney disease. Nephrol Dial Transplant. 2011;26(9):2899-2906.

9. Vinogradova Y, Hippisley-Cox J, Coupland C. Identification
of new risk factors for pneumonia: population-based case-control
study. Br J Gen Pract. 2009;59(567):¢329-¢338.

10. New JP, Middleton RJ, Klebe B, et al. Assessing the
prevalence, monitoring and management of chronic kidney disease

Am J Kidney Dis. 2015;m(m):m-m



CKD and Infection Incidence

AJKD

in patients with diabetes compared with those without diabetes in
general practice. Diabet Med. 2007;24(4):364-369.

11. De Lusignan S. Identification and management of chronic
kidney disease. Prescriber. 2008;19(10):10-18.

12. Collins AJ, Foley RN, Chavers B. United States Renal Data
System 2011 annual data report: atlas of chronic kidney disease
and end-stage renal disease in the United States. Am J Kidney Dis.
2012;59(1)(suppl 1):e1-e420.

13. The NHS Information Centre Prescribing and Primary Care
Services. Quality and Outcomes Framework Achievement Data
2010/11. Leeds, UK: The NHS Information Centre; 2011.

14. Campbell SM, Reeves D, Kontopantelis E, Sibbald B,
Roland M. Effects of pay for performance on the quality of pri-
mary care in England. N Engl J Med. 2009;361(4):368-378.

15. McDonald HI, Nitsch D, Millett ER, Sinclair A,
Thomas SL. New estimates of the burden of acute community-
acquired infections among older people with diabetes mellitus: a
retrospective cohort study using linked electronic health records.
Diabet Med. 2013;31(5):606-614.

16. Holman N, Forouhi NG, Goyder E, Wild SH. The Asso-
ciation of Public Health Observatories (APHO) diabetes preva-
lence model: estimates of total diabetes prevalence for England,
2010-2030. Diabet Med. 2011;28(5):575-582.

17. Finlay S, Bray B, Lewington AJ, et al. Identification of risk
factors associated with acute kidney injury in patients admitted to
acute medical units. Clin Med. 2013;13(3):233-238.

18. CPRD. The Clinical Practice Research Datalink-CPRD.
2012. http://www.cprd.com/intro.asp. Accessed August 30, 2012.

19. Herrett E, Thomas SL, Schoonen WM, Smeeth L, Hall AJ.
Validation and validity of diagnoses in the General Practice
Research Database: a systematic review. Br J Clin Pharmacol.
2010;69(1):4-14.

20. Walley T, Mantgani A. The UK General Practice Research
Database. Lancet. 1997;350(9084):1097-1099.

21. The Health and Social Care Information Centre. HESonline.
2012. http://www.hscic.gov.uk/hes. Accessed September 14, 2012.

22. Office for National Statistics. 2012. www.ons.gov.uk.
Accessed September 14, 2012.

23. Levey AS, Stevens LA, Schmid CH, et al. A new equation
to estimate glomerular filtration rate. Ann Intern Med.
2009;150(9):604-612.

24. Matsushita K, Mahmoodi BK, Woodward M, et al. Com-
parison of risk prediction using the CKD-EPI equation and the

Am J Kidney Dis. 2015;m(m):m-m

7

MDRD Study equation for estimated glomerular filtration rate.
JAMA. 2012;307(18):1941-1951.

25. National Kidney Foundation: K/DOQI clinical practice
guidelines for chronic kidney disease: evaluation, classification,
and stratification. Am J Kidney Dis. 2002;39(2)(suppl 1):
S1-S266.

26. Mathur R, Bhaskaran K, Chaturvedi N, et al. Completeness
and usability of ethnicity data in UK-based primary care and
hospital databases. J Public Health (Oxf). 2014;36(4):684-692.

27. de Lusignan S, Tomson C, Harris K, van Vlymen J,
Gallagher H. Creatinine fluctuation has a greater effect than the
formula to estimate glomerular filtration rate on the prevalence of
chronic kidney disease. Nephron Clin Pract. 2011;117(3):
c213-c224.

28. Millett ER, Quint JK, Smeeth L, Daniel RM, Thomas SL.
Incidence of community-acquired lower respiratory tract infections
and pneumonia among older adults in the United Kingdom: a
population-based study. PLoS One. 2013;8(9):e75131.

29. Ferguson J, Bauld L, Chesterman J, Judge K. The English
smoking treatment services: one-year outcomes. Addiction.
2005;100(suppl 2):59-69.

30. Anandarajah S, Tai T, de Lusignan S, et al. The validity of
searching routinely collected general practice computer data to
identify patients with chronic kidney disease (CKD): a manual
review of 500 medical records. Nephrol Dial Transplant.
2005;20(10):2089-2096.

31. Hobbs H, Stevens P, Klebe B, et al. Referral patterns to
renal services: what has changed in the past 4 years? Nephrol Dial
Transplant. 2009;24(11):3411-3419.

32. NHS Employers. Quality and outcomes framework. 2012.
http://www.nhsemployers.org/payandcontracts/generalmedical
servicescontract/qof/pages/qualityoutcomesframework.aspx. Accessed
September 12, 2012.

33. Dalrymple LS, Katz R, Kestenbaum B, et al. The risk of
infection-related hospitalization with decreased kidney function.
Am J Kidney Dis. 2012;59(3):356-363.

34. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY.
Chronic kidney disease and the risks of death, cardiovascular
events, and hospitalization. N Engl J Med. 2004;351(13):1296-
1305.

35. Kausz AT, Gilbertson DT. Overview of vaccination in
chronic kidney disease. Adv Chronic Kidney Dis. 2006;13(3):
209-214.



Table S1: Sensitivity analysis of the association between estimated glomerular
filtration rate (eGFR) and infection incidence, using patients with eGFR 75-90
ml/min/1.73m? as the reference group

eGFR Number of Rate ratio P’
ml/min/1.73m? infections  (95% confidence interval) 2
Lower respiratory tract infection (LRTI)
<15 607 1.48 (1.34-1.64)
15-29 5,153 1.18(1.13-1.23)
30-44 16,557 1.08 (1.05-1.11)
45-59 29,783 1.03 (1.01-1.06) <0.001
60-74 31,538 1.00 (0.98-1.02)
75-90 24,110 1 (reference)
290 7,063 1.09 (1.06-1.13)
Total 114,811
Pneumonia (subset of LRTI)
<15 99 2.97 (2.35-3.76)
15-29 650 1.69 (1.51-1.88)
30-44 1,523 1.16 (1.07-1.27)
45-59 1,980 0.93(0.86-1.00) <0.001
60-74 1,815 0.92 (0.85-0.99)
75-90 1,397 1 (reference)
290 387 1.40(1.24-1.58)
Total 7,851
Sepsis
<15 41 5.72 (3.96-8.26)
15-29 186 2.57 (2.09-3.15)
30-44 387 1.55(1.32-1.83)
45-59 499 1.15(0.99-1.33) <0.001
60-74 449 1.03 (0.88-1.18)
75-90 324 1 (reference)
>90 87 1.11 (0.87-1.42)
Total 1,973

eGFR, estimated glomerular filtration rate

a. Adjusted for proteinuria (updated), age (updated), sex, socio-economic status by practice,
financial year prior to or post 2004, ischaemic heart disease (updated), congestive cardiac failure
(updated), hypertension (updated), cerebrovascular disease (updated), other dementia (updated),

chronic lung disease (updated) and smoking (baseline).

b. Likelihood ratio test for inclusion of eGFR as a categorical variable in the model
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8.3 Further discussion of adjusted estimates of CKD and

infection incidence

The study presented several models for the association between markers of CKD and
infection incidence, with increasingly full adjustment for patient characteristics. The

III

“minimally adjusted model” was adjusted for time-updated age (within 5-year age bands
up to age 285 years), sex, practice-level socio-economic status, financial year prior to or
post 2004, and eGFR or proteinuria. The association between CKD and infection incidence
was also modelled with additional adjustment for patient co-morbidities and smoking
status at baseline (the “baseline co-morbidities model”); with adjustment for time-updated
co-morbidities and smoking status at baseline (the “time-updated model”); and with

further adjustment for characteristics of diabetes at baseline (the “characteristics of

diabetes model”). The results of each analysis are presented in Table 3 of Paper 3 (8.2).

This section offers an expanded discussion of the advantages and disadvantages of each
model in describing the association between CKD and infection incidence, taking LRTI as an

illustrative example, in the context of the conceptual model used to design the study.
8.3.1 How were effect estimates altered by adjustment for co-morbidities?

The minimally adjusted model provided effect estimates for the association of CKD with
infection incidence which was not explained by age, sex, socio-economic status, or changes
in recording practice pre and post-QOF. Estimates of the association between CKD and
infection from the minimally adjusted model may be explained by other confounding

patient characteristics.

Figure 8.1 shows a simplified conceptual diagram illustrating key relationships between
selected patient characteristics at baseline, new-onset CKD, and a first subsequent LRTI.
Age, sex and socio-economic status are associated with each component of the diagram,
and these relationships are not individually shown. Baseline patient characteristics were
considered a priori confounders if they were risk factors for community-acquired LRTI, and
also associated with CKD, but not on any causal pathway between CKD and LRTI. Baseline
patient characteristics identified as a priori confounders of the association between
markers of chronic kidney disease and first incidence of community-acquired LRTI among
older people with diabetes included: age, sex, socio-economic status, smoking status,
ischaemic heart disease, hypertension, cerebrovascular disease, and chronic lung disease.
The omission of other patient characteristics from this model is discussed in 8.3.6. Several

of these characteristics were expected a priori to have a strong confounding effect: for
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example, smoking is an important risk factor CKD and for LRTI (directly and via co-

morbidities including COPD and cardio- and cerebrovascular disease).

Overweight is represented on the diagram as an upstream cause of CKD and infection;
however, the relationship between overweight and CKD varies over the lifecourse and is
straightforward. Historical weight records were not uniformly available, and so mediators
of the causal relationship of overweight with CKD and infection were adjusted for instead

of overweight itself.

Figure 8.1 Key relationships between selected baseline patient characteristics, new-onset chronic kidney
disease (CKD) and lower respiratory tract infection (LRTI)
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Ml, myocardial infarction; TIA, transient ischaemic attack; COPD, chronic obstructive pulmonary disease

Adjustment for these a priori confounders appeared to have a surprisingly small impact.
Estimates for the association between eGFR and infection incidence were slightly lower in
the baseline comorbidities model than the minimally adjustment model, but the
confidence intervals for most estimates overlapped between the two models, and the size
of each difference was too small to be of particular clinical relevance. Estimates of the
association between CKD and infection incidence in the time-updated model were slightly

lower again, but still similar in magnitude (8.2: Table 1, Paper 3).
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8.3.2 Why were effect estimates so little altered by adjustment for co-

morbidities?

There are three main explanations for the similarity between the results of different
models. First, the association of CKD with infection incidence may in fact be relatively
independent of confounding by these patient characteristics. This appears unlikely, given
that a number of co-morbidities were identified which were expected to have a strong

confounding effect on the association between CKD and infection incidence.

Second, misclassification of patient characteristics could have resulted in under-adjustment
for confounding in the adjusted models. Classification of co-morbidities was vulnerable to
under-ascertainment, as a negative could not be definitely established. Routinely-collected
health records will positively identify the presence of a co-morbidity, but not its absence.
Thus the absence of a co-morbidity was assumed for all patients without a relevant
diagnostic code. In general, diagnostic codes recorded in CPRD have been found to have a
high positive predictive value, in that a high proportion of patients with a diagnostic code
have been confirmed as having the relevant co-morbidity. However, the proportion of
patients with a co-morbidity who have a relevant diagnostic code (sensitivity) is less well
established.[72] As most of the co-morbidities were a priori positive confounders of the
association, under-ascertainment of co-morbidities could have resulted in over-estimation

of the association between CKD and infection incidence in all adjusted models.

This risk was mitigated by studying a highly monitored population, by using detailed
codelists, modelling each a priori confounder individually to allow adjustment for
confounding by individual characteristics to be undiluted by any patient characteristics
incorrectly identified as potential confounders, and taking a tailored approach to
categorising co-morbidities where there were specific concerns. For example, congestive
cardiac failure has been found to have a particularly strong association with LRTl and so
was included as an independent variable separately from ischaemic heart disease.[56]
Dementia was also separated into two independent variables: cerebrovascular dementia
was included with stroke and TIA as evidence of cerebrovascular disease, which shares risk
factors with CKD including a history of smoking, hypertension and age. Although only
dementia of cerebrovascular aetiology is likely to confound the association between CKD
and LRTI, the aetiology of dementia will not necessarily be identified, and may be less likely
to be investigated or coded among patients with other severe co-morbidities or older age.
To capture cerebrovascular dementia recorded using more general codes | also adjusted for

‘other dementia’, a category which included all dementia which did not have a
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cerebrovascular aetiology specified (for example Eu02z00 ‘[X] Unspecified dementia’). This
category will inevitably include patients with dementia of other aetiologies, and so to
minimise misclassification of cerebrovascular dementia, ‘other dementia’ was retained as

an independent variable.

A reassuringly high prevalence of co-morbidities was ascertained (8.2: Table 1, Paper 3).
The effect estimates for the association of CKD and infection were large, and only slightly
reduced by adjustment for the high prevalence of co-morbidities which was identified,
suggesting that the confounding effect of these co-morbidities was not large, and a low
level of under-ascertainment could perhaps be tolerated without invalidating the adjusted
effect estimates. The possibility of residual confounding from under-ascertained co-
morbidities resulting in over-estimation of the association between CKD and infection
incidence cannot be excluded, but is unlikely to be a large enough issue to fully explain the

similarity of observed effect estimates across adjusted models.

Third, the similarity may result from partial control for confounding already achieved in the
minimally adjusted model. Partial control of two important a priori confounders, age and
diabetes mellitus, had been achieved by restricting the study population to older people
with diabetes. In addition, adjustment for age and socio-economic status may have
partially adjusted for confounding by co-morbidities and smoking status. This may explain
the small size of adjustment to effect estimates which was observed with additional

adjustment for baseline or time-updated co-morbidities.

8.3.3 What are the advantages and disadvantages of adjustment for time-

updated comorbidities?

The baseline co-morbidities model estimates the association between CKD and infection
incidence which is not explained by differences in patient characteristics at baseline.
However, the baseline co-morbidities model is vulnerable to residual confounding from co-
morbidities diagnosed during follow-up for two reasons. First, CKD status was updated
during follow-up, and co-morbidities which developed or were diagnosed during follow-up
may have influenced subsequent development or progression of CKD, and confounded the
association between subsequent CKD status and later infection incidence. Second, several
of the co-morbidities identified as confounders (including Ml, stroke and COPD) may occur
after a long time lag from the patient’s initial exposure to their underlying risk factors (such
as smoking or hypertension). Cardio- and cerebrovascular events, and diagnoses of COPD

which occur after the onset or progression of CKD may therefore still indicate confounding
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by risk factors (such as smoking or hypertension) which existed prior to CKD onset or

progression.

This is illustrated in Figure 8.2, a simplified conceptual diagram illustrating key relationships
of new-onset time-updated CKD and a first subsequent LRTI, with cardio- and
cerebrovascular events occurring throughout follow-up. Ml to represents a myocardial
infarction occurring prior to the onset of CKD (time to). This confounds the association
between CKD and the first infection via several pathways of common risk factors, for

example (CKD t;¢~smoking—>IHD—>MI to—>Infection).

Ml t; represents a myocardial infarction which occurs after CKD onset but prior to a first
infection. Despite occurring after CKD onset, Ml t; also confounds the association between
new-onset CKD and infection due to the lag time between patient exposure to risk factors
for IHD (such as smoking and hypertension) and occurrence of M, via several pathways
(e.g. CKD t1¢-smoking—>IHD->MI t;>infection). Ml t; would additionally confound the
association between any later progression of CKD status and subsequent infection via the
same pathways as Ml to. Adjustment for time-updated co-morbidities is designed to
remove confounding by co-morbidities which occur during follow-up.

Figure 8.2: Key relationships between selected baseline patient characteristics, new-onset chronic kidney

disease (CKD), cardio- and cerebrovascular events during follow-up, and first subsequent lower respiratory

tract infection
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However, adjusting for time-updated co-morbidities may represent over-adjustment of the
association between CKD and infection. For example, both reduced eGFR and proteinuria
are associated with Ml and stroke, which can cause secondary LRTI: thus cerebro- and
cardiovascular events may lie on the causal pathway between CKD status and LRTI.[137]
This is represented in Figure 8.2: Ml t; may mediate the association between CKD t: and

infection (CKD t;— MI t;-> infection).

Adjusting the association between CKD and infection for co-morbidities at baseline risks
residual confounding of the association between CKD and infection from co-morbidities
which occur or are diagnosed during follow-up. The time-updated model addresses the
vulnerability of the baseline co-morbidities model to this residual confounding but removes
the component of the association between CKD and infection which is mediated via these
co-morbidities, which may result in over-adjustment. As the specified a priori confounders
are predominantly risk factors for both CKD and infection, residual confounding would be
expected to result in over-estimation of the association between CKD and infection, while
over-adjustment would be expected to result in under-estimation of the association.
Consistent with this expectation, the results of the time-updated model were slightly lower
than those of the baseline co-morbidities model. While the best estimate is likely to lie
between the two approaches, the two models produced very similar estimates for each
infection and so interpretation of the association between CKD and infection appears

robust to this difference in approach to adjustment for confounding.

8.3.4 What are the advantages and disadvantages of including repeat

infections?

Some patients experienced multiple infections during follow-up, and repeat infections were
included in the main analysis. The study included 115,080 LRTIs among 56,076 patients,
7,870 episodes of pneumonia among 7,095 patients, and 1,980 episodes of sepsis among
1,902 patients: thus 51.3% of LRTlIs, 9.8% of pneumonia episodes, and 3.9% of sepsis

episodes occurred as repeat episodes of the relevant infection for the patient.

As repeat infections represent a cluster of multiple outcomes occurring to an individual
patient, including repeat infections requires appropriate analysis to avoid over-precise
estimation of the association between CKD and infection. We addressed this by using a
Poisson regression with a random effects model, as discussed in 4.6. This results in less
weight being given to infections which are part of a cluster of repeated infections occurring

to one patient, which avoids over-precision of estimates.
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Including repeat outcomes in a model with time-updated variables risks introducing reverse
causation to the estimate of the association of CKD and infection incidence. If a first
infection is a risk marker for repeat infection and itself hastens the onset or progression of
CKD (for example by causing acute kidney injury, AKI, which increases the subsequent risk
of CKD progression),[139] then an association will be observed between CKD incidence and

infections which is driven by a causal relationship from infection to CKD.

There is also a risk of introducing reverse causation by adjusting for other time-updated
patient characteristics when including multiple infections. Smoking status is particularly
vulnerable to reverse causation. For example, an episode of pneumonia may motivate a
patient towards successful smoking cessation, which may reduce the risk of subsequent
pneumonia and also reduce CKD progression. The confounding effects of a history of
smoking are multi-dimensional, including the cumulative volume of smoking (measured in
cigarette pack-years, which combine frequency and duration of smoking), and recentness
of cessation, as well as immediate status as a current or former smoker. As only a crude
measure of smoking status was consistently and routinely available within the data,
classifying recent smokers who had been prompted to stop smoking by infection as ex-
smokers (who generally have a lower risk of infection than current smokers) risked the
category of ex-smokers among patients who had experienced a previous infection
comprising a population at higher risk from recent smoking than other ex-smokers in the
study. Adjustment for ex-smoking status applied equally to all patients would represent a
greater under-adjustment among patients with a history of previous LRTI. The direction of
effect from this would be unpredictable. The risks of this reverse causation were reduced

by the decision not to time-update smoking status.

Inclusion of multiple infections with adjustment for time-updated co-morbidities which
may be caused by either or both CKD and infection risks introducing collider bias. Collider
bias is bias introduced by adjusting for a variable which is a common outcome of both the
exposure of interest and the outcome of interest. An example is illustrated in Figure 8.3, a
simplified conceptual diagram illustrating key relationships of time-updated CKD and
subsequent LRTIs, with Ml and stroke/TIA occurring during follow-up. Ml t; represents a
myocardial infarction which occurs after both the onset of CKD t; and a first subsequent
infection. Ml t, confounds the associations between CKD t; and the first infection and
between CKD t; and the second infection, and may partially mediate the association
between CKD t; and the second infection. In addition, since Ml t; may be a result of CKD

and infection, the effects of CKD and infection ‘collide’ along the way to producing Ml t,
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(CKD t,¢ CKD t;—> Ml t,&Infection 1->Infection 2). Adjusting the association between CKD
t> and Infection 2 for Ml t, could introduce a collider bias which would bias the estimate of

the association between CKD t; and Infection 2 downwards.

Figure 8.3: Key relationships between selected baseline patient characteristics, time-updated chronic kidney
disease (CKD), cardio- and cerebrovascular events during follow-up, and lower respiratory tract infections
over time
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For simplicity, the ongoing effects of most baseline covariates on CKD t; and Infection 2 are shown via an
association between CKD t; and CKD t;, and an association between Infection 1 and Infection 2.

There are compelling advantages to including repeat infections within the main analysis. As
LRTI is common, patients who entered the older age groups without a history of LRTI during
follow-up would be a selected population, consisting either of patients at low risk of LRTI
(for example patients with good overall health status), or patients who had entered the
study at an older age (for example patients who had moved areas and newly registered
with a GP at an older age, which may reflect better or worse health status than patients
who are less geographically mobile). If patients had been followed up only to first
occurrence of each infection, there would be a risk of introducing survivor bias among
older age groups, particularly for LRTI, the direction of effect of which would be
unpredictable. Including repeat infections also increased the power of the study to

estimate the association between CKD and infection incidence precisely.

[160]



For these reasons, the main analysis included repeat infections, but a sensitivity analysis
was conducted in which patients were followed-up only to the first infection (Appendix E).
The effect estimates for the association between CKD and infection were unchanged,
suggesting that the effects of reverse causation and collider bias on the main analysis were

minimal.

8.3.5 Which model provides the best overall estimate of the association

between CKD and infection?

Each model has a different profile of advantages and disadvantages for understanding the
association between CKD and infection incidence. The minimally adjusted model provides
an estimate of the size of the association (independent of demographics and changes in
recording practice pre and post-QOF) which may be useful for health planners and

economic analyses of the burden of excess morbidity among patients with CKD.

From a clinical perspective, it is perhaps more important to understand whether CKD is a
useful risk marker of infection risk independently of other co-morbidities. The baseline co-
morbidities and time-updated models estimate this association. While the baseline co-
morbidities model may somewhat overestimate the association between CKD and infection
due to residual confounding, and the time-updated model is vulnerable to over-adjustment
for factors which mediate the relationship between CKD and infection incidence, both
models produced similar results, and so either is a reasonable indicator of the use of eGFR
and proteinuria as risk markers of infection incidence independently of other co-

morbidities.

This is an observational study and thus had limited ability to explore causation of any
observed association. However, one aspect of causation was explored: the role of severity
of diabetes mellitus. It has been suggested that any use of CKD as a risk marker for
infection among patients with diabetes mellitus is due to its status as a marker of diabetes
severity. The characteristics of diabetes model adjusted for available characteristics of
diabetes (HbA1C and history of antidiabetes medications), in addition to adjustment for
cardiovascular disease which may also be a marker of macro-vascular complications of
diabetes. Peripheral vascular disease and diabetic retinopathy were not adjusted for in this
model. As these represent microvascular complications of diabetes, and this reflects the
same aspect of diabetes severity as diabetic nephropathy, these were expected to have
considerable collinearity with the association of CKD with infection among people with

diabetes, and were not expected to have any separate causative association with the
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infections studied. The association between CKD and infection incidence was slightly
diminished after adjustment for characteristics of diabetes, but remained similar in
magnitude, suggesting that the association between CKD and infection incidence is not

merely explained by difference in severity of diabetes at baseline.

8.3.6 To what extent were all models vulnerable to residual confounding from

omission of patient characteristics?

All models are vulnerable to confounding from patient characteristics not measured or

adjusted for, if these confound the association between CKD and infection incidence.

Some baseline patient characteristics relevant to infection risk were omitted in the
interests of parsimony as they were not believed to be relevant confounders. For example,
ethnicity was considered a distal determinant of infection incidence. Ethnicity may be
associated with infection incidence via prevalence of smoking, diabetes mellitus and
cardiovascular disease. The study population was restricted to patients with diabetes, and
the models adjusted for factors downstream of ethnicity (including smoking, cardiovascular
disease and a range of co-morbidities). Ethnicity was not expected to be independently
associated with infection incidence other than via the co-morbidities which had been
adjusted for, and so was not included separately in the model. Black ethnicity may also
affect estimation of eGFR from serum creatinine, but eGFR estimates were adjusted for
Black ethnicity to reduce misclassification of eGFR (5.4.3). Body mass index and
hyperlipidaemia were also considered distal determinants of infection, as the main
confounding effects of these would be mediated via downstream characteristics (such as

hypertension and cardiovascular disease) which were included in the model (Figure 8.3.1).

Risk factors for infection were also not adjusted for if their primary relationship between
CKD and infection was on any causal pathway between CKD and infection incidence.
Adjusting for variables on any causal pathway between CKD and infection would have
resulted in over-adjustment and under-estimation of the association between CKD and
infection incidence. For example, if anaemia and Vitamin D status are associated with both
CKD and infection incidence this is likely to be as mediators of any causal relationship
between CKD and infection incidence, and these patient characteristics were therefore not
considered a priori confounders. The omission of functional status (which in practice is
difficult to define using data available in CPRD) was also considered acceptable, as
functional status is not a direct cause of CKD (except as a distal determinant) and is likely to

have an important mediating role in any causal association between CKD and infection.
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The approach throughout the thesis of adjusting for confounding by identifying diagnoses
of co-morbidities rather than prescriptions of medication is discussed in 6.8.2, and the
rationale for identifying co-morbidities from primary care records but not secondary care

records is discussed in 6.8.1.

8.4 Additional sensitivity analysis of the association between

CKD and infection incidence

An exclusion criterion for patients in study population B, who were the study population for
Paper 3, was a history of renal replacement therapy in CPRD. This was revised for the
subsequent studies comprising this thesis by additionally excluding patients with a history

of renal replacement therapy identified in HES.

An additional sensitivity analysis was conducted post-publication exploring the impact of
this change in Paper 3. The final model for the association of CKD with infection incidence
adjusted for time-updated co-morbidities and the characteristics of diabetes was repeated
for each infection, additionally excluding patients with a history of RRT in HES. This
excluded an additional 62 patients, and 440 patients exited the study at an earlier date. The
effect estimates of the association between CKD and infection incidence were unchanged

(Appendix E).

8.5 How plausible is the observed prevalence of CKD?

The implications of any misclassification of CKD for estimating the association between CKD
and infection incidence were discussed in Paper 3. This additional discussion considers the
extent to which CKD may have been misclassified. First, the observed baseline prevalence
of CKD is presented. The vulnerabilities of the study definition of CKD status to
misclassification are briefly recapped, and the prevalence estimate is compared to the

existing literature.
8.5.1 Observed prevalence of CKD

Table 8.1 presents the baseline prevalence of CKD for study population B, which comprised
218,688 patients with diabetes 265 years with no history of renal replacement therapy
(including patients with missing data for smoking status, who were excluded from analysis

in Paper 3). The identification of study population B was described in 3.9.2.

Overall, 39.4% of the population had CKD of any stage as identified by either eGFR <60
ml/min/1.73m? or a history of proteinuria (86,192/218,688). The baseline prevalence of
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CKD stages 3-5 (eGFR<60 ml/min/1.73m?) was 31.6% (69,050/218,688). The prevalence of

a history of proteinuria was 12.7%, and showed a graded increase with reduced eGFR:

15.5% of patients with CKD stages 3-5 had a history of proteinuria (10,714/69,050).

Table 8.1 Prevalence of markers of chronic kidney disease (eGFR and a history of proteinuria) at study entry

No history of History of
eGFR proteinuria proteinuria Total
ml/min/1.73m? n (row %) n (column %)
<15 360 244 (40.4) 604 (0.3)
15-29 3,568 1,219 (25.5) 4,787 (2.2)
30-44 15,248 3,433 (18.4) 18,681 (8.5)
45-59 39,160 5,818 (12.9) 44,978 (20.6)
60-74 52,559 6,735 (11.4) 59,294 (27.1)
75-89 41,710 5,396 (11.5) 47,106 (21.5)
>90 15,511 2,685 (14.8) 18,196 (8.3)
None recorded 22,716 2,326 (9.3) 25,042 (11.5)
Total 190,832 27,856 (12.7) 218,688

eGFR, estimated glomerular filtration rate based on the single serum creatinine result at study entry

8.5.2 Comparison of the observed CKD prevalence to the literature

The overall 39.4% prevalence of any CKD (eGFR <60 ml/min/m? or proteinuria) observed in
the present study among people aged =65 years with diabetes appears to be broadly
consistent with large US studies which have pro-actively tested for CKD. The National
Health and Nutrition Examination Survey (NHANES) and the Kidney Early Evaluation
Program (KEEP) both found approximately 44% prevalence of any CKD (identified as eGFR
<60 ml/min/m? or albuminuria) among people aged 65 years in the US.[140] The NHANES
study identified a 39% prevalence of any CKD (using the same definition) among people
with diagnosed diabetes: although this estimate is not limited to older people, 44% of this

population were aged 260 years.[22]

The 31.6% prevalence of stage 3-5 CKD observed in this study is at the upper end of
international prevalence estimates of eGFR <60 ml/min/m? among people =65 years, which
range from 4.7% to 35.8%,.[141, 142] In England, the 2009/2010 Health Survey for England
pro-actively identified stage 3—5 CKD among 29% of men and 35% of women in the general
population aged >75 years.[16] The present estimate is higher, as would be expected, as

diabetes is as additional risk factor for CKD.

The 31.6% stage 3-5 CKD prevalence observed is also higher than estimates of CKD
prevalence among people with the general population with diabetes in the UK. The

National Diabetes Audit 2012/3 reported a prevalence of 20.1% (203,983/1,014,698) of
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CKD stages 3—-5 among patients with type 2 diabetes in England and Wales.[143] Studies of
adults with diabetes in the UK using routinely-collected electronic health records have
reported CKD stage 3-5 prevalence ranging from 18-31%.[18, 46, 144, 145] Although the
population with diabetes is older than the general adult population, age is a strong risk
factor for CKD and so the present study would still expect to observe a higher CKD
prevalence than these. A study in Salford reported that the prevalence of CKD stages 3-5
rose from 27.5% among all patients with diabetes to 49% among those aged 270 years

old.[144]

The 12.7% baseline proteinuria prevalence may be lower than expected for this study
population. The Health Survey for England 2009 tested a randomly selected sample of the
adult general population for albuminuria, and found a prevalence of 10% among men and
8% among women, rising to 26% of men and 18% of women aged 275 years.[16] In several
studies using electronic health records, low recording of proteinuria in routine records has
hindered assessment of proteinuria prevalence.[46, 144] However, in a study of patients
with diabetes in East London a proteinuria test result was recorded for 75% of all patients.
The prevalence of proteinuria was 8.6% among all patients tested, and 18.6% among all
patients with eGFR <60 ml/min/1.73m?2.[145] Our study found comparable results but
might be expected to be higher as the East London study was not limited to older people.
In a 2014 study of the general population in CPRD, the prevalence of proteinuria was 7.7%,
12.2%, 20.1% and 38.0% among patients with CKD stages 3a, 3b, 4 and 5, respectively, and
did not change over the study period, which spanned the introduction of QOF.[18] Our
study found higher prevalences (as might be expected given that diabetic nephropathy will
be more common in the study population of older people with diabetes), but both studies

are equally vulnerable to under-ascertainment.

8.5.3 How likely is misclassification of CKD status according to reduced eGFR?
GFR was estimated from serum creatinine test results using the CKD-EPI equation, adjusted
for Black ethnicity as described in 5.4.3.[102] This offers a precise and granular estimate of
eGFR status at the time of testing. There is still a risk of misclassification, however, as
serum creatinine testing was driven by the clinical status of the patient rather than the
needs of the study. The implications of this are discussed in depth in 5.4.4. Briefly, the
timing and frequency of creatinine testing may reflect a patient’s overall health status and
could even be directly related to incidence of infections. Serum creatinine levels fluctuate,
and may in particular be raised during a period of acute illness (for example due to AKl),

without existence of CKD. Basing classification on a single creatinine result tends to
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overestimate CKD prevalence.[118] Attempts to reduce this risk by requiring multiple
results over time to confirm chronicity of reduced eGFR risk under-estimation of CKD
among patients lacking repeat tests, which could result in ascertainment bias affecting

estimates of the association between CKD and infection incidence.

The main defence against this risk is complete and frequent routine testing of eGFR. Older
people with diabetes were expected to be a highly-monitored population, and the study
found that serum creatinine tests offered a relatively complete and frequently updated
source of GFR estimates for this population: 88.5% of study population B had a creatinine
test during follow-up, and 89% of creatinine tests were followed by another within the next
year. This summary figure masks a marked change in serum creatinine test completeness

before and after the introduction of QOF (5.4.4).

In Paper 3, GFR status at any given time was estimated from the single most recent serum
creatinine test (the last-carried-forward method). This is vulnerable to over-estimation of
CKD due to creatinine fluctuation and misclassification of AKI. Mimicking this approach, in
Table 8.1 baseline GFR was estimated from the first creatinine result after meeting

eligibility criteria for entry to the study population to allow comparison of this estimate to

existing literature.

8.5.4 How likely is misclassification of CKD status according to identification of
persistent proteinuria?
Proteinuria status was defined from a proteinuria test results and diagnostic Read codes for
proteinuria or proteinuric disease, as described in 5.5. Methodological issues in identifying
proteinuria status from routinely-collected primary care records are discussed in detail in
5.2 and 5.5. To summarise, there were three main issues. First, test results are
incompletely recorded in the coded dataset available to researchers, and negative test
results are known to be particularly incomplete. Second, a patient with persistent
proteinuria may have subsequent negative proteinuria tests (for example due to treatment
with ACE inhibitors), but the history of persistent proteinuria may still be a relevant marker
of increased clinical risk. Third, many records of proteinuria (such as test results) could

represent either transient or persistent proteinuria.

To mitigate the risk of ascertainment bias from uncoded negative test results, it was
assumed that absence of a positive test result implied a negative proteinuria status. This
may have resulted in under-estimation of proteinuria prevalence due to misclassification of

patients with proteinuria but no recorded test result.
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To address the second issue, a single positive result defined a history of proteinuria for the
rest of the patient’s time in the study. Any misclassification of transient proteinuria as
persistent proteinuria therefore had the potential to cause appreciable over-estimation of
proteinuria status over the study period. To address this, proteinuria test results (and any
Read codes which did not explicitly define persistent proteinuria) were excluded if
recorded on the same day as a urinary tract infection, as this is a major cause of transient
proteinuria. In addition, a cautious approach was taken to identifying positive results which
included: not classifying trace results as positive, extensive data cleaning for internal
consistency of records, and not including diagnostic codes for diabetic nephropathy in the
codelist for proteinuria identification. If this approach was overly cautious, this may have

resulted in under-ascertainment of proteinuria due to exclusion of positive records.

Proteinuria prevalence was therefore vulnerable to both under- and over-estimation. Many
of the patients with an identified history of proteinuria had this status defined by a single
record, many of which were test results, which potentially identify only transient
proteinuria (5.5.4). It is hard to interpret whether this is due to the cautious approach to
including positive proteinuria records (which would suggest under-estimation of
proteinuria prevalence) or misclassification of some patients with transient proteinuria as
having persistent proteinuria (which would cause over-estimation of proteinuria

prevalence) but both may be partly responsible.
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Chapter 9. The effectiveness of pneumococcal and influenza
vaccinations in preventing community-acquired LRTI and

pneumonia
This chapter presents a study of the extent to which the burden of community-acquired
LRTI and pneumonia among older people with diabetes may be preventable with
pneumococcal and influenza vaccination, and whether this varies according to CKD status

(objective 4). The study-specific methods and results are presented in a draft article.

An ethics application has been made to the Royal College of General Practitioners Research
and Surveillance centre requesting the dates of the first week in which 10% of nose and
throat specimens sent as part of the RCGP influenza surveillance scheme tested positive for
influenza virus, for each year of the study period.[146] This data would allow the definition
of ‘winter’ in the analysis of influenza vaccine effectiveness to be tailored to the influenza
season for each year. If the application is accepted, these data will be used to refine the
draft article before submission. If not, the article will be submitted for publication as it
stands. These data will not be obtained within the timeframe of the thesis, and so the draft

paper is included in this thesis.
9.1 Introduction to Paper 4

This draft paper presents a retrospective cohort study to identify the vaccine effectiveness
of pneumococcal vaccine against all community-acquired pneumonia, and of influenza
vaccine against community-acquired LRTI, and whether these vary according to markers of
CKD. The study population comprised 191,672 patients aged 265 years with diabetes
mellitus and a valid serum creatinine result during follow-up, with no history of renal

replacement therapy (study population B), identified as described in 3.9.2.

The outcomes were acute, community-acquired lower respiratory tract infection (LRTI), and
pneumonia (as a subset of LRTI). Methods used to identify community-acquired infection
incidence were detailed in Chapter 4. Pneumococcal and influenza vaccinations were
identified as described in the draft paper. CKD was identified by a history of proteinuria or
reduced estimated glomerular filtration rate (eGFR) as described in Chapter 5. Incidence
rate ratios were adjusted for a priori potential confounders of the association between
markers of vaccination and infection. Detailed definitions of these confounders are

described in Chapter 6.
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9.2.1 Abstract

Objective: We aimed to estimate the effectiveness of influenza and pneumococcal
vaccination to reduce the burden of community-acquired lower respiratory tract infection
(LRTI) among older people with diabetes, and whether this varied with chronic kidney
disease.

Research design and methods: We used linked UK electronic health records for a

retrospective cohort study of 190,492 patients 265 years with diabetes mellitus and no
history of renal replacement therapy, 1997-2011. We included community-acquired LRTIs
managed in primary or secondary care. Infection incidence rate ratios were estimated using
Poisson regression. Pneumococcal vaccine effectiveness (VE) was calculated as (1 - effect
measure). To estimate influenza VE a ratio-of-ratios analysis (winter effectiveness/summer
effectiveness) was used to address confounding by indication. Final estimates of VE were
stratified according to estimated glomerular filtration rate and proteinuria status.

Results: Neither influenza not pneumococcal vaccine uptake varied according to CKD status
among older people with diabetes. Pneumococcal VE was 22% (95%Cl 11-31) against
community-acquired pneumonia for the first year after vaccination, but was negligible after
five years. Using a ratio-of-ratios analysis, current influenza vaccination had 7%
effectiveness for preventing community-acquired LRTI (95%Cl 3—12). Pneumococcal vaccine
effectiveness was lower among patients with a history of proteinuria than patients without
proteinuria (p=0.04), but otherwise this study did not identify variation in pneumococcal or
influenza VE according to markers of CKD.

Conclusions: The public health benefits of influenza vaccine may be modest among this
population. Pneumococcal vaccination protection against community-acquired pneumonia

declines swiftly: annual vaccination schedules should be investigated.
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9.2.2 Introduction
Hospital admissions for pneumonia are rising rapidly in the UK, most steeply among older
people.[9] Older people with diabetes have a particularly high burden of lower respiratory

tract infection (LRTI) and pneumonia.[147]

Directly or indirectly, Streptococcus pneumoniae (‘pneumococcus’) and seasonal influenza
viruses are responsible for a large burden of community-acquired pneumonia.
Pneumococcus is the commonest cause of community-acquired pneumonia among older
people.[91] Up to a third of community-acquired pneumonia may be influenza-related, due
to bacterial co-infection or secondary bacterial pneumonia.[148] Vaccination is available
against both these pathogens, and recommended in the UK for everyone aged >65
years.[149] However, the extent to which these vaccines protect against pneumonia among

older people remains unclear for both vaccines.

The effectiveness of pneumococcal vaccination against all-cause pneumonia among older
people is unclear, and meta-analyses have been hampered by unexplained
heterogeneity.[150-152] Waning immunity among vaccinated participants has been
suggested as a possible cause, but few estimates are available of pneumococcal vaccine

effectiveness (VE) according to time since vaccination.[153]

Traditional observational studies of influenza VE among older people may have over-
estimated influenza VE due to uncontrolled confounding by indication, in which the
patient’s functional status affects vaccine uptake.[154-156] Observational studies which
have used strategies to control confounding by indication (such as a “ratio-of-ratios”
analysis in which the excess influenza VE during winter compared to summer is calculated)
have suggested a null or modest influenza VE against community-acquired pneumonia

among older people.[154, 157-159]

Older people with diabetes have a high prevalence of chronic kidney disease (CKD).[160]
Even at early stages, patients with CKD have increased incidence of LRTl and
pneumonia.[125, 160, 161] Patients with CKD have a generally reduced response to
vaccines, and a faster decline in antibody levels following vaccination.[30] A ratio-of-ratios
analysis of influenza VE found no evidence of any protection against influenza-like-illness,
influenza/pneumonia hospitalisation, or mortality among patients receiving
haemodialysis.[162] Influenza VE at earlier stages of CKD is unclear, and still less is known

about pneumococcal VE among patients with CKD.[27, 30]
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We aimed to describe the extent to which the burden of community-acquired LRTI and
pneumonia among older people with diabetes may be preventable with pneumococcal and
influenza vaccination, and whether this varied according to CKD status. We conducted a
retrospective cohort study using linked primary and secondary care electronic health
record to calculate the vaccine effectiveness of pneumococcal vaccine against all
community-acquired pneumonia. Since influenza vaccine may potentially reduce incidence
of both influenza infection and secondary pneumonia, we calculated the influenza VE to
prevent all community-acquired LRTI (considered as a broad category of all ‘chest
infections’, including influenza infections, and possible secondary infections such as
bronchitis and pneumonia), using a ratio-of-ratios analysis to address confounding by

indication.

9.2.3 Research design and methods

Data sources

We analysed data from the Clinical Practice Research Datalink (CPRD), a database of
anonymised primary care medical records. Data were extracted in May 2011, and
contained records for 12.8 million patients at 627 practices across the UK.[68] Records
include patient demographics, health behaviours, test results, diagnoses, and prescriptions.
Diagnoses are recorded using Read codes, and have generally been found to have good
positive predictive value in validations.[72] The CPRD population is similar to the general

UK population in terms of age and sex.[66, 67]

Linked data are available for patients in England, subject to practice-level consent. This
study used linked data on all hospital inpatient admissions to NHS hospitals in England from
Hospital Episodes Statistics (HES), and socio-economic status from the Office for National

Statistics (ONS).[75, 163]

Study population

The study population comprised all patients in CPRD with diabetes mellitus, aged 265
years, with no history of renal replacement therapy, who had at least one valid serum
creatinine result recorded in primary care. Diabetes was identified by diagnostic Read
codes. For less definitive Read codes, we required confirmation with an antidiabetes

medication prescription, as described in detail previously.[147]

Patients met eligibility criteria at the latest time-point of: diabetes diagnosis, 65 birthday,
one year after practice registration, practice fulfilling CPRD quality control standards, or 1

April 1997. Their study entry date was their first valid serum creatinine result after the
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eligibility criteria were met. Patients left the study at the first time-point of: death, leaving
the practice, last data collection from the practice, renal replacement therapy (dialysis or
renal transplant), or 31 March 2011. Patients with a diagnosis of HIV or hyposplenia
(including coeliac disease or sickle cell disease) at any point in their medical record were

excluded from the study.

Definition of infections

Lower respiratory tract infection was defined as a broad category of all infections of the

lower respiratory tract, including influenza infections, bronchitis and pneumonia.

A clinical diagnosis of infection was identified by a diagnostic Read code in primary care
records, or a diagnostic International Classification of Disease 10 (ICD-10) code as the
primary cause of hospital admission in secondary care records. To avoid overestimation
from repeat attendances for the same infection, diagnostic codes recorded within 28 days
of one another were attributed to a single episode of infection. The first consultation for
infection was treated as the date of infection onset, and the infection had duration until 28
days after the latest of the last diagnostic code or hospital discharge. All infections with
onset date during a HES hospitalisation spell, or within 14 days following hospital discharge,
or which included a code for postoperative infection, were designated hospital-acquired,

and excluded. These methods have also been described in detail previously.[5]
Time at risk

Patients were not at risk of incident community-acquired infection during ongoing infection
(community- or hospital-acquired), during any hospitalisation, or within 14 days following
hospital discharge. These time periods were removed from time at risk. As pneumonia was

a subset of LRTI, a patient could be at risk of pneumonia during an ongoing LRTI.

Assignment of vaccination status

Vaccination status was identified from primary care records using Read codes, prescription

data, and immunisation record forms.

For pneumococcal vaccination, any of these records could define a first vaccination, and
any subsequent prescription could identify a booster vaccination. Time-updated
pneumococcal vaccination status was classified according to time since the latest

pneumococcal vaccination (<1 year, 1 —5 years, 25 years, never vaccinated).

Time-updated influenza vaccination status was assigned within vaccination years (1

September to 31 August). Within each vaccination year, influenza vaccination status was
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current from the first vaccination record to the subsequent 31 August. Patients without a
current vaccination who had received an influenza vaccination within any of the previous
five vaccination years were classified as having ‘residual’ influenza vaccination status, and

other patients were categorised as unvaccinated.

Definition of CKD

We studied two markers of CKD: estimated glomerular filtration rate (eGFR) and
proteinuria. Estimated GFR was calculated from serum creatinine test results in primary
care, using the CKD-EPI equation, including adjustment for Black ethnicity.[102] Estimated
GFR status was time-updated using a last-carried-forward method, with eGFR status

assigned according to the most recent creatinine result.[125]

A history of proteinuria was established from a Read code for persistent proteinuria or
proteinuric disease, or a positive test result which did not coincide with a urinary tract

infection diagnosis.

Definition of covariates

Age was categorised in five-year bands up to a final category of 285 years. Socio-economic
status was assigned at a practice level, using 2007 ONS estimates of the Index of Multiple
Deprivation, a composite area-level marker of deprivation.[163] Smoking status was
identified as current, ex-smoker or non-smoker from HES or CPRD records. Co-morbidities
were identified from diagnostic Read codes in CPRD and were modelled as separate
variables which were: ischaemic heart disease, congestive cardiac failure, hypertension,
cerebrovascular disease, other dementia, chronic lung disease (which included chronic
obstructive pulmonary disease and other non-reversible lung disease, but not asthma),
chronic liver disease. Baseline HbA1C was defined by the most recent HbA1C test result in
CPRD prior to (or on) the study entry date. Baseline medication history was identified from

CPRD prescription records.

Data analysis

Analysis was conducted separately for pneumococcal vaccine effectiveness against

pneumonia and for influenza vaccine effectiveness against LRTI.

We excluded patients with missing smoking status. For co-morbidities and proteinuria
status, absence of a positive record was treated as absence of disease. Absence of a

recorded HbA1C test result was included as indicating a relevant category of control.
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Incidence rates and rate ratios were calculated for each infection using Poisson regression
with lexis expansions for age, and a random effects model to adjust for multiple infection
episodes. We adjusted models for pre-specified a priori confounders of the association
between vaccination status and respiratory infection, and/or the relationship between
chronic kidney disease and respiratory infection. These were: age, sex, socio-economic
status at practice level, residential or nursing home care, baseline smoking status, time-
updated co-morbidities, steroid use in the 3 months prior to study entry, HbA1C and
diabetic medication history at baseline, and date prior to or post 1 April 2004 (when Quality
Outcomes Framework guidelines introduced financial incentives for recording CKD status
among people with diabetes in primary care which may have improved ascertainment of

CKD in primary care).[20]

For pneumococcal vaccine, vaccine effectiveness was calculated as (1 — effect estimate). To
explore waning of immunity we described pneumococcal VE according to time since

vaccination.

To control for confounding by indication in influenza vaccination we estimated the ratio of
influenza VE in summer to influenza VE in winter in a “ratio-of-ratios” analysis by including
an interaction term between influenza vaccination status and season, and reporting the
antilog of the beta coefficient for the interaction term.[162] Winter was defined as 1

September to 31 March, to capture excess winter influenza-like-illness.[164]

Final estimates of VE were stratified by time-updated eGFR and history of proteinuria, as

markers of CKD.
Stata version 13.1 was used for data analyses. All code lists are available on request.

Sensitivity analyses

Pneumococcal vaccination has been recommended for patients with CKD in the UK since

1992, but in 2003 the recommendation was extended to everyone aged 265 years.[149] As
a sensitivity analysis we estimated pneumococcal VE separately for the periods before and
after 31 March 2003 (to avoid separating the 2002-3 winter season) to check for bias from

secular changes in vaccine uptake.

The match of influenza vaccine strain to circulating influenza varies each year, which affects
vaccine effectiveness.[162] As a sensitivity analysis, we estimated influenza VE separately

for each winter.
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We conducted a sensitivity analysis of influenza VE excluding patients with chronic lung
disease or congestive heart failure, as the relationship of influenza to LRTI aetiology for

these patients may differ from that among the general population.
Ethics

The study was approved by the Independent Scientific Advisory Group of the CPRD (ISAC
reference 11_033A) and the London School of Hygiene & Tropical Medicine Ethics
Committee (LSHTM reference 6116).

9.2.4 Results

Of 193,470 eligible patients, 1,049 patients with a diagnosis of HIV or hyposplenia, 1,764
patients with no smoking status available, and 165 patients who had a record of
pneumococcal vaccine administration with a missing date, were excluded from both
analyses (Figure 1). For both pneumococcal and influenza vaccinations, unvaccinated
patients had a lower recorded prevalence of ischaemic heart disease and chronic lung
disease than vaccinated patients. Unvaccinated patients may have had poorer diabetic
control than vaccinated patients: a higher proportion had poor or unrecorded HbA1C
status, and a lower proportion had a history of both oral antidiabetes medication and
insulin prescription than vaccinated patients. Prevalence of chronic kidney disease was
similar for vaccinated and unvaccinated patients, although unvaccinated patients had a

slightly lower prevalence of a recorded history of proteinuria (Table 1).

Pneumococcal vaccine

190,492 patients contributed 811,498 person-years to the pneumococcal vaccine analysis,
during which there were 7,805 pneumonia episodes among 7,036 people. At study entry,
58.3% of patients (111,016/190,492) were vaccinated against pneumococcal disease (Table
1). Baseline pneumococcal vaccination increased among patients who entered the study

after 2003—4, and did not differ according to eGFR at baseline (Figure S1).

Crude rates of pneumonia were lowest among patients within a year of pneumococcal
vaccine. The adjusted effectiveness of pneumococcal vaccine for preventing pneumonia
was 22% (95% Cl 11-31) within the first year after vaccination, and fell with increasing time
since vaccination. Pneumonia incidence among patients vaccinated more than 5 years
previously was similar to that among patients with no record of vaccination (incidence rate
ratio, IRR 1.03: 95% Cl 0.95-1.11). There was the suggestion of a trend of decreased
pneumococcal vaccine effectiveness among patients with reduced eGFR, but this was not

statistically significant. There was evidence for a greater protective effect of pneumococcal
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vaccine among patients without a history of proteinuria than with a history of proteinuria

(Table 2).

A sensitivity analysis of pneumococcal VE stratified by date before or after 1 April 2003
suggested that the estimate was not affected by the change in vaccine recommendation in

2003 (Table S1).

Influenza vaccine

For the influenza vaccine effectiveness analysis, 190,459 patients contributed 803,230
person-years to time at risk, during which there were 114,313 cases of LRTI among 55,685
patients. At study entry, 65.2% of patients (124,130/190,459) had received a current
vaccination against influenza (Table 1). Baseline influenza vaccination status increased

slightly over time, and did not differ by eGFR status (Figure S2).

Vaccinated patients had a higher crude incidence of LRTI than unvaccinated patients, in
winter and summer. After adjustment for age, sex, co-morbidities, pneumococcal
vaccination, and characteristics of diabetes, the winter incidence rate of LRTI was higher
among patients with a current influenza vaccine than unvaccinated patients (IRR 1.19:
95%Cl 1.15-1.23) and among patients with residual influenza vaccination than
unvaccinated patients (IRR 1.23: 95%Cl 1.18-1.28). Similar, or higher, adjusted incidence
rate ratios were observed in summer. Using the ratio-of-ratios analysis, a 7% effectiveness
of current influenza vaccine (95% Cl 3—-12) and a 12% effectiveness of residual influenza
vaccination (95% Cl 7-17) to prevent community-acquired LRTI were observed. There was
no evidence to suggest a relationship between vaccine effectiveness and eGFR nor

proteinuria (Table 3).

Similar results were obtained in sensitivity analyses of influenza VE stratified by year (Table
$2), and excluding patients with chronic lung disease and congestive heart failure (Table

s3).

9.2.5 Conclusions

Pneumococcal vaccine had 22% (95%Cl 11-31) effectiveness against community-acquired
pneumonia within the first year after vaccination. Pneumonia incidence among patients
vaccinated more than 5 years previously was similar to that among patients with no record
of vaccination (incidence rate ratio, IRR 1.03: 95%Cl 0.95-1.11). Community-acquired LRTI
rates were higher among patients who received an influenza vaccination than among
patients who did not, and this relationship remained after adjustment for age, sex, co-

morbidities and characteristics of diabetes, and was observed in both summer and winter.
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Using a traditional analysis, a negative vaccine effectiveness of influenza vaccine to prevent
community-acquired LRTI would have been observed. However, using a ratio-of-ratios
analysis, a 7% effectiveness (95% Cl 3—12) of current influenza vaccine against community-
acquired LRTI was observed. There was no evidence of a trend in influenza vaccine
effectiveness according to CKD status, however there was evidence that the protective
effect of pneumococcal vaccine was greater among patients without a history of

proteinuria than patients with a history of proteinuria.

Previous meta-analyses have found insufficient evidence for a protective effect of
pneumococcal vaccine against all-cause pneumonia among the adult population due to
heterogeneity.[150-152] A subgroup analysis of a large Spanish cohort study found that
only recent pneumococcal vaccination (<5 years) protected against hospitalisation for all-
cause community-acquired pneumonia (hazard ratio 0.75; 95% Cl 0.58—0.98) among the
general population aged 260 years.[153] The authors suggested that the heterogeneity
observed in meta-analyses might be explained by waning immunity among the vaccinated
population. Our results support this view and suggest that pneumococcal vaccination
appears to be effective against all-cause community-acquired pneumonia for a year
following vaccination among people aged 265 years with diabetes, after which time we

observed a decrease in pneumococcal vaccine effectiveness to a null effect after five years.

Previous cohort studies among older people have provided evidence of a “healthy vaccinee
effect”, in which higher vaccine uptake among healthier patients resulted in likely over-
estimation of influenza VE.[154-156, 165] Evidence suggesting a healthy vaccinee effect has
also previously been found among older people with diabetes.[166-170] In contrast, we
observed higher rates of LRTI among patients who had received an influenza vaccination
than among unvaccinated patients: our vaccinated patients appear, on this outcome
measure, to be less healthy than unvaccinated patients. This finding is intriguing. The major
difference between our study and most previous studies of this question is that we have
included community-acquired LRTIs diagnosed and managed in both primary and
secondary care. One possible explanation of the difference is that vaccination may reflect
health-seeking behaviour in primary care. When patients develop symptoms of LRTI,
patients who attend primary care for diagnosis and treatment may also be patients who
were more likely to take up the influenza vaccine. This ascertainment bias may be less
relevant to studies with hospitalisation as an outcome - or could even be reversed, as
vaccinated patients who attended primary care promptly with LRTI may be less likely to

require hospital admission. An alternative explanation is that the healthy vaccinee effect
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observed in studies of hospitalisation for LRTl/pneumonia may reflect residual confounding
by ‘frailty’ in which frailer patients are less likely to take up vaccination and more likely to
be admitted to hospital when they develop infection. This would be less relevant to
diagnosis of LRTI in primary care, and so our outcome may be less vulnerable to residual

confounding by indication.

Our “ratio-of-ratios” estimate suggested 7% VE of current influenza vaccination against
LRTI among older people with diabetes (95% ClI 3—12). Previous studies using similar
strategies among the general population of older people, have found no evidence of
influenza VE against community-acquired pneumonia (VE 8%: 95% Cl -10-23%), and
evidence of a modest protection against influenza-related excess hospitalisation with
pneumonia/influenza (VE 19%: 95% Cl 4-31%).[158, 159] Our estimate is consistent with
both these estimates, and the difference may be due to the higher precision available for

the present study due to the large cohort size.

Our results suggested that pneumococcal VE may be reduced among patients with a history
of proteinuria. We did not find any evidence of altered influenza VE among patients with
CKD, but this may be due to limited power for the stratified ratio-of-ratios analysis. To the
best of our knowledge, neither pneumococcal VE against pneumonia nor influenza VE
against LRTI using methods to control for confounding by indication have previously been
studied among patients with CKD who are not receiving dialysis. Studies of patients
receiving dialysis may give some indication as to whether alteration of VE with CKD status is
likely. A large observational study of pneumococcal vaccine found no evidence of
effectiveness against hospitalisation for pneumonia or respiratory infections among
patients receiving dialysis.[171] A study of influenza vaccine which calculated a ratio-of-
ratios VE comparing influenza effectiveness in years with good match between the vaccine
and circulating strain to effectiveness in a poorly-matched ‘placebo year’ found no
evidence of protection against influenza/pneumonia hospitalisation among patients
receiving haemodialysis (VE 2%: 95% CI -2—5).[162] These studies suggest that the

suggestion of reduced pneumococcal VE associated with CKD is plausible.

This study has several strengths. We used large, linked datasets with a careful definition of
infection episodes to identify community-acquired infections managed in primary or
secondary care, and excluded hospital-acquired infections and hospitalisation from time at
risk. This avoids differential hospital attendance patterns biasing estimates of VE according
to markers of CKD.[107] We adjusted for a wide range of co-morbidities, and conducted a

ratio-of-ratios analysis for influenza VE to address confounding by indication. We described
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the effect of pneumococcal vaccine according to time since vaccination, including booster
doses, to identify waning immunity following vaccination. Our study population of older
people with diabetes is well-monitored for CKD,[46] and this permitted us to explore the
relationship of influenza and pneumococcal VE with CKD among patients not receiving

dialysis, which we believe is novel.

As an observational study of vaccine effectiveness using routinely-collected health record
data, the study has limitations. We may have under-ascertained vaccinations, proteinuria
and co-morbidities: however, the selection of a highly monitored study population should
minimise this risk, and the high prevalence of each we observed suggests that this was not
a major source of misclassification. Despite adjustment for multiple co-morbidities, residual
confounding by indication may remain in the pneumococcal VE analysis. Despite our use of
large, linked datasets, we had limited power to estimate the relationship of VE according to

CKD status, especially in a ratio-of-ratios influenza VE analysis.

Our findings have implications for clinical practice, public health and future research. As
LRTI and pneumonia are typically diagnosed clinically in general practice, without
microbiological testing for the causative pathogen, we studied broad LRTI/pneumonia
outcomes, in common with previous observational studies of influenza VEff. Our results
should not be interpreted as demonstrating that influenza and pneumococcal vaccines are
ineffective against their specific pathogens among this population. As such, the results
should not discourage patients nor health professionals from influenza and pneumococcal

vaccination.

Our study question was the extent to which the burden of community-acquired LRTI may
be preventable with vaccination and our results suggest that the growing burden of
community-acquired LRTI and pneumonia among this population cannot be easily tackled
by increasing uptake of existing routine vaccination programmes. This is relevant for public
health — both in planning health service provision and designing effective strategies to
prevent illness. It should also prompt a call for research into more effective immunisation
strategies and vaccination schedules. Our findings suggest that protection against
pneumonia may be improved by a more frequent, perhaps even annual, pneumococcal
vaccination schedule among older people with diabetes. The low influenza VE we observed
against community-acquired LRTI, when contrasted with the large burden of infection
directly and indirectly attributed to influenza, suggests scope for improved influenza

immunisation among this population, for example with adjuvants. The finding of reduced

[181]



pneumococcal VE among patients with proteinuria is novel, and further research is needed

to confirm the relationship between CKD and influenza and pneumococcal VE.
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Table 9.1 Baseline description of study population

Pneumococcal vaccine

Influenza vaccine status at baseline

status at baseline n=190,459
n=190,492
Never Vaccinated Unvaccinated Currently Residual 1-5
vaccinated n=111,016 i vaccinated years
n=79,476 n=32,552 n=124,130 n=33,777
Age in years, median (IQR) 71 (66-77) 72 (66-78) 71 (66-77) 72 (66-78) 71 (66-78)
n (%) n (%) n (%) n (%) n (%)
Female gender 40,308 (50.7) 53,146 (47.9) 16,603 (51.0) 60,019 (48.4) 16,813 (49.8)
Socio-economic status?
1 (least deprived) 13,701 (17.2) 19,912 (17.9) 5,618 (17.3) 22,181 (17.9) 5,809 (17.2)
2 14,666 (18.5) 19,591 (17.7) 5,799 (17.8) 22,394 (18.0) 6,058 (17.9)
3 16,156 (20.3) 23,329 (21.0) 6,567 (20.2) 25,957 (20.9) 6,956 (20.6)
4 17,758 (22.3) 25,481 (23.0) 7,312 (22.5) 28,128 (22.7) 7,789 (23.1)
5 (most deprived) 17,195 (21.6) 22,703 (20.5) 7,256 (22.3) 25,470 (20.5) 7,165 (21.2)
Residential care 1,697 (2.1) 3,274 (3.0) 436 (1.3) 3,516(2.8) 1,016 (3.0)

Smoking status
Non-smoker
Current smoker
Ex-smoker
Co-morbidities
Ischaemic heart disease
Congestive cardiac
failure
Hypertension
Cerebrovascular disease
Other dementia
Chronic lung disease
Chronic liver disease
Steroid use in previous 3
months
Latest HbA1C status
None recorded
Good <7%
Intermediate 7-10%
Poor >10%

38,078 (47.9)
13,901 (17.5)
27,497 (34.6)

18,886 (23.8)
5,935 (7.5)

46,626 (58.7)
9,714 (12.2)
1,437 (1.8)
4,016 (5.1)
402 (0.5)
2,870 (3.6)

11,202 (14.1)
34,669 (43.6)
27,935 (35.2)

5,670 (7.1)

Antidiabetes medication history

None

Oral

Insulin

Oral and insulin
Latest eGFR

<30

30-44

45-59

>60
History of proteinuria

No

Yes

38,755 (48.8)
33,623 (42.3)
2,889 (3.6)
4,209 (5.3)

2,098 (2.6)
7,558 (9.5)
18,678 (23.5)
51,142 (64.4)
71,095 (89.5)

8,381 (10.6)

44,713 (40.3)
16,439 (14.8)
49,864 (44.9)

34,415 (31.0)
10,018 (9.0)

71,311 (64.2)
14,469 (13.0)
1,956 (1.8)
10,881 (9.8)
734(0.7)
5,560 (5.0)

10,620 (9.6)
53,305 (48.0)
41,354 (37.3)

5,737 (5.2)

50,517 (45.5)
46,949 (42.3)
4,136 (3.7)
9,414 (8.5)

2,986 (2.7)
10,607 (9.6)
25,508 (23.0)
71,915 (64.8)
94,128 (84.8)

16,888 (15.2)

15,449 (47.5)
6,252 (19.2)
10,851 (33.3)

6,825 (21.0)
2,175 (6.7)

18,644 (57.3)
3,612 (11.1)
322 (1.0)
1,515 (4.7)
168 (0.5)
1,039 (3.2)

4,872 (15.0)
13,621 (41.8)
11,389 (35.0)

2,670 (8.2)

16,463 (50.6)
13,613 (41.8)
1,024 (3.2)
1,452 (4.5)

767 (2.4)
2,932 (9.0)
7,337 (22.5)
21,516 (66.1)
29,231 (89.8)

3,321 (10.2)

52,782 (42.5)
18,327 (14.8)
53,021 (42.7)

36,761 (29.6)
10,721 (8.6)

78,252 (63.0)
16,021 (12.9)
2,326 (1.9)
10,530 (8.5)
729 (0.6)
5,841 (4.7)

13,317 (10.7)
58,741 (47.3)
45,383 (36.6)

6,689 (5.4)

58,195 (46.9)
51,914 (41.8)
4,687 (3.8)
9,334 (7.5)

3,337 (2.7)
11,964 (9.6)
29,039 (23.4)
79,790 (64.3)

107,212
(86.4)
16,918 (13.6)

14,543 (43.1)
5,756 (17.0)
13,478 (39.9)

9,713 (28.8)
3,065 (9.1)

21,024 (62.2)
4,540 (13.4)
729 (2.2)
2,851 (8.4)
240 (0.7)
1,544 (4.6)

3,627 (10.7)
15,596 (46.2)
12,509 (37.0)

2,045 (6.1)

14,598 (43.2)
15,031 (44.5)
1,314 (3.9)
2,834 (8.4)

977 (2.9)
3,254 (9.6)
7,806 (23.1)
21,740 (64.4)
28,735 (85.1)

5,042 (14.9)

HbA1C, glycated haemoglobin; eGFR, estimated glomerular filtration rate ml/min/1.73m?
1. Not vaccinated within the 5 previous years.

2. Index of multiple deprivation for primary care practice location
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Table 9.2 Pneumococcal vaccine effectiveness against pneumonia (n=190,492)

Pneumococcal vaccination status

Never < 1year 1-4years 25years
Person-time (years) 189,776 51,397 275,841 294,484
Infections (n) 1,661 326 2,255 3,563
Crude pneumonia rate /1,000 9.0 6.6 8.7 13.6
person-years (95% Cl) (8.6-9.5) (5.9-7.3) (8.3-9.1) (13.1-14.1)
Adjusted! pneumonia rate ratio 1 (reference) 0.78 0.92 1.03
(95% Cl) (0.69-0.89) (0.85-0.99) (0.95-1.11)
Vaccine effectiveness ! % (95% Cl) 0 (reference) 22 (11-31) 8 (1-15) -3(-11-5)
Vaccine eGFR <30 0 (reference) 6 (-40-37) 4(-22-25) 6(-19-26)
effectiveness! % eGFR 30-44 O (reference) 16 (-12-37) 1(-18-17) -7 (-27-11)
(95% Cl) eGFR 45-59 0 (reference) 21(-1-38) 9 (-6-21) -1(-17-14)
stratified by eGFR  eGFR 260 0 (ref) 26 (11-39) 12(2-22) -3(-15-8)
(ml/min/1.73m?) P (test for — 0.25 0.49 0.07
trend) 2

Vaccine No 0 (ref) 28 (16-38) 13(5-20) 1(-8-10)
effectiveness' %  proteinuria

(95% Cl) Proteinuria 0 (ref) 2 -6 -19
stratified by (-25-23) (-23-9) (-38--3)
proteinuria status P — 0.04 0.03 0.04

(interaction) 3

1. Adjusted for: age, sex, socio-economic status at practice level, residential care, date post 1 April 2004,
smoking status, time-updated co-morbidities (ischaemic heart disease, congestive cardiac failure, hypertension,
cerebrovascular disease, other dementia, chronic lung disease, chronic liver disease), time-updated CKD status
(eGFR, proteinuria), steroid use in the 3 months prior to study entry, influenza vaccination status, and HbA1C

and diabetic medication history at baseline.

2. Wald test for interaction term of pneumococcal vaccine with eGFR.

[184]



[s8T]

(sz-0) ¥T
(og-91-) OT
(L1-2) TT

(€z-1-) 1
(LT—L1-) L
(z1-€) ¢

(@2uau8424) 0
(s2uausyal) 0
(@2uau84a4) 0

Yv—0€ H459
0€>4d9H°

[|e4an0

(1D %S6) % soneu a1ea UPIdUI JO O13eJ UO paseq A

(e6'0—¥£°0) €8°0
(s6'0—+8'0) 06°0
(96'0—€8'0) 68°0
(86°0-8£°0) £L8°0
(00'T-S2'0) 98°0
(91'1-0£'0) 06°0
(€6°0-€8°0) 88°0

(00'T-18°0) 06°0
(66'0—88°0) €6°0
(z0'1-68°0) S6°0
(66°0-18°0) 06°0
(t0'T-££0) 88°0
(£T'T-€L°0) €60
(£L6°0-88°0) €60

(Souauaya4) T
(@2uauayal) T
(@2uauayal) T
(CRIVEICIE )
(@2uauayal) T
(@2uauayal) T
(CRIVEICIE ) g

BlINUIS104d
el nuialold oN
09 2 Y499
65—St 4499
7v—0€ Y499
0€> 4493

el nuiayoud
Aq paynens

LWEL T/UIW/|w
4499

Aq paynens
JEELe)

(1D %S6) 49WWINS /193UIM SO1IE. DB DIUBPIDUI JO OlleY

(8€T-LT'T) LTT
(LzT-9T'1T) 22T
(eeT-0CT)9C'T
(o€'T-2T'1) 02T
(eeT-80°T)0T'T
(E¥'T-10'T) 0C'T
(8TT-8T'T) €C'T

(eeT-vT'T) €CT
(ETT-€TT)8TT
(LzT-ST'T)TCT
(ST1-60T)9T'T
(zeT-0T'T)0C'T
(8€'T-66'0) LT'T
(€TT-STT)6T'T

(@2usuayal) T
(souausyal) T
(@2uauayal) T
(CRIVEICIE) I
(@2uauaya) T
(@2uauayal) T
(CRIVEICIE) g

(89'T-€€°T) 0S'T
(St'T-0€'T) 9€°'T
(esT-CeT) vt
(95°'T-92°T) OV'T
(TS T-€TT) TET
(S9'T-T0'T) 62T
(L' T-T€T) 6E°T

(6’ T-6T'T) €E'T
(S€'1-02°1T) LTT
(LeT-6TT) LTT
(9r'1-6T°T) ZE'T
(s¥'T-0T'T) LT°T
(zs'1-v6'0) 02T
(SE'T-12°1)8CT

(sousuayel) T eLnuIalod
(soususyel) T eunuialosd oN
(2ouasajel) T 09 2 Y499
(22uaia)al) T 6S—G¥ Y499
(2ouasajel) T ¥v—0€ Y499
(sousuayel) T 0€> Y499

(2uausyel) T

elnuialoud
Aq paynens

JMIELT/UIW/|w
4499

Aq payiiens
IBEWs)

(1D %S6) onled aied | LY parsnipy

(1S T-0v'T) SP'T

(V' T-vET) 8E'T

(@2uauayal) T

(S£°1-85°T)99°T

(09'1-S¥'T) ¢S'T

(sousuayel) T

(1D %S6) ones aies | 147 apnJ)

(7’661 (7’681 (z6eT (Tver (6'CTT

-9°'T6T) §'G6T —°'S8T) T'/L8T —€'0€T) 8'vET —-¥'8TT) €'1¢T —-C'60T)O'TTT (5'9/-5'69) 0°€L (12 %S6) Ad 000T/ @184 |1Y1 dpNID
006°CT LL0T9 TSL'S 9618 9zLTT €9€C (u) suondayu
8TL0L 99/°SSE TsELY v0L'VL 9SY'61T €e€T'se (s1eaA) swi-uosiad
siedh G-T |enpisay uaain) Jonau fsieah g<  sueah g-T |enpisay uaaIn) Jonau fsiealh g<

snjejs uoljeuldden ezuanjjuj

J2IUIM

snjejs uoljeuiddeA ezuanjjuij

Jawwing

(6S‘06T=U) uoseas Aq |1Y7 JuaA3.d 03 SSUIAINIDD BUIIIBA BZUSN[JUI PUE SAleJ |1YT €°6 d|qel



[98T]

"aul|aseq 1e AJ03sIy uoIled|paW d13gelp pue JTYJH PUE ‘Sni1els UolleulddeA ezuanjjul ‘Asjua
Apnis 01 Jolid syluow € ayj U asn ploJals ‘(elnuialold “4493) snieis gy paiepdn-awil ‘(aseasip JaAI| 21U0IYD ‘Dseas|p Sun| 1UOJYD ‘BIIUSWAP JAY30 ‘DSEISIP Je|NISBA0I]aJD ‘UoISudIIadAY
‘ain|ie} oeIpJed AA1NSIBUOD ‘DSEISIP JEay dIWaeYdS]) SAIHPIGIOW-0d parepdn-awil ‘sniels Supjows ‘94ed [BI3UIPISAL ‘|9A3] d130k4d B SN1BIS JIWOU0IR-01D0S ‘X3S ‘@8e 104 paisnipy 'T

(ZT'T-¥6'0) €0°'T (TO'T—¥8°0)26'0 (06'0—89°0)8L°0 (424) T TTOT Y2IBN TE — €00C |HdV T
(8T'T-64'0) £6'0 (20'T-S£°0)88°0 (66'0-650)9.0 (424)T €00C Yo TE — /66T [HdY T
siedh g 2 siedh p—1 JedA T > SETEIN
Sh1ejs UojjeulddeA |easodownaud (1D %56) onred ajes ejuownaud ; paisnipy

(z61'06T=U) £00Z |14dy T 1914E pue 340j9q IUdpIdUI lUOWNBU pasinbie-Ajunwiwod Yyum sniers auiddeA [eadsodownaud Jo UOILIIOSSY T S

uOSeas pue sN1els UOIeuldI_A BZUSN|JUI Y104 Y1IM elNUIS104d JO UOIIDRIDIUI J0) 1531 PIe "€

'9|gelIBA JB3UI| B SE P3||apoW Y459 YIIM ‘UOSESS puk SN1els UOI1euIdd_A BZUSN|JUI Y10G YUIM Y459 JO UOIIDRIS1UI J0) 153] PIeM T

"aul|aseq 1e AJoisiy uoledlpaw d11agelp pue JTYAH pue ‘uolieulddea [eadodownaud ‘Asua Apnis o3 Joud

Syluow € ay3 ul asn p1o4als ‘(elnuialosd ‘Y49Ha) snieis gD parepdn-awiy (9SeSSIP JOAI| J1UOIYD ‘DSEISIP un| 21UOIYD ‘BIIUBWDP JBY10 ‘DSEISIP JB|NISBA0IDID ‘UoIsualuadAy ‘a.n|ies deipaed
9A13598U02 ‘a5eaSIp 14eay JIWaeYds!) Sa1pIqIow-02 palepdn-awil ‘sniels Suows ‘¢00g |14dy T 1sod a1ep ‘aJed |eljuspIsal ‘|9A3] 2110e4d 1B SN1els JIWOU0I3-0120s ‘Xas ‘@3e :10) paisnipy T
SS9UDAIIIDYD dUIdJEA ‘JA ‘suedA-uosiad ‘Ad ‘uoioajul 10ea1 Alojedidsau Jamo| ‘| 1Y1]

9¢0 950 — ¢ (uonoesayul) d

(9z-1) L1 (61-0) 0T (92uassyai) 0 BINUISI0Id eunuiajoid
(91-5) 0T (z1-1) L (92ua19424) 0 eunuiaold oN Aq paynens
640 T€0 — ¢ (puaJy ojisal) d LAUELT/UlW/|W
(LT-v) 11 (T1-2) s (90uUaiaya4) 0 09 Z 4499 Y499
(z-o) et (61-T) 0T (@2ua43424) 0 65-St 4499 Aq paynens



[£8T]

"YdJeIA TE 03 JoqWia1das T Se pauljap Sem JSIUIM ‘T

"auljaseq 1e AJ01SIY UOIIeDIPaW J133geIp pue JTYIH PUe ‘uoileuddeA |eadsodownaud ‘AJaua Apnis 03 Jolud syruow ¢
3y} Ul asn ploJals ‘(elnuiaiold “449H3) snieis @YD paiepdn-awil ‘(aseasip AL 21UCIYD ‘@SeasIp Sun| J1UOIYD ‘BI3UBWAP JAYI0 ‘DSEIS|P JB|NISEA0JGRJD ‘UoisualiadAy ‘ainjie}
oJe1pJed dA1ISa8U0) ‘aseasip 1eay JjWaeyds) sa13pIgIow-0d palepdn-awil ‘sniels Supjows ‘el |elauapisal ‘|aAd| ad11oedd 1e Sn1els JIWou0I3-0120s ‘Xas ‘@8e 1104 paisnipy T

(T€'1T-20T)9T'T (9z'1-66'0) CT'T (@I T 199°L TT1-0T0C
(T9'T-STT) 2r'T (67’ T-8T'T)EET  (494) T Sv6°8 0T-600¢
(oV'1I-TT'T)SC'T (8E'T-TT'T)vCT (@I T 19007 6-800¢
(se'1-£0'T)0T'T (sT1-66'0)2T'T (@A) T v€T’6 8-£00C
(€TT-L60) 60T (ZET-SOT)LT'T  (4¥4) T 999'8 £-900¢
(87°T-00'T) ¥T'T (8TT-TOT)PT'T  (434) T ¥80'8 9-500¢
(PE€T-SO'T) 6T'T (LeT-TTT) €T (@I T 959/ S-700¢
(eLT-€€T)CS'T (1s'T-0TT)SET (@A) T 997‘9 #7-€00C
(0S'T-€T°T) 0E'T (PET-vO'T)8T'T  (434) T Y9y €-200¢
(69°T-CCT) ¥¥'T (egT-9TT)EET (94) T 6v7'E 7-100¢
(99°'T-LT'T) OV'T (6€T-SOT)TZT (424) T €85°C 1-000¢
(L¥'1-S0°T) ¥T'T (er1-90T)€TT (@I T T28°T 0002-666T
(0L T-TT'T) LET (te1-CeT)syt (@)1 LET'T 6-866T
(¥6'T-80°T) S¥'T (zLT-€0T)EET (49N T 029 8-/66T
siedh G-T |enpisay uaain) J9A3U [siedh g< SEMTT

2 493UIM U] SNjels uoljeulddeA ezuanjjul ul s|1d
03 SuIpa0d2e (1) %S6) 01k 31l uUIPUI [LY] ; PRAsnlpy Jo Jaquinp Jeap\

(6506 T=U) 423UIM YB3 10} 2U3PIdUI | 1Y Pa4Inbie-AjuNWwWOod Y3IM Sn3e)s SUlIIeA Bzuan|jul JO UOIIBIDOSSY T S



[88T]

"auljaseq e A1o3s1y uolledipaw d13aqelp pue JTYQH pue ‘uoileuldden [eadodownaud ‘Asjua Apnis

01 Joud syluow € ayj ul ash ploaals ‘(erinuialodd ‘Y49Ha) snieis @y palepdn-swil ‘(SSEISIP JOAI| 1UOIYD ‘BIIUSWDP JOYL0 ‘9SeISIP JB|NISBA0I(a49I ‘UoisuaiadAy ‘osessip
1eay d1waeydsi) sa1lplgqiow-0d pajepdn-awil ‘sniels Supjows ‘po0g |14dy T 1s0d a1ep ‘aied |elluapisal ‘|9Ad| 92130e4d 1B Sn1els JIWOoU0I3-0190s ‘X3s ‘a8e 110} paisnlpy ‘T

SS9UDAILID}D SUIDILBA ‘JA ‘UOI1I94Ul 10B.Y Adojedidsal Jamo) ‘| 1Y

(1D %S6) % soned a1el

(9T-¥) 0T (TT-T-) S (#@4)0 32UBpIDUI JO O8I UO Paseq (A
(1D %S6) Jowwins/ia1uim

(96'0-+8'0) 060  (TO'T-680)S56'0 (434) T /SOI3eJ 93BJ DIUBPIDUI JO Ol3RY

(TET-6T'T)STT  (8TTI-LT'T)ETT (24T (IS T-C€T) 2v'T (Tr'1-vTT)ceT (AT (1D %56) oned aies | 147 (paisnlpy

508 ¥0€'6€ 9/6'€ 020°S L8S'ET 8/S'T SUOId34U|

#8985 126'S6C 85Ty 87619 v12'C81 ¥06°0€ (s1eaA) swii-uosiad

siedA g-T |enpisay juaain) Janau/sieah g<  sieah g-T |enpisay uaain) Janau/sieah o<

SNlejls uoljeuidden ezuanjjuj snjels uoijeulddeAa ezuanjjuj
123U\ Jawwng

(2TH*79T=u) aseasip Sun| 31uoJyd 10 dJnjiey 1eay aAsaSuod yum sjuaized Suipnjoxa sniels uoleuddIeA ezuanjjul o3 Suipodde oljed djed |1Y] paishlpy € S



Figure 9.1 Flowchart of study inclusion

Eligible

Patients >65 years with:

* diabetes mellitus; and

* aserum creatinine result
available during time
eligible for study inclusion;
and

* no history of renal
replacement therapy.

n=193,470

Excluded

HIV or hyposplenia (including coeliac
disease or sickle cell disease)
n=1,049
Missing smoking data
n=1,764
Pneumococcal vaccine record with
missing date n=165

Included in pneumococcal
vaccine analysis

n=190,492

No time at risk of LRTI

n=33

Included in influenza vaccine
analysis

n=190,459

HIV, human immunodeficiency virus infection; LRTI, lower respiratory tract infection
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Chapter 10. The association of markers of chronic kidney
disease with mortality following community-acquired

pneumonia and sepsis
This chapter presents a study of the association of chronic kidney disease (CKD) with short-
term mortality following community-acquired sepsis and pneumonia (objective 5). The
results of two sensitivity analyses discussed in the article are presented in 10.3, followed by

a brief additional discussion of the identification of CKD status in this study.

10.1 Introduction to Paper 5

This paper presents a retrospective cohort study to identify the risk of mortality following a
first diagnosis of community-acquired pneumonia or sepsis according to markers of CKD
among patients aged >65 years with diabetes mellitus, a valid serum creatinine result, and
no history of renal replacement therapy. To ensure good ascertainment of mortality the
study population was restricted to patients in CPRD who had data linkage available to an
updated linked ONS mortality dataset. Identification of the study population was described
in 3.9.3.

The primary outcome was 28-day all-cause mortality following diagnosis of pneumonia or
sepsis. The methods used to identify episodes of community-acquired pneumonia and
sepsis were detailed in 4.1 and 4.2. The exposure of interest was CKD, identified by a
history of proteinuria or reduced estimated glomerular filtration rate (eGFR) as described in
Chapter 5. As CKD status was not time-updated over the 28 day follow-up period, eGFR

status was identified using the best-of-two method as described in 5.4.5.

Mortality risk ratios were calculated to estimate the risk of mortality according to CKD
status. The calculation of risk ratios rather than rate ratios reflects the selected study
question: whether CKD was associated with a difference in the risk of death at any point
within 28 days after infection, as opposed to whether CKD was associated with differences

in timing of mortality within the 28 days following infection.

Mortality risk ratios were adjusted for a priori potential confounders of the association
between markers of CKD and post-infection mortality. Detailed definitions of these

confounders are described in Chapter 6.

[192]
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ABSTRACT

Background. We aimed to examine whether pre-existing
impaired estimated glomerular filtration rate (eGFR) and pro-
teinuria were associated with mortality following community-
acquired pneumonia or sepsis among people aged >65 years
with diabetes mellitus, without end-stage renal disease.
Methods. Patients were followed up from onset of first
community-acquired pneumonia or sepsis episode in a cohort
study using large, linked electronic health databases. Follow-
up was for up to 90 days, unlimited by hospital discharge.
We used generalized linear models with log link, normal dis-
tribution and robust standard errors to calculate risk ratios
(RRs) for all-cause 28- and 90-day mortality according to two
markers of chronic kidney disease: eGFR and proteinuria.
Results. All-cause mortality among the 4743 patients with
pneumonia was 29.6% after 28 days and 37.4% after 90 days.
Among the 1058 patients with sepsis, all-cause 28- and 90-day
mortality were 35.6 and 44.2%, respectively. eGFR <30 mL/
min/1.73 m* was a risk marker of higher 28-day mortality for
pneumonia (RR 1.27: 95% CI 1.12-1.43) and sepsis (RR 1.32:
95% CI 1.07-1.64), adjusted for age, sex, socio-economic
status, smoking status and co-morbidities. Neither moderately
impaired eGFR nor proteinuria were associated with short-
term mortality following either infection.

© The Author 2015. Published by Oxford University Press on behalf of ERA-
EDTA. This is an Open Access article distributed under the terms of the Creative

Commons Attribution Non-Commercial License (http://creativecommons.org/ __|

licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

Conclusions. People with pre-existing low eGFR but not on dia-
lysis are at higher risk of death following pneumonia and sepsis.
This association was not explained by existing co-morbidities.
These patients need to be carefully monitored to prevent modifi-
able causes of death.

Keywords: chronic kidney disease, community-acquired
infections, electronic health records, infection/mortality,
proteinuria

INTRODUCTION

Chronic kidney disease (CKD) affects an estimated 1.8 million
people in England, 98% of whom do not require renal replace-
ment therapy [1]. CKD is defined by reduced estimated glom-
erular filtration rate (eGFR) or evidence of kidney damage such
as proteinuria and is commonest among older people [2, 3].
Most patients with CKD are managed in primary care [4].
Infection is an important cause of mortality among older
people [5, 6]. Both reduced eGFR and proteinuria are associated
with an increased rate of infection-related mortality, which
could be partly explained by increased incidence of infec-
tion [7-9]. It is less clear whether CKD is also associated with
poorer prognosis following infection. When clinicians assess
patients with community-acquired infection, developing com-
plications such as acute kidney injury (AKI) may not yet be ap-
parent, but they will know which patients have pre-existing CKD.
If pre-existing CKD is a risk marker for short-term mortality, this
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would be useful for risk stratification and clinical management of
patients with infections, especially in primary care where clini-
cians may not have access to immediate laboratory tests. While
the implications of acute changes in eGFR during infection are
a focus of current research, few studies have investigated the
role of pre-existing CKD [10]. Low baseline eGFR has been
found to be associated with mortality following sepsis and com-
munity-acquired pneumonia, but rarely examined according to
clinically meaningful categories of eGFR [11-15]. To the best of
our knowledge, proteinuria has not been examined as a poten-
tial risk marker for mortality following infection [12, 15, 16].

Among older people, CKD frequently co-exists with other
co-morbidities [3]. An association of CKD with poor prognosis
of infections could thus be due to confounding from these
co-morbidities. For example, CKD is strongly associated with
cardiovascular disease, which may be complicated by infection,
resulting in post-infection mortality driven by the underlying
cardiovascular disease [17]. Such deaths would largely follow
hospitalization for cardiovascular events. CKD is associated with
healthcare-associated pneumonia, which carries a worse progno-
sis than community-acquired pneumonia [18, 19]. Focusing on
community-acquired infections should exclude infections arising
as short-term sequelae of cardiovascular events and improve
understanding of the relationship between pre-existing CKD
markers and infection prognosis.

Older people with diabetes mellitus form a large and growing
population in primary care who suffer a high incidence of com-
munity-acquired pneumonia and sepsis [20]. Forty per cent of
adults with diabetes have CKD, of whom three-quarters have
proteinuria, and CKD among these patients is associated with a
greater all-cause excess mortality than among patients without
diabetes [21]. If proteinuria is a risk marker for mortality among
older patients with diabetes who develop community-acquired
pneumonia or sepsis, this could inform clinical management
of a large primary care patient population with appreciable
mortality following infection [20].

This study aimed to examine whether baseline eGFR and
proteinuria were independent risk markers for short-term
mortality following community-acquired pneumonia or sepsis
among older people with diabetes mellitus, using large, linked
electronic health record databases.

MATERIALS AND METHODS

Data sources

The Clinical Practice Research Datalink (CPRD) is an anon-
ymized UK dataset, comprising primary care records (including
diagnoses, prescriptions and test results) for 12.8 million patients
in May 2011 when data were extracted. The CPRD population is
representative of the general UK population and validity of re-
corded diagnoses is generally high [22, 23]. Monitoring of eGFR
and proteinuria in primary care is standard practice for people
with diabetes and has been financially incentivized by the Quality
Outcomes Framework since April 2004 [24].

Data linkage is available within England subject to practice-
level consent. Records of all patients in CPRD with available
linkage to Office for National Statistics (ONS) mortality data

formed the study dataset [25]. We additionally used linked
Hospital Episodes Statistics admissions data, which were avail-
able for all patients [26].

Study population

The study population was a subset of a population described
in more detail previously [20]. It comprised people aged >65
years with diabetes mellitus who experienced a first commu-
nity-acquired pneumonia or sepsis, with a valid serum creatin-
ine result and no history of renal replacement therapy.

A valid serum creatinine result was one recorded in primary
care after the latest time-point of diabetes diagnosis, 65th birth-
day, 1 year after patients’ practice registration, date the practice
reached CPRD quality control standards or 1 January 1998.
Study exit occurred at the first time-point of death, patient
leaving the practice, last data collection from the practice, last
ONS data linkage date, renal replacement therapy (kidney trans-
plant or dialysis) or 31 March 2011. Patients with a history of
renal replacement therapy were excluded.

Definition of infections

Infection was identified by a diagnostic Read code in
primary care records, or a diagnostic International Classification
of Disease 10 (ICD-10) code as the primary cause of hospital
admission in secondary care records. The first consultation for
infection was treated as the date of infection onset. Any
community-acquired infection with onset at least 28 days after
the first valid serum creatinine result, and before study exit,
was included in the study.

Hospital-acquired infections were identified and excluded
as described previously [20]. Briefly, infections were desig-
nated as hospital-acquired if onset was during or within 14
days of discharge from a hospitalization. Hospital-acquired in-
fections continued until 28 days had passed without a diagnos-
tic code for the infection or 28 days after hospital discharge,
whichever was the later. After this, patients re-entered follow-
up for community-acquired infection.

Study outcomes

The outcomes were death from any cause recorded in ONS
mortality data within 28 days (primary outcome) or within 90
days (secondary outcome) of infection onset.

Definition of CKD

CKD was described in terms of eGFR and proteinuria,
using primary care records. We estimated eGFR from serum
creatinine test results using the CKD Epidemiology Collabor-
ation (CKD-EPI) equation including adjustment for ethnicity
[27]. We excluded serum creatinine results <28 days prior to
infection onset to avoid misclassification of CKD status, as a
developing infection could disrupt serum creatinine levels.

Clinically, CKD diagnosis is based on two GFR estimates at
least 3 months apart [2]. Using a single GFR estimate can
result in over-ascertainment of CKD due to creatinine fluctu-
ation [28]. If more than one serum creatinine result was re-
corded between the start of patient follow-up and 28 days prior
to infection onset, we used the higher eGFR from the latest two

H. 1. McDonald et al.
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results that were at least 3 months apart, to obtain conservative
estimates of eGFR [28].

We aimed to categorize eGFR according to thresholds cor-
responding to those used in diagnosing CKD stage. Due to the
small number of outcomes in the category eGFR <15 mL/
min/1.73 m>, we collapsed Stages 4 and 5 to categorize eGFR
as < 30, 30-44, 45-59 and >60 mL/min/1.73 m? [2].

A history of proteinuria was defined by either a positive
urine protein test result (excluding results on the same day as
a urinary tract infection diagnosis) or a diagnosis of proteinu-
ric renal disease. We did not count trace results as positive.

Other variables

Age was defined in 5-year age-bands up to a final category
of >85 years. Socio-economic status was assigned by quintile at
an individual level, using 2007 ONS estimates of the Index of
Multiple Deprivation, a composite area-level marker of depriv-
ation [25]. If this was not available, it was supplemented by
the socio-economic status for the patient’s primary care prac-
tice. Smoking status was defined by the most recent record
before infection onset when available, otherwise by the first
subsequent record. Non-cardiovascular co-morbidities (chronic
lung disease, dementia, cancer, connective tissue disorders,
hypertension and cerebrovascular disease) and cardiovascular
co-morbidities (congestive heart failure and ischaemic heart
disease) were defined by diagnostic CPRD Read codes, and dia-
betic medication history by CPRD prescription records prior to
infection onset. HbA1C test results within 28 days before infec-
tion were excluded as these could reflect disturbed glycaemic
control during the early stages of infection.

Data analysis

Pneumonia and sepsis analyses were conducted separately.
A patient could be included in both the pneumonia and sepsis
analyses if they experienced both infections, but not for mul-
tiple episodes of either pneumonia or sepsis. We excluded
patients with no smoking status or HbA1C result available.

We described mortality using Kaplan-Meier survival curves
stratified by eGFR status. We calculated risk ratios (RRs) using a
generalized linear model with log link, normal distribution and
robust standard errors, according to a pre-specified analysis
plan [29]. Our first model adjusted for age, sex, socio-economic
status and infection onset prior to 1 April 2004 (when Quality
Outcomes Framework guidelines financially incentivizing re-
cording of CKD status among people with diabetes in primary
care were introduced) [24]. Our second model adjusted for con-
founding by smoking status, characteristics of diabetes (HbA1C
and diabetic medication history) and non-cardiovascular co-
morbidities. Our final model additionally adjusted for con-
gestive heart failure and ischaemic heart disease, which could
confound or mediate an association between CKD and post-
infection mortality. We repeated the final model with additional
adjustment for peripheral vascular disease as a sensitivity
analysis. We looked for effect modification between eGFR and
proteinuria in the final model.

We focused on whether pre-existing CKD was a risk marker
for short-term mortality following infection. Data on acute elec-
trolyte changes during infection were not routinely available,

Markers of CKD and infection-related mortality

and so potential causal mechanisms such as AKI could not be
explored [30].

Causes of death in ONS mortality data are recorded using
ICD-10 codes from 1 January 2001, and ICD-9 codes prior to this,
which are not easily comparable [31]. We therefore described
cause of death among patients who died after 1 January 2001.

Stata version 13.1 was used for data analysis. All code lists
are available on request.

Ethics

The study was approved by the Independent Scientific
Advisory Group of the CPRD (ISAC reference 11_033A) and
the London School of Hygiene & Tropical Medicine Ethics
Committee (LSHTM reference 6116).

RESULTS

We identified 4957 individuals with community-acquired
pneumonia and 1114 individuals with community-acquired
sepsis. Data were missing (for smoking status and/or HbA1C
results) for 212/4957 individuals with pneumonia (4.3%) and
56/1114 individuals with sepsis (5.0%). These patients were
excluded. Among patients with pneumonia, patients with
missing data were older (median age 83 years, IQR: 78-88)
compared with those included (median age 80 years, IQR: 74—
85), with a higher 28-day mortality (excluded 88/214, 41.1%:
included 1406/4743, 29.6%) but a similar distribution of
baseline eGFR. A similar pattern was seen for sepsis.

Estimated GFR was based on the higher of two results for
4029 patients with pneumonia (84.9%) and 919 patients with
sepsis (86.9%); for the remaining patients, only a single valid
serum creatinine result was available. CKD prevalence was
high: almost half of the patients had eGFR <60 mL/min/1.73
m” and a third had proteinuria. Patients with eGFR <60 mL/
min/1.73 m* were older, with a higher prevalence of ischaemic
heart disease and congestive heart failure than patients with
eGFR >60 mL/min/1.73 m? (Table 1).

Patients with pneumonia experienced 29.6% 28-day all-
cause mortality (1406 deaths). Patients with sepsis experienced
35.6% 28-day all-cause mortality (377 deaths) (Table 2). Sur-
vival curves showed high mortality at infection onset, declining
over ~30 days to a more stable rate for the next 60 days follow-
ing both pneumonia and sepsis (Figure 1). RRs for 28-day mor-
tality were higher among people with eGFR <30 mL/min/1.73 m*
compared with people with eGFR >60 mL/min/1.73 m> for
pneumonia (RR = 1.27; 95% CI 1.10-1.47) and sepsis (RR = 1.42;
1.10-1.84), adjusted for age, sex, socio-economic status and
onset prior to April 2004. Adjustment for smoking status, co-
morbidities and characteristics of diabetes had minimal effect
on these RRs for pneumonia (fully adjusted RR =1.27; 1.12-
1.43) or sepsis (fully adjusted RR = 1.32; 1.07-1.64). There was
no evidence of associations between intermediate levels of
eGFR and 28-day mortality for either infection, nor for an as-
sociation between proteinuria and 28-day mortality. The
pattern of associations of eGFR and proteinuria with 90-day
mortality was similar to those for 28-day mortality (Table 2).
Results were unchanged by additional adjustment for
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Table 1. Baseline characteristics of the study population

Pneumonia

eGFR < 60 mL/min/1.73 m?

Age (years)

Median (IQR) 82 (77-87) 78 (72-83)
n (col %) n (col %)
Gender
Female 1231 (53.0) 1106 (42.0)
Onset prior to 1 April 2004 584 (25.1) 527 (20.0)
Socio-economic status (IMD quintile)*
1 (least deprived) 383 (16.5) 438 (16.6)
2 554 (23.8) 595 (22.6)
3 494 (21.3) 582 (22.1)
4 502 (21.6) 574 (21.8)
5 (most deprived) 391 (16.8) 444 (16.9)
Smoking status
Current 321 (13.8) 549 (20.9)
Ex-smoker 1185 (51.0) 1351 (51.3)
Non-smoker 776 (33.4) 698 (26.5)
Missing 42 (1.8) 35(1.3)
Comorbidities
Chronic lung disease 503 (21.6) 686 (26.1)
Hypertension 1623 (69.8) 1662 (63.1)
Congestive heart failure 734 (31.6) 430 (16.3)
Ischaemic heart disease 966 (41.6) 887 (33.7)
Cerebrovascular disease 692 (29.8) 638 (24.2)
Other dementia 174 (7.5) 190 (7.2)
Cancer 382 (16.4) 474 (18.0)
Connective tissue disorders 228 (9.8) 215 (8.2)
HbA1C
Good <7% 1176 (50.6) 1401 (53.2)
Bordetline 7-10% 966 (41.6) 1033 (39.2)
Poor >10% 108 (4.7) 131 (5.0)
None recorded 74 (3.2) 68 (2.6)
Prior antidiabetes medication
Insulin 122 (5.3) 126 (4.8)
Oral medications 1139 (49.0) 1426 (54.2)
Both 462 (19.9) 384 (14.6)
None 601 (25.9) 697 (26.5)
Total 2324 2633

eGFR > 60 mL/min/1.73 m?

Sepsis

eGFR > 60 mL/min/1.73 m?

eGFR < 60 mL/min/1.73 m?

81 (75-86) 76 (71-82)
1 (col %) 1 (col %)
294 (55.7) 268 (45.7)
124 (23.5) 120 (20.5)
109 (20.6) 106 (18.1)
116 (22.0) 127 (21.7)
120 (22.7) 137 (23.4)
110 (20.8) 108 (18.4)
73 (13.8) 108 (18.4)
70 (13.3) 103 (17.6)
235 (44.5) 284 (48.5)
207 (39.2) 193 (32.9)
16 (3.0) 6(1.0)
59 (11.2) 95 (16.2)
372 (70.5) 381 (65.0)
147 (27.8) 95 (16.2)
223 (42.2) 207 (35.3)
152 (28.8) 145 (24.7)
42 (8.0) 23(3.9)
99 (18.8) 120 (20.5)
36 (6.8) 52 (8.9)
251 (47.5) 308 (52.6)
213 (40.3) 230 (39.3)
41 (7.8) 34 (5.8)
23 (4.4) 14 (2.4)
34 (6.4) 23 (3.9)
247 (46.8) 312 (53.2)
130 (24.6) 114 (19.5)
117 (22.2) 137 (23.4)
528 586

eGFR, estimated glomerular filtration rate.

“Index of multiple deprivation (IMD) score for patient’s postcode where available, otherwise, practice-level IMD score.

peripheral vascular disease. There was no good evidence of
effect modification between eGFR and proteinuria, and in par-
ticular no evidence of any association of proteinuria with 28-
day mortality within any category of eGFR status (data not
shown).

The underlying causes of death following pneumonia and
sepsis were similar for patients with eGFR above and below 60
mL/min/1.73 m* Causes of 28-day mortality following sepsis
were predominantly sources of infection (Table 3). Following
pneumonia onset, pneumonia was recorded as an underlying or
contributory cause of death for 83.9% (1191/1419) of deaths
within 28 days and 76.3% (1366/1790) of deaths within 90 days.
Among patients with eGFR <60 mL/min/1.73 m? renal disease
was recorded as an underlying or contributory cause for 10.6%
(771724) of those who died within 28 days of pneumonia onset
and 16.6% (152/913) of those who died within 90 days. Record-
ing of CKD as a cause of death increased with lower eGFR
(Table 4).

DISCUSSION

Among this population of older people with diabetes mellitus,
eGFR <30 mL/min/1.73 m* was a risk marker of higher 28-
and 90-day mortality following community-acquired pneu-
monia and sepsis, compared with patients with eGFR >60
mL/min/1.73 m®. The relationship between eGFR and mortal-
ity did not change with adjustment for co-morbidities. Neither
moderately impaired eGFR nor proteinuria was associated
with higher short-term mortality following either infection.
The strengths of this study follow from the analysis of a
focused question using large, linked datasets for a highly mon-
itored primary care population with a cohort study design.
Our study identifies that the association between eGFR and
post-infection mortality persists when patients with end-stage
renal disease (ESRD) are excluded (and is not explained by
renal replacement therapy), when considering fixed-term

H. 1. McDonald et al.
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FIGURE 1: Survival curves of short-term mortality following infection onset by eGFR status for (A) pneumonia and (B) sepsis.

28-Day mortality following pneumonia,

n=1419

29-90 Day mortality following
pneumonia, n = 371

28-Day mortality following sepsis, n = 387

Table 3. Top five underlying causes of death by ICD-10 code for short-term mortality following pneumonia and sepsis (deaths after 2001)"

eGFR

eGFR <60 mL/min/1.73 m*

J18 Pneumonia, organism unspecified, # = 256, 35.4%
J44 Other chronic obstructive pulmonary disease,
n=63,8.7%

125 Chronic ischaemic heart disease, n = 47, 6.5%

150 Heart failure, n = 43, 5.9%

164 Stroke, not specified as haemorrhage or infarction,
n=37,5.1%

Total = 724

J18 Pneumonia, organism unspecified, # = 38, 20.1%
125 Chronic ischaemic heart disease, n = 24, 12.7%

J44 Other chronic obstructive pulmonary disease,
n=13,6.9%

C34 Malignant neoplasm of bronchus and lung, n = 12,
6.4%

121 Acute myocardial infarction, n = 12, 6.4%

Total = 189

N39 Other disorders of urinary system®, n = 33, 15.9%
J18 Pneumonia, organism unspecified, n = 30, 14.4%
E14 Unspecified diabetes mellitus, n = 12, 5.8%

A41 Other sepsis, n =11, 5.3%

L03 Cellulitis, n =11, 5.3%

Total = 208

eGFR >60 mL/min/1.73 m*

J18 Pneumonia, organism unspecified, n = 216, 31.1%
J44 Other chronic obstructive pulmonary disease,
n=63,9.1%

164 Stroke, not specified as haemorrhage or infarction,
n=35,5.0%

C34 Malignant neoplasm of bronchus and lung, n = 34,
4.9%

125 Chronic ischaemic heart disease, n = 29, 4.2%
Total = 695

J18 Pneumonia, organism unspecified, # = 20, 11.0%
C34 Malignant neoplasm of bronchus and lung, n = 20,
11.0%

J44 Other chronic obstructive pulmonary disease,
n=19,10.4%

125 Chronic ischaemic heart disease, n =9, 5.0%

164 Stroke, not specified as haemorrhage or infarction,
n=9,5.0%

Total = 182

N39 Other disorders of urinary system®, n = 20, 11.2%
A41 Other sepsis, n =18, 10.1%

J18 Pneumonia, organism unspecified, # = 18, 10.1%
E14 Unspecified diabetes mellitus, n = 10, 5.6%

J44 Other chronic obstructive pulmonary disease,
n==6,3.4%

=K55 Vascular disorders of intestine, n = 6, 3.4%
=L03 Cellulitis, n = 6, 3.4%

Total =179

“Deaths prior to 2001 were recorded using ICD-9 codes and have not been included.
PAll incidences of code N39 were N39.0 Urinary tract infection, site not specified.

eGFR (mL/min/1.73 m?)

Deaths within 28 days of pneumonia onset

Table 4. Recording of renal disease as a cause of death” following pneumonia among patients with reduced eGFR

Deaths within 90 days of pneumonia onset

Total N18 CKD, n (%) Renal disease,” 1 (%) el N18 CKD, n (%) Renal disease,” 7 ( %)
<15 8 6 (75.0) 7 (87.5) 8 6 (75.0) 7 (87.5)
15-29 109 19 (17.4) 41 (37.6) 139 26 (18.7) 53 (38.1)
30-44 275 14 (5.1) 2(15.3) 347 20 (5.8) 56 (16.1)
35-59 332 8(24) 27 (8.1) 419 10 (2.4) 36 (8.6)
Total 724 47 (6.5) 77 (10.6) 913 62 (6.8) 152 (16.6)

"Deaths prior to 2001 were recorded using ICD-9 codes and have not been included.
®Any ICD-10 code from Chapter XIV ‘Diseases of the genitourinary system’ except N10 ‘Acute tubule-interstitial nephritis’, which is used for pyelonephritis, N30 ‘Cystitis’, N34
‘Urethritis’ or N39.0 ‘Urinary tract infection, site not specified’.

6 H. 1. McDonald et al.
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rather than in-hospital mortality (thus is not due to differences
in hospital stay) and when exclusively community-acquired
infections are considered (so does not result from increased
risk of healthcare-associated infections). The linked datasets
allowed us to identify infections both among patients present-
ing directly to hospital and those managed in the community,
maximized ascertainment of mortality and enabled descrip-
tion of the causes of death. The highly monitored population
allowed good ascertainment of CKD status. The cohort study
design has less potential for selection bias than an equivalent
case—control study.

A limitation is our assumption that the absence of a record
implies a negative status for proteinuria and co-morbidities.
Under-ascertainment of co-morbidities could result in re-
sidual confounding, with unpredictable effects, but the
high prevalence of co-morbidities observed suggests that as-
certainment was not markedly incomplete. We observed a
high prevalence of proteinuria, and this is a highly monitored
population (with financial incentives for standardized record-
ing of proteinuria since 2004), but under-ascertainment of
proteinuria could result in underestimation of any association
between proteinuria and mortality [24]. Residual confounding
from undiagnosed cardiovascular disease should have been
minimized by adjustment for cardiovascular disease risk
factors including smoking, hypertension and characteristics of
diabetes.

Our findings for eGFR provide further detail to build on
previous findings that baseline eGFR <60 mL/min/1.73 m? or
renal disease are risk factors for short-term mortality following
(hospital- or community-acquired) sepsis and for in-hospital
mortality following community-acquired pneumonia (includ-
ing patients receiving dialysis) [11-15]. A more comparable
Canadian study examined the associations between eGFR and
30-day mortality following community-acquired pneumonia
among the general population aged >65 years, excluding pa-
tients with ESRD [16]. Fully adjusted hazard ratios for 30-day
mortality were 1.22 (95% CI 1.01-1.49) for eGFR 45-59, 2.03
(1.64-2.50) for eGFR 30-44 and 4.94 (3.94-6.19) for eGFR <
30, compared with eGFR 60-104 mL/min/1.73 m?. These are
somewhat greater than the associations we observed. The dif-
ference may be explained by the different study populations.
Both studies required a baseline serum creatinine result for in-
clusion. Our study population of older people with diabetes
were routinely monitored for CKD (with financial incentiviza-
tion in primary care) [32]. Creatinine testing of the Canadian
study population may have been encouraged by co-morbidities
or health-behaviours associated with CKD (such as smoking),
which increase post-infection mortality, resulting in over-
estimation of the association of eGFR and post-infection mor-
tality. Our study population is less vulnerable to differential
ascertainment of CKD. Alternatively, the association between
eGFR and post-infection mortality may be smaller among
patients with diabetes.

To the best of our knowledge, our examination of any asso-
ciation between proteinuria and mortality following commu-
nity-acquired pneumonia and sepsis is novel. A history of
proteinuria, although a marker for mortality in general, does
not appear to be a risk marker for short-term mortality

Markers of CKD and infection-related mortality

following community-acquired infection. This is unlikely to be
due to chance, as the study was large, with findings consistent
across both infections. We designed our study to produce con-
servative estimates and may have under-estimated the associ-
ation between proteinuria and post-infection mortality due to
under-ascertainment of proteinuria. Alternatively, any poten-
tial relationship between proteinuria and mortality may have
been mitigated by clinical care of patients with infection who
had pre-existing proteinuria, for example, through swift recog-
nition of AKI.

The survival curves demonstrate a steep initial mortality
following infection onset, and a high proportion of deaths
had the underlying cause assigned to infection. Since 2001 in
England, co-morbidities are assigned as the underlying cause
of death when pneumonia has occurred in the context of, for
example, malignancy or respiratory disease [25]. This suggests
that the associations we observed are driven by an association
between eGFR and infection prognosis, not merely high
underlying baseline mortality among patients with impaired
eGFR. This is supported by previous research which found
7.7-fold elevated mortality in the 30 days following commu-
nity-acquired pneumonia [19]. Estimates for associations
between eGFR and mortality were not substantially altered by
adjustment for co-morbidities, suggesting that any causal rela-
tionship between eGFR and mortality is not mediated through
co-morbidities.

Our findings apply to the large population of older patients
with community-acquired pneumonia or sepsis with diabetes
mellitus who do not have ESRD. Inclusion criteria are unlikely
to have limited generalizability appreciably. Practices which
consent to data linkage could be more research oriented, pro-
viding good primary care management of risk factors for
infection-related mortality (such as smoking cessation), but
this is unlikely to affect the relationship between CKD and
short-term mortality post-infection. Lack of pre-existing cre-
atinine test results is likely to reflect limited time potentially
eligible for the study rather than CKD status among this
highly monitored population. Missing data on smoking status
and HbAIC may be a marker of low patient engagement:
caution should be used in generalizing our results to patients
who are not actively managed in primary care.

We found that CKD is a useful clinical risk marker for
post-infectious mortality. Whether this relationship is causal is
less clear; but the association does not appear to be explained
by age, co-morbidities or hospital attendance. Potential me-
chanisms include immune system dysfunction, but also more
preventable complications such as AKI. Combinations of risk
factors may be important: for example, patients with post-
operative AKI have higher mortality if they also have pre-existing
CKD [30].

Our results have implications for patient management and
future research. Patients with baseline eGFR <30 mL/min/
1.73 m? and community-acquired infection need careful mon-
itoring, particularly in the 28 days following infection. Future
research should investigate preventable mechanisms by which
low baseline eGFR could be related to post-infection mortality,
for example, fluid management, AKI and drug dosage in pa-
tients with low renal clearance.
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10.3 Sensitivity analysis adjusting for peripheral vascular

disease
The relationship between peripheral vascular disease (PVD) and the association between
CKD and post-infectious mortality is an interesting one. PVD is associated with excess
mortality from cancer and cardiovascular disease.[172] PVD and diabetic nephropathy are
both microvascular complications of diabetes, and PVD is strongly correlated with CKD
among people with diabetes.[173] PVD could therefore be considered a confounder of the
association of CKD with mortality. However, if PVD is a marker of underlying microvascular
disease rather than a direct cause of mortality, the statistical association between PVD and
mortality could in part be driven by a causal association between diabetic nephropathy and
mortality. In this case, adjusting for peripheral vascular disease would risk obscuring the
component of a causal association between CKD and mortality. In the main analysis | was
therefore initially wary of adjusting for peripheral vascular disease, as this could result in

over-adjustment.

In response to a reviewer’s suggestion, | conducted a sensitivity analysis in which
adjustment for PVD was included in the final model. Surprisingly, this did not change the
estimates of the association between CKD and post-infectious mortality. The results are not
presented, as every point estimate and 95% confidence limit was unchanged. This model
enhances the robustness of the results, as it does not make assumptions about the

causality of the association between PVD and mortality.

10.4 No effect modification was observed between eGFR and

proteinuria
Little is understood about the potential causal mechanisms between CKD and post-
infectious mortality, nor how eGFR and proteinuria may relate to one another as risk
markers. In addition to investigating whether eGFR and a history of proteinuria were
independent risk factors for post-infection mortality, | therefore examined whether they

combined multiplicatively or extra-multiplicatively.

To look for effect modification | constructed the final models with an interaction term
between eGFR and proteinuria. Table 10.1 presents the resulting estimates of the
association of eGFR with mortality stratified by proteinuria status, and estimates of the

association of proteinuria with mortality stratified by eGFR status.
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There was no evidence that the effect of proteinuria was modified by eGFR status, and in
particular no evidence of any association of proteinuria with 28-day mortality within any
category of eGFR status. For both pneumonia and sepsis, the association of eGFR <30
ml/min/1.73m? with mortality may be slightly larger among patients without proteinuria
than among patients with a history of proteinuria: however the confidence intervals of
these two estimates were wide and overlapping. The effect was not seen in any other
category of eGFR, suggesting that it may reflect the fact that the subgroups of patients with
eGFR <30 ml/min/1.73m? once stratified by proteinuria status were small. Wald tests for
each interaction term did not provide any evidence against the null hypothesis that there
was no interaction between eGFR and proteinuria. Overall, there was no good evidence of

a clinically relevant effect modification.

10.5 Why did this study focus on the first episode of

community-acquired pneumonia and sepsis?
Pneumonia and sepsis are severe infections, associated with a high short-term mortality
among this study population, as described in Paper 2. They are therefore infections where

any association of CKD with mortality would have particular relevance.

There are epidemiological advantages to studying the first episode of infection during
follow-up when mortality is the outcome of interest. If repeat infections were included in
this study without an adjusted analysis, an assumption of the model would be that having
survived a previous episode of infection does not affect the probability of surviving a
further episode of infection. The frailty models used to adjust for clustering in the analysis
of CKD with infection incidence (4.6) are not available to this study, as mortality is a unique
event for each patient. One option would be to include previous infections as a variable in
the model, with robust standard errors to adjust confidence intervals. This model would
assume that the relationship between prior infection (and survival to encounter a second
infection) with short-term mortality at a repeat infection was the same for all patients,
which also seems unlikely. A simpler approach, without such assumptions, was to include
only the first infection during follow-up. For a common infection, this might have the
disadvantage of risking survivor bias among older age groups and in age-adjusted
estimates, as patients who encountered a first infection at an older age might be unusually

robust (as discussed in 8.3.4). However, as pneumonia and sepsis are uncommon infections
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and repeat infection is rare, the risk of survivor bias when considering the first episode of

these infections should be minimal.

10.6 Identifying eGFR status using the ‘best-of-two’ approach
The exposure of interest in this study was baseline CKD status at onset of infection, which is
not a time-updated variable. It was therefore suitable for the ‘best-of-two’ method for
identifying eGFR status. This method was discussed in 5.4.5, but briefly the approach is,
from the diagnosis date of infection, to identify the latest two serum creatinine tests with
at least a three month interval between them. The serum creatinine test which results in
the highest GFR estimate of the pair is the ‘defining’ creatinine test, and is used to identify

a ‘best-of-two’ estimate of eGFR status.

The advantages of this method are that is approximates the clinical definition of CKD,
prevents overestimation of CKD prevalence from fluctuation in creatinine levels, and
minimises misclassification of acute kidney injury as CKD. The method risks under-
estimating CKD status, as if the patient’s CKD status has progressed between the two
serum creatinine results this will not be reflected in the CKD status assigned.[118] If only
patients with two results available were included, this would risk ascertainment bias, but
this can be addressed by categorising eGFR based on a single result where only one serum

creatinine test result is available.

This ‘best-of-two’ method is selected from a range of methods for identifying CKD explored
by de Lusignan et al. among the general population, who found that when using primary
care records for the general population the best-of-two method assigned fewer patients to
stage 3 CKD than the single latest GFR estimate, and adjusting for discrepant interim

readings in the 3 month interval made little difference to CKD status estimates.[118]

Among the general population, de Lusignan et al. found that GFR estimates were as likely
to rise as fall over a two year period, but that eGFR tended to decline over five years.[118]
This suggested that fluctuation rather than progression was the dominant phenomenon in
serum creatinine changes over a two year timescale. If this was also the case among the
present study population of older people with diabetes mellitus, it would suggest that the
best-of-two method was more suitable than a single measurement to estimate baseline

CKD status.
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Among the 4,969 patients with pneumonia, eGFR was based on a single creatinine result
for 813 (16.3%) and on the best-of-two for 4,173 patients (83.7%). The eGFR distribution
obtained was similar whether defined using a single result or the best-of-two (Table 10.2).
The serum creatinine test used to define eGFR status (whether a single result or the best of
a pair) was within two years of infection diagnosis for 94.5% of patients with pneumonia
(4714/4,969). Among the 4,173 patients with a pair of results, 4076 (97.7%) of the paired
tests were within 2 years of one another. The first of the pair was the highest GFR estimate
(used to define eGFR status) for 2,095 patients, and the second of the pair was the defining
creatinine result for 1,947 patients (the values were the same for 131 patients). A
histogram of the difference between pairs had a good approximation to a normal

distribution (not shown).

Table 10.2 Characteristics of eGFR classification using the best-of-two method

Pneumonia n=4,986 Sepsis n=1,119
Median (IQR) Mean [SD] Median (IQR) Mean [SD]
eGFR (all patients) 61.6 (47.3-76.9) 61.4[19.5] | 61.5(44.8-75.7) 60.4 [19.8]
eGFR (patients with a
single serum 61.0(44.8-75.8) 60.2[20.8] | 56.6 (41.6—73.4) 57.2[20.9]
creatinine test)
Best-of-two eGFR ! 61.8 (47.8-77.2) 61.6[19.2] | 62.1(46.3-76.3) 61.0[19.6]

Time between the
pairs (days) !
Absolute difference in
serum creatinine +3.13
from the first to the +1 (-8 to +9) 1.9 (22.6) +1 (-8 to +11) 35.4]

second of each pair !
IQR, interquartile range boundaries; SD, standard deviation; eGFR, estimated glomerular filtration rate ml/min/1.73m?2.
1. Among patients who had two eligible serum creatinine tests, n=4,173 for pneumonia; n=948 for sepsis.

211 (143-343)  262[178] | 215(143-351) 264 [182]

Among the 1,119 patients with sepsis, eGFR was based on a single creatinine result for 171
patients (15.3%), and on the best-of-two for 948 patients (84.7%). As with pneumonia, the
eGFR distribution obtained was similar whether defined using a single result or the best-of-
two (Table 10.2). The serum creatinine test used to define eGFR status (whether a single
result or the best of a pair) was within two years of infection diagnosis for 94.3% of patients
with sepsis (1,055/1,119). Among the 948 patients who had a pair of results, 928 (97.9 %)
of the paired tests were within 2 years of each other. The first of the pair was the highest
GFR estimate (used to define eGFR status) for 487 patients, and the second of the pair was
the defining creatinine result for 419 patients (the values were the same for 42 patients). A
histogram of the difference between pairs had a good approximation to a normal

distribution (not shown).
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Thus, for both infections studied, most patients had eGFR based on the best-of-two serum
creatinine tests, but patients with a single eGFR test result did not appear to differ in terms
of assigned CKD status. Almost all tests used to define eGFR status were within 2 years of
infection diagnosis, and this appeared to be a sufficiently short timescale that serum
creatinine fluctuation dominated over progression, suggesting that the best-of-two was an

appropriate method to this study.
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Chapter 11. Overall discussion

This thesis used routinely-collected electronic health records to investigate the
epidemiology of acute, community-acquired infections according to markers of chronic
kidney disease (CKD) prior to end-stage renal disease. Among patients aged 265 years with
diabetes mellitus, the objectives (1.4.2) were to describe: the burden of acute community-
associated infections (objective 2); the associations between markers of CKD with incidence
of, and short-term mortality following, selected community-acquired infections (objectives
3 and 5, respectively); and the extent to which routine influenza and pneumococcal

vaccination could prevent community-acquired LRTI and pneumonia according to CKD

status (objective 4).

This chapter reviews the main findings, briefly surveys the overall strengths and
weaknesses of the thesis, and considers the implications of the results for clinical practice

and research.

11.1 Summary of main results

11.1.1 Incidence of community-acquired infections among older people with

diabetes

What was known

Hospital admission rates for community-acquired infections such as pneumonia are rising
rapidly in the UK, particularly among older age groups. One suggested explanation is the
increasing prevalence of co-morbidities such as diabetes. The estimated number of adults
in England with diabetes mellitus was 3.1 million in 2010 and is predicted to have risen to
4.6 million by 2030. Although diabetes mellitus is a risk factor for infection-related
hospitalisation and mortality, the full burden of community-acquired infections among

older people with diabetes mellitus had not been described.

What this study adds

There was a high burden of community-acquired infection among older people with
diabetes, LRTI having the highest incidence (crude rate 152.7/1,000 years) followed by UTI
(crude rates 51.4 and 147.9/1,000 years for males and females respectively). The incidence
of all infections increased over the study period (1997-2011) which appeared to be driven
by the changing age structure of the population. Although the proportion of patients

hospitalised within four weeks of diagnosis was low for UTI compared to pneumonia or
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sepsis, the absolute number of patients hospitalised within four weeks of diagnosis was
higher for UTI than for pneumonia and sepsis combined. All-cause 28-day mortality was

32.1% for pneumonia, 31.7% for sepsis, 4.1% for LRTI and 1.6% for UTI.
11.1.2 Association of CKD with infection incidence

What was known

Chapter 2 presented a systematic review of the association between CKD prior to end-
stage renal disease with the incidence of acute, community-acquired UTI, LRTI, central
nervous system infection or sepsis. The review identified 14 eligible studies, of which only
three included infections managed in the community. Probable misclassification of kidney
disease status and poor adjustment for confounding were common. There was evidence
from a few large, high-quality studies of a graded association between reduced eGFR and
increased hospitalisation for infection. There were little data available on the association of
CKD with infection incidence using less severe outcome measures than hospitalisation, and
it was not possible to distinguish an effect on susceptibility to infection from an effect on
the severity of infection. There was no evidence on the relationship between proteinuria

and infection incidence independent of eGFR.

What this study adds

This was the first large study to explore the association of both estimated glomerular
filtration rate and a history of proteinuria with incidence of these community-acquired
infections. The inclusion of infections managed in primary care, as well as those resulting in
hospitalization, allowed estimation of the association of CKD with infection incidence that
was not driven by hospital admission thresholds or infection severity. Among older people
with diabetes mellitus and no history of renal replacement, reduced eGFR was associated
with a strong and graded increased incidence of community-acquired LRTI, pneumonia (as
a subset of LRTI) and sepsis. The association was steeper for more severe infections: the
association between reduced eGFR and infection incidence was greater for sepsis than
pneumonia, and for pneumonia than for LRTI more widely. Proteinuria was a risk marker of
increased infection incidence independently of eGFR, for LRTI (rate ratio 1.07: 95% Cl 1.05—
1.09), pneumonia (1.26: 1.19-1.33), and sepsis (1.33: 1.20-1.47), after adjustment for age,

sex, co-morbidities, smoking status and characteristics of diabetes.
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11.1.3 The use of pneumococcal and influenza vaccination against community-

acquired LRTI

What was known

Older people with diabetes have a high burden of morbidity and mortality from
community-acquired LRTI and pneumonia. Streptococcus pneumoniae (‘pheumococcus’)
and bacterial co-infections or secondary infections following seasonal influenza infection
together account for a high proportion of cases of community-acquired pneumonia,
especially among older people. Vaccines are available against both pneumococcus and
influenza, but their effectiveness among this population is unclear. Patients with CKD have
a generally reduced response to vaccines; it was unknown whether influenza and
pneumococcal vaccine effectiveness (VE) was reduced among patients with CKD, especially

prior to end-stage renal disease.

What this study adds

The adjusted effectiveness of pneumococcal vaccine for preventing pneumonia was 22%
(95% Cl 11-31) within the first year after vaccination, but protection appeared to wane
swiftly: pneumonia incidence among patients vaccinated more than 5 years previously was
similar to that among patients with no record of vaccination (incidence rate ratio 1.03: 95%
Cl 0.95-1.11). There was some evidence for reduced pneumococcal vaccine effectiveness

among patients with proteinuria, and possibly among patients with impaired eGFR.

The incidence of LRTI was higher among patients with a current influenza vaccine than
unvaccinated patients before and after adjustment for co-morbidities, in winter and
summer. Using a traditional analysis, a negative influenza vaccine effectiveness against
community-acquired LRTI would have been observed. Using the ratio-of-ratios analysis to
address confounding by indication, a current influenza vaccination had 7% effectiveness
(95% CI 3—12) and residual influenza vaccination 12% effectiveness (95% Cl 7-17) to
prevent community-acquired LRTI. There was no evidence to suggest that influenza vaccine

effectiveness varied according to eGFR or proteinuria status.
11.1.4 Association of CKD with short-term mortality following infection

What was known
Reduced eGFR and proteinuria are associated with an increased rate of infection-related
mortality. This could be partly explained by increased incidence of community-acquired

infection, but CKD may also be associated with poorer prognosis following infection. Low
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baseline eGFR had been found to be associated with mortality following sepsis and
community-acquired pneumonia, but rarely examined according to clinically meaningful
categories of eGFR. To the best of our knowledge, proteinuria had not been examined as a

potential risk marker for mortality following infection.

What this study adds

People with eGFR <30 ml/min/1.73m?were at higher risk of death compared to people with
eGFR>60 ml/min/1.73m? in the 28 days following diagnosis of pneumonia (adjusted risk
ratio, RR 1.27: 95% Cl 1.12-1.43) and sepsis (adjusted RR 1.32: 1.07-1.64), which was not
explained by existing co-morbidities (adjusted for age, sex, socio-economic status, smoking
and co-morbidities). Neither moderately impaired eGFR nor proteinuria were associated

with short-term mortality following either infection.

11.2 Strengths

The strengths of the individual studies were discussed in Chapters 7 to 10. The overall
strengths of this thesis follow from using large, linked datasets among a highly monitored
population with study definitions, design and analysis tailored to a series of focused study

questions designed to address identified gaps in the literature.

11.2.1 The use of large, linked datasets

The thesis used large, linked datasets of primary care and hospital admission records, with
additional linkages to Office for National Statistics mortality data. Large cohorts permitted
precise estimates of the main associations of interest with eGFR categorised into narrow
categories to improve the clinical relevance of estimates and allow detection of graded

associations.

Data linkage allowed exploitation of the different strengths of a variety of datasets. Primary
care datasets offered a rich source of patient characteristics and co-morbidities, including
results of laboratory tests sent from primary care. Data linkage to secondary care allowed
identification of infections both among patients presenting directly to hospital and those
managed in the community, and the distinction of community-acquired from hospital-
acquired infections. Linkage to ONS mortality data maximized ascertainment of mortality

and enabled description of the causes of death.
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11.2.2 Selection of a highly monitored and clinically relevant study population
All study populations were restricted to older people with diabetes. Among this population,
a high proportion had regular serum creatinine tests recorded, and this reduces the risk of
selection bias in studies in which serum creatinine tests were an inclusion criterion, of
misclassification of eGFR status from infrequent monitoring, and of ascertainment bias in
estimated associations of eGFR with outcomes of interest. Age and diabetes are important
a priori confounders of any associations between CKD and infection incidence or mortality,
and restriction of the study population helps control confounding by these characteristics

(1.4.1).

Older people with diabetes are a large population, who bear a high burden of morbidity
and mortality from community-acquired infections, and have a high prevalence of CKD: the
association of CKD with infection-related morbidity and mortality is thus particularly salient
among this population, from clinical and public health perspectives. The population is
ageing and the prevalence of diabetes is increasing, and the health service needs of this
population are of growing relevance to health service planning and health promotion

strategies.

11.2.3 Tailored study definitions, design and analysis for a series of focused
questions

This thesis presents the first studies to describe mutually-adjusted associations of eGFR and

proteinuria with incidence of these community-acquired infections, and with post-

infectious mortality. This allows interpretation of eGFR and proteinuria as independent

markers of risk among older people with diabetes.

Episodes of community-acquired infections were defined according to detailed methods
developed by Elizabeth Millett for LRTI and pneumonia, and adapted in this thesis to sepsis
and UTI, as described in Chapter 4. The methods were designed to minimise
misclassification of infections, and the identification of community-acquired infections
specifically allows the study of the association of CKD with infection incidence to be
independent of more frequent hospital attendance among patients with CKD, and the
association of CKD with post-infectious mortality to be independent of poorer prognosis of

hospital-acquired infections.

CKD was identified sensitively to the historical context of the data, among a highly
monitored study population and data handling decisions were taken in the context of the

thesis objectives, to minimise misclassification and ascertainment bias in the estimation of
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the association of CKD with infection-related morbidity and mortality, as discussed in

Chapter 5.

Cohort study designs were used for all study objectives, and these have less potential for
selection bias than an equivalent case-control study. Within this design, each study was
analysed with respect to the main biases of concern to each specific study question, for
example in the ratio-of-ratios analysis to address confounding by indication in influenza
vaccine effectiveness estimates. The data permitted adjustment for a wide range of co-
morbidities. Confounders were identified using a conceptual framework and each
confounder adjusted for individually, to adjust for confounding as accurately as possible

while maintaining a parsimonious model.

The systematic review presented in Chapter 2 identified that the roles of increased
susceptibility to infection and poorer prognosis from infection in driving excess infection-
related mortality and hospitalization among patients with CKD could not be separately
identified from existing studies of the association between eGFR and infection. This thesis
addressed that gap, by conducting separate studies of the association of CKD with infection
incidence (including infections managed in the community) and with short-term mortality
following infection diagnosis. The thesis also presented novel analyses of the associations
of proteinuria with infection-related morbidity and mortality independently of eGFR, which

may advance the use of proteinuria as a marker of clinical risk.

11.3 Limitations

The potential for misclassification, information bias, selection bias and reverse causation
specific to each study was discussed in Chapters 7 to 10. The overarching limitations of the
thesis mostly arise from its reliance on historical data collected for clinical purposes. Data

validity depended on full and accurate clinical investigation, diagnosis and coding.

11.3.1 Misclassification and information bias

All variables were subject to misclassification from clinical error or inaccurate coding. In
general, the positive predictive value of diagnostic records in CPRD has been found to be
high, but the negative predictive value is less clear.[72] Patient investigation, diagnosis and
monitoring are driven by clinical criteria, which is inherently differential according to
overall health status. As a wide range of factors inform CKD status and infection risk which
are likely to be correlated with clinical management and coding (such as smoking status,

age and co-morbidities), all analyses of the associations between CKD and infection-related

[214]



outcomes are vulnerable to information bias from misclassification, and poorly controlled
confounding from misclassified confounders. Data recording also reflects clinical
imperatives. In particular, negative results are often less clinically relevant to patient
management than positive results, which distorts recording. The resulting missing data may
cause misclassification, information bias, selection bias and uncontrolled confounding,

depending on the context and how the data are handled.

Misclassification resulting from missing data is particularly relevant to patient co-
morbidities and proteinuria status, as a negative status was inferred from absence of a
positive record (5.2.4 and 6.5). Any misclassification of co-morbidities would impair control
for confounding, biasing estimates of CKD with infection-related outcomes in either
direction. Misclassification of proteinuria status that was non-differential by CKD status and
infection-related outcomes is likely to have resulted in under-estimation of the association
of proteinuria with infection-related outcomes. Information bias from differential
misclassification of proteinuria status could bias estimates of the association of proteinuria

with infection-related outcomes in either direction.

It was not always possible to categorise variables finely. For example, smoking status was
classified into crude categories based on current status, when ideally smoking pack year
history would have allowed adjustment for cumulative exposure in addition to current
status (6.3). This may have resulted in residual confounding by smoking status. The data did
not permit confident identification of albuminuria, or quantification of proteinuria, both of
which would have improved the detail in which the associations between proteinuria and

infection-related outcomes could be described (5.5.5).

Estimated GFR status was updated over time for two analyses (objectives 3 and 4). As the

frequency and timing of serum creatinine testing reflects clinical imperatives, this risked
misclassification over time which was likely to be differential with respect to infection
incidence, potentially introducing ascertainment bias. This risk was mitigated by selecting a
highly-monitored population. The high frequency of testing (5.4.4), and results of sensitivity
analysis restricted to the period after the introduction of Quality Outcomes Framework
incentivised annual testing for all (Paper 3), suggested that ascertainment bias was not a

major problem among this population.

11.3.2 External validity
All studies included only a subset of older people with diabetes mellitus. The inclusion

criteria for all studies required a diagnosis of diabetes mellitus; studies of the associations
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of CKD with infection-related outcomes also required a valid serum creatinine test result
and non-missing smoking status (objectives 3-5); and the study of post-infectious mortality

additionally required an available HbA1C result (objective 5).

Patients with undiagnosed diabetes mellitus do not receive care to manage their diabetes,
thus patients excluded from the study by lack of diabetes diagnosis may be at greater risk
of CKD and infection.[174] Serum creatinine testing, smoking cessation advice, and HbA1C
monitoring are also key components of care for patients with diabetes, and while these
data may be missing for a variety of reasons, excluded patients are likely to be a population
with poorly managed diabetes compared to included patients. These results may not be
valid to be generalised to all older people with diabetes mellitus. However, the results may
be generalised to the population of older people with a diagnosis of diabetes mellitus who
are actively managed in primary care, which is a large and reasonably identifiable

population.

11.3.3 Confounding
Adjustment for confounding is a strength of this thesis. Confounders were identified using a
conceptual framework and a wide range of confounders were adjusted for individually, to

adjust for confounding as accurately as possible while maintaining a parsimonious model.

All adjusted estimates are of course still vulnerable to residual confounding from crude

categorisation of confounders (11.3.1), or from omission of relevant confounders (8.3.6).

11.3.4 Reverse causation

Acute community-acquired infections may alter kidney function directly (for example by
triggering acute kidney injury) or indirectly (for example by disrupting glycaemic control, or
prompting smoking cessation). This results in a risk of reverse causation in estimates of the
association of CKD and acute community-acquired infection incidence (objective 2), but the
study was designed to mitigate this, and sensitivity analysis suggested this was not a major

issue (8.3.4).

11.3.5 Restricted lines of investigation

The content and coding of the data reflected changing clinical practice, diagnostic
categories and coding regulations during the study period, and this required consideration
in the study designs. For example, the plan for identification and classification of CKD status
was developed with careful reference to the clinical, historical and coding context of the

study period (Chapter 5). In studying the association of CKD with post-infection mortality
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(objective 5), all-cause 28-day mortality was selected as an outcome over deaths coded as
caused by infection as this outcome was better supported by the data and coding rules,

rather than due to its greater intrinsic interest (3.4.3).

Some information was not consistently available to the study and this limited the feasible
study questions. Infectious aetiology would have allowed the studies to identify the main
causative pathogens driving the burden of infection-related mortality among older people
with diabetes, to examine whether CKD status is associated with different infectious
aetiologies than those among the general population, and to allow estimation of influenza
and pneumococcal vaccine effectiveness against the specific outcomes of influenza and
pneumococcal infections. However, the aetiology of community-acquired infections could

not be uniformly and routinely identified from the available datasets (4.4).

Data available in Hospital Episode Statistics were less rich than those in CPRD. For example,
treatment and laboratory test results in secondary care were not available. This prevented
an exploration of the role of events in secondary care (such as antibiotic prescription or
acute changes in serum creatinine or electrolytes) as potential mechanisms for the
association of CKD with prognosis among patients with acute community-acquired

infections.

11.4 Interpretation

Among older people with diagnosed diabetes mellitus who are actively managed in primary
care, both proteinuria and even mildly reduced eGFR are associated with increased
incidence of acute community-acquired infections. The differences between this thesis and
previous studies help clarify the possibly explanations for this. This study excluded patients
with end-stage renal disease (identifying that the association is not due to renal
replacement therapy), considered exclusively community-acquired infections (establishing
that the association is not explained by increased risk of healthcare-associated infections),
included infections managed in the community (identifying that CKD is truly associated with
increased infection incidence, and the association is not solely a function of hospital
admission thresholds or infection severity) and adjusted for a range of co-morbidities and
characteristics of diabetes to limit the extent to which the association may be explained by

confounding.

An association between CKD and post-infection mortality was observed only among

patients with severely reduced eGFR. This is not evidence that early stages of CKD are not
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associated with poorer prognosis of infection. As the association between CKD and
infection incidence was stronger for more severe infections (sepsis and pneumonia,
compared to LRTI), it seems unlikely that there is no underlying relationship between CKD
and infection severity. It is possible, for example, that an inherently poorer prognosis for

patients with CKD may be unobserved if mitigated by good clinical care following diagnosis.

A high burden of LRTI and pneumonia was observed among the population of older people
with diabetes, and particularly patients with CKD. Among the general population, a large
burden of LRTI and pneumonia is related to two pathogens against which immunisation is
available. The results suggested that increased uptake of routine influenza and
pneumococcal vaccine would have limited impact on the burden of community-acquired
LRTI and pneumonia among older people with diabetes. This may be due to a high burden
of non-vaccine preventable LRTI/pneumonia, but it may also be that vaccine effectiveness

could be improved among older people with diabetes using current vaccine schedules.

Are the associations of CKD with infection incidence and post-infectious mortality causal?
The graded association of eGFR with infection incidence would be consistent with a causal
explanation, although it could also be explained alternatively. There are plausible biological
mechanisms for a causal relationship between CKD and infection incidence and CKD with
post-infection mortality, but this thesis was not designed to investigate these (1.2.3). Even
if CKD is not the cause of increased incidence of, and mortality from, acute community-
acquired infections, both eGFR and proteinuria are observable and quantifiable, and may

serve as useful markers for identifying patients at risk of infection-related ill health.

11.5 Implications for clinical practice

This thesis may have some direct applications to clinical practice. For example, the
guantification of incidence of selected acute community-acquired infections among older
people with diabetes may allow primary care clinicians to offer more detailed information
to patients than previously when discussing infection risk for patients with diabetes, and
how CKD relates to this. This may, for example, inform and support vaccination uptake. The
description of the association between baseline CKD status and short-term mortality may
also inform risk-stratification of older patients with diabetes at diagnosis of acute,

community-acquired infection.

The UK population is ageing, and the prevalence of diabetes is increasing: understanding

the health needs of older people with diabetes is of growing importance to health service
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planning and public health. Quantifying the burden of community-acquired infection
among older people with diabetes, and describing the role of CKD in this, should inform
health service planning and help refine health economics analyses of the health and

financial costs of CKD.

11.6 Implications for research

11.6.1 Investigating CKD using electronic health records

This thesis worked within the limitations of historical routinely-collected data, by selecting
a highly-monitored study population and by developing the study classification of CKD
within the context of the available data and its clinical and historical context. It might be
possible to improve usefulness of historical records for identifying and categorising
proteinuria, for example, by developing tools to scan and automatically encode proteinuria
results recorded in free text. There is potential to increase the scope of renal research using
electronic health records by altering the capture and curation of CKD data in prospectively
collected electronic health records. For example, data structure and curation which
standardised the recording of proteinuria (using templates for data entry, and retaining
detail in dataset curation) might allow quantification of proteinuria and albuminuria,

improving the granularity of research into the relevance of proteinuria.

11.6.2 Unanswered questions

The ability to study potential mechanisms for any causal association of CKD with infection
incidence and mortality in this thesis was limited, but future research investigating whether
potential causal mechanisms are in fact observed would help to further answer the
question of causality and identify the relevance of any modifiable mechanisms, such as

acute kidney injury.

Single pneumococcal and influenza vaccination appears to have limited scope to reduce the
overall burden of community-acquired pneumonia and LRTI. This may partly be explained
by the non-specificity of pneumonia and LRTI aetiology to these vaccines among the study
population. However, enhanced vaccines (for example, using adjuvants) and schedules (for
example, annual pneumococcal vaccination) may improve vaccine effectiveness, and

should be explored for this high-risk population.
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11.7 Personal learning

Preparing this thesis has been an opportunity for me to reflect on my personal learning.
The course of my studies has not always been efficient. For example, the identification and
classification of Read codes for chronic renal diseases was time-consuming. This code list is
now a resource available to other researchers, but an earlier assessment of their strengths
and weaknesses relative to the completeness of serum creatinine testing might have

allowed me to describe CKD status more quickly.

| have gained new knowledge and skills during my studies. Practically, | have developed
improved data management skills, learned to conduct data analyses which were new to me
and responded to some analytical challenges, such as developing an approach to non-
converging models when calculate mortality risk ratios. | have also gained a better
theoretical understanding of the challenges of handling, analysing and interpreting
routinely-collected electronic health records. In particular, developing detailed study design
and data analysis plans for each study objective required me to move from identifying bias

in studies to managing it as far as possible.

| have been fortunate to have my studies funded by Kidney Research UK. Attending the
annual KRUK Fellows’ Days, | have been struck by how widely the scope of kidney research
ranges: in discipline from epigenetics and immunology to epidemiology; in aim from
behaviour change for CKD prevention to refining dialysis delivery arrangements; in scale
from studies of muscle-cell models to interactions of CKD with the cardiovascular system.
Patients have generously shared their stories of living with the psychological, as well as
physical, demands of kidney disease. Homer W. Smith argued that it was the kidney’s salt
and water regulation that had won humankind the freedom from the sea to become
philosophers rather than fish.! From my contact with the Kidney Research UK community, |
have gained some appreciation of the nuanced and pervasive roles of the kidney in
supporting wellbeing, and learned to see the kidney as more than a physiologically

impressive organ working in isolation from the rest of the person.

L A quote from Homer W. Smith’s book, ‘From Fish to Philosopher’ (1953) appears on page 3 of this
thesis.
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11.8 Conclusions

Electronic health records facilitate fast, large, low-cost observational studies. They also
raise challenging methodological issues, such as how to identify health status from a wealth
of data collected for the purposes of routine care with varying validity. This is a particular

challenge for CKD, as a silent disease.

The population of older people with diabetes has a high burden of morbidity and mortality
from community-acquired infections, and among this population, CKD is associated at early
stages with an increased risk of infection incidence and, at later stages, with short-term

mortality post-infection.

There has traditionally been some hesitancy in diagnosing early stages of CKD among older
people. The relevance of CKD is increasingly accepted as extending beyond the risk of
progression to end-stage renal failure. Early stages of CKD are now recognised as important
risk markers for cardiovascular and cerebrovascular events, and are used to prompt
aggressive management of cardio- and cerebrovascular risk factors. A parallel relationship
appears to exist between CKD and community-acquired infection incidence, and | hope that

this thesis adds detail to that picture.

Several major causes of CKD (diabetes, hypertension and smoking) are modifiable: CKD is
predominantly a preventable disease. It is to be hoped that this further evidence of the
systemic importance of early CKD will contribute another element to recognition of the
burden of morbidity and mortality associated with even early stages of CKD, and the

potential benefits of CKD prevention.
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