The impact of childhood pneumococcal conjugate vaccine immunisation on all-cause pneumonia

admissions in Hong Kong: a 14-year population-based interrupted time series analysis

ABSTRACT

Background: Nine years after the introduction of pneumococcal conjugate vaccine (PCV) in the US,
Hong Kong (HK) introduced the vaccine to its universal childhood immunisation programme in 2009.
We aimed to assess the impact of childhood PCV immunisation on all-cause pneumonia (ACP)

admissions among the overall population of HK.

Methods: In this population-based interrupted time series analysis, we used territory-wide
population-representative electronic health records in HK to evaluate vaccine impacts. We identified
hospitalised patients with a diagnosis of pneumonia from any cause between 2004 and 2017. We
applied segmented Poisson regression to assess the gradual change in the monthly incidence of ACP
admissions between pre- and post-vaccination periods. Negative outcome control, subgroup and

sensitivity analyses were used to test the robustness of the main analysis.

Findings: Over the 14-year study period, a total of 587,607 ACP episodes were identified among
357,950 patients. The monthly age-standardised incidence of ACP fluctuated between 33.4 and 87.4
per 100,000-persons. There was a marginal decreasing trend in pneumonia admissions after PCV
introduction among overall population (incidence rate ratio: 0-9965, 95% Cl: 0-9932-0-9998), and older
adults (> 65 years, incidence rate ratio: 0-:9928, 95% Cl: 0-9904-0-9953) but not in younger age groups.

Interpretation: There was a slightly significant trend change in overall ACP admissions in HK up to
eight years after PCV introduction, but the significance disappear when fitting sensitivity analyses. The
results indicate the complexities of using non-specific endpoints for measuring vaccine effect and the

necessity of enhancing serotype surveillance systems for replacement monitoring.
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INTRODUCTION

Pneumonia remains one of the top three leading causes of death worldwide, associated with
considerable morbidity and economic loss.>? Several pneumococcal conjugate vaccines (PCVs) against
serotypes of Streptococcus pneumoniae have been developed to prevent pneumococcal diseases.?
PCV7 protects against the seven serotypes that are most commonly associated with invasive
pneumococcal disease (IPD) and was first introduced to the routine childhood immunisation
programme (CIP) in the US in 2000. It was subsequently replaced in 2010 by PCV13, which protects
against six further serotypes, including some which rapidly replaced the original seven following PCV7
introduction in the US. Since 2006, the World Health Organization has recommended incorporating

PCV into national CIPs, especially in countries with significant pneumococcal disease burden.?

The effectiveness of PCV immunisation in reducing pneumonia-related admissions in children has
been consistently reported in countries with PCVs incorporated into the CIP.>” Biologically, PCV
immunisation should also offer indirect protection to unvaccinated individuals by reducing bacterial
carriage among the vaccinated, and thus, reduce bacterial exposure to the unvaccinated (herd
protection). However, the impact of childhood PCV immunisation among the overall population is
different due to extensive replacement with non-vaccine serotypes after vaccine introduction,
particularly in older adults.#° Current real-world evidence on the indirect effects of PCV has mainly
focused on populations in high-income countries, particularly in North America, Europe and
Australasia, which were first to introduce PCV. There are several emerging evidence for the delayed
PCV introduction effect in African countries that mainly focused on child age group.”!! However, the

entire benefits of the vaccine across all age groups remain unclear.

Despite an approximate nine-year delay compared to the US, Hong Kong (HK) was one of the first
cities in Asia to introduce PCV to the routine CIP. Through HKCIP, the government has provided free
and universal PCV7 to children under two years of age since September 2009. Following greater

serotype coverage by newly developed PCVs, PCV10 was introduced in October 2010 which was



subsequently replaced by PCV13 in December 2011.12 The overall immunisation coverage rates of
various vaccines under the HKCIP has been maintained at a level of over 95%. For example, the PCV
coverage was up to 95% among preschool children born in 2012-2014, reported by Department of
Health in 2018.1 However, the burden of pneumonia in HK remains high even in the post-PCV era.’®
Pneumonia remains the second leading cause of death in HK with pneumonia-related deaths
increasing over the past ten years.!* Given the large disease burden and the need for effective
interventions for pneumonia control, it is important to evaluate the cross-age effect of childhood PCV
immunisation, particularly in older adults. In this study, we assessed the impact of childhood PCV
immunisation on pneumonia admissions among the overall HK population in order to provide

information for future PCV immunisation policies.

METHODS

Data source

This study used data from the Clinical Data Analysis and Reporting System (CDARS) - a territory-wide
electronic health record (EHR) system developed by the Hospital Authority (HA) of Hong Kong. HA is
the statutory body that manages all public hospitals and ambulatory clinics, which are available to all
HK residents (over 7.4 million people) and covers 73% of hospital admissions in HK.»® Patient-specific
data include demographics and prescription information, diagnoses, procedures, laboratory tests,
consultation dates, admissions and discharge information along with immunisations conducted in
public hospitals. A unique anonymous identifier was assigned to each patient to protect patient
privacy and facilitate data retrieval. CDARS has demonstrated data quality and accuracy in a variety of
population-based clinical and epidemiological studies.'®?° The study protocol was approved by the
institutional review board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster

(Reference number: UW 19-022).



Study design

We applied a quasi-experimental design with interrupted time series (ITS) analysis to evaluate the
impact of childhood PCV immunisation on pneumonia admissions.?* With the longitudinal data before
and after an intervention, ITS analysis has been recognised as a useful tool in evaluating population-
level policy effectiveness and is being increasingly used in healthcare policy assessments such as
smoking cessation policies, new drug listing policies and vaccine programmes.?? The study applied the

standard ITS method with a segmented Poisson regression model.?*%*

Outcome measures

Outcomes of interest include hospitalisation due to all-cause pneumonia (ACP, primary outcome) and
pneumococcal pneumonia (PP, secondary outcome) between January 2004 and December 2017
recorded in CDARS. Patients with ACP were identified using the principal diagnosis coded at discharge
based on the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
diagnostic codes (480-486). Lab tests and bacteria culture results of patients with ACP were retrieved
to verify those with PP. Patients with pneumococcal Ag detected in lab tests or S. pneumoniae cultured
from sputum, blood, urine, or cerebrospinal fluid samples within the same hospitalisation stay was

counted as one PP episode.

Admission records from the same patient with an admission interval shorter than 2 days were counted
as a single episode, in consideration of the likelihood of hospital transfer. Patients with multiple
hospital admissions were considered as independent cases if admission intervals exceeded 2 days.®?
Crude and age-specific incidences of ACP and PP were calculated monthly with the overall incidence

standardised using the 2017 HK census population to account for population structure changes.?®

Main analysis

The comparison period for the ITS analysis was the pre-PCV period (January 2004 to December 2008)

and the post-PCV period (January 2012 to December 2017). We excluded data points between January



2009 and December 2011 from the analysis as the transition period of PCV introduction! (PCV7 in
September 2009, PCV10 in October 2010, and PCV13 in December 2011).1? Additionally, the year
2009-2011 corresponded to the period of the HIN1 pandemic in HK.2® Therefore, we defined the post-
PCV period as starting from January 2012 to minimise data contamination associated with the

influenza outbreak.

We applied segmented Poisson regression to estimate the abrupt (level change) and gradual changes
(slope change) of the monthly incidence of ACP and PP. For both pre- and post-PCV periods, logarithm
of population was included as offset. We also included logarithm of monthly influenza-related
admissions (ICD-9-CM: 487) in the regression model to adjust the potential confounding effect due to
the changes of infectious disease surveillance during flu pandemic. To account for the seasonality
effect, the model also included a categorical indicator for each calendar month.?’ After fitting the
Poisson regression models, we used residual plots, autocorrelation function (ACF) and partial
autocorrelation function (PACF) to test the model assumption and the existence of autocorrelation.
We further applied Newey-West method to correct for the overdispersion and autocorrelation.
Standard errors were adjusted for autocorrelation up to the largest lag detected by the bandwidth

selection procedure for all of the primary, secondary and negative control outcomes.??8

Negative control, subgroup and sensitivity analyses

We conducted negative control analysis using fracture of lower or upper limb (ICD-9-CM: 810-829) as
the alternative outcome. With the clinical understanding that fracture should not be affected by PCV
immunisation, taking this as the negative control can test the validity of the statistical approach. In
subgroup analysis, we stratified the study population into three age groups (0-19, 20-64, > 65years) in
order to assess the vaccine’s impact. We also conducted a series of sensitivity analyses for the primary
outcome to test the robustness of findings from the main analysis, including 1) adding three-months,
six-months, and one-year lag on the post-PCV period to assess the time-lag effect of PCV immunisation;

2) changing admission intervals to 30-days and 60-days to define one admission episode. To validate



the cut-off time point in our analysis, we also employed a change-point analysis that can identify the

statistically changing timing according to the dataset.?

We used R software (version 3.6.1) for data manipulation and analysis. A two-sided P-value of less
than 0.05 was considered statistically significant. Data cleaning and analysis was conducted and cross-

checked independently by two authors (QYY, MF) for quality control.

RESULTS

Descriptive analysis

Over the 14-year study period, a total of 587,607 ACP episodes among 357,950 patients (54% male)
and 12,699 PP episodes among 12,134 patients (71% male) were recorded in CDARS. The annual
incidence of ACP fluctuated between 633 and 812 per 100,000-persons, whilst the annual overall

incidence of PP fluctuated between 12-2 and 18-5 per 100,000-persons. Major disease burden of ACP

and PP was in older adults > 65 years (Table 1). The trend line in Figure 1 details the annual incidence

of ACP, PP and limb fracture (negative control) between 2004 and 2017.

The overall dataset has 168 months of routine hospital admissions data with an average of 3,498 ACP
[standard deviation (SD): 786] and 76 PP (SD: 24) episodes monthly. Monthly age-standardised
incidence ranged between 33:4 and 87-4 per 100,000-persons for ACP and 0-53-2-67 per 100,000-
persons for PP. Monthly incidence and its temporal variation were greater in older adults than other

age groups (Supplementary Figure 1).

Interrupted time series analysis

In the pre-PCV period, there was no significant changes in monthly incidence of ACP were found. There

was an immediate non-significant increase in the incidence of ACP in January 2012 [incidence rate



ratio (IRR) = 1-0117, P = 0-8959]. Throughout the post-PCV period, the monthly incidence of ACP
declined gradually by 0-35% with a marginal significance (P=0-0378, Table 2, Figure 2a). For PP as the
secondary outcome, there was a significant decrease before PCV introduction. After PCV introduction,
slight decreasing slope change without statistical significance was observed (P =0-1341, Table 2, Figure
2b). In negative control analysis, PCV showed no protective effect on the incidence of fracture (Table
2, Figure 2a). The residuals plot and autocorrelation function for overall ACP are shown in

Supplementary Figure 2.

Subgroup and sensitivity analyses

In the subgroup analysis, we focused on the gradual trend changes (slope change effect) in order to
analyse the long-term effect of PCV in the post-PCV period. We found a marginal decreasing trend
(0.72% reduction) of ACP incidence among older adults aged >65 years (Table 3, Figure 3a). No
significant findings achieved among children and younger adults. For the incidence of PP, we observed
similar trends as that for ACP (Table 3, Figure 3b). For the negative control outcome, there was no

reduction trend in the incidence of fracture in all age groups.

We conducted sensitivity analyses for the primary outcome of interest. For the overall population, the
decreasing trend of ACP incidence only remained significant up to 3-month lag period of the childhood
PCV implementation (no time-lag: 0-35%, P < 0-05; 3-month lag: 0-33%, P < 0-05; 6-month lag: 0-30%,
P = 0-:0778; 12-month lag: 0-28%, P = 0-:0824, Supplementary Table 1). For the time-lag effect on
subgroup, the decreasing trend of ACP incidence in older adult group (= 65 years) remained significant
for all tested time-lag periods (no time-lag: 0-72%, P < 0-05; 3-month lag: 0-70%, P < 0-05; 6-month lag:
0:67%, P < 0:05; 12-month lag: 0-65%, P < 0-05, Supplementary Table 1). In addition, different
admission intervals for one hospitalisation episode yielded similar trend as the main analysis but some
of the subgroup analysis became non-significant (Supplementary Table 2). The significant point chosen

by change-point analysis was in December 2010, which was within the transition period. The examined



decreasing trend of overall ACP incidence is by 0-32% significantly (IRR = 0-9968, P < 0-05), which is

similar to the main analysis.

DISCUSSION

In this interrupted time series analysis, we found a marginal declining trend of ACP but no significant
decrease of PP among the overall Hong Kong population up to eight years after childhood PCV
immunisation. The series of sensitivity analyses yielded consistent findings that the effect was weak
and even became non-significant with a time lag period or admission intervals changes. Our research
findings may differ from reports of other countries given the underlying epidemiology of S.
pneumoniae and the time-lag between PCV introduction in HK and many other high-income settings
are different. This indicates that evaluation of the impact of childhood PCV immunisation in the post-
PCV era is complex and multifactorial, posing significant challenges for countries with delayed vaccine

introduction and incomplete serotype surveillance systems.

The effect of PCV introduction on pneumonia and its magnitude are also restrained by data quality
and study design. Most of the relevant literature support the significant effect of PCV on ACP
hospitalisation after its introduction, but the effect is regional-specific and age-dependent.3%3¢ Lau et
al*® reported a gradual decline in ACP incidence (IRR=0.98) among children 0-4 years in the UK after
the introduction of PCV7 but no additional benefit from PCV13 was observed. In contrast, Simonsen
et al’® reported shortly after its introduction in the US, that PCV13 was associated with significant
reduction of ACP hospitalisation for children aged 0-2 years (21%), children aged 2-4 years (17%), and
adults aged 18-39 years (12%), but not for other age groups. Pelton et al’! also studied the effect of
universal childhood PCV13 immunisation among all age groups in the US 3 years after its introduction
and observed a reduction of ACP hospitalisation for children and adults groups, but not for older adults
aged 275 years. In the current study, we found marginal ACP admission and no reduction in PP

admission after PCV introduction. In the older adults’ group, despite having captured a significant



declining trend of ACP after the childhood PCV immunisation with the averted ACP cases of 3,234 per
year on average (annual incidence reduction of 0-17 per 100,000-persons), we however consider this
observation likely to have suffered from type one error given the very marginal effect detected and

its divergence from findings in the age group that was actually vaccinated.

Rapid increases of non-PCV serotypes might compromise the benefits of the PCV immunisation for
both children and adults.?”*® Consistent with the global evidence, serotype replacement was reported
shortly after the PCV13 introduction in HK.3**! This indicates that the vaccine has been used in HK
against a backdrop of serotype replacement globally and regionally; a possible explanation as to why
we could not detect any declining trend of PP — the specific measurement of PCV effectiveness.
Serotyping of S. Pneumonia is not available in our study dataset. Due to this limitation, we were unable
to test the role of serotype replacement on the occurrence of ACP or PP. However, the publicly-
available government report also suggests that invasive pneumococcal disease, one of the statutory
notifiable infectious diseases in HK since 2015, has not shown significant decline in trend between

2015 and 2019 (Supplementary Figure 3).

Interpretation of the study findings should be taken cautiously. Of note, the years 2009-2011 were
treated as the transition period of PCV introduction covering the sequential implementation of PCV7,
PCV10, and PCV13.1? Coincidentally, there was a HIN1 influenza pandemic in HK during the same
period.? Hence the study investigated the cumulative effect of PCVs instead of a specific PCV effect
and the effect of the influenza pandemic cannot be excluded completely despite the regression
adjustment including influenza episodes. Influenza is one of the major components of ACP and a well-
known risk factor for secondary bacterial infection including S. pneumoniae.*® The infectious disease
surveillance and the propensity of hospital admission and testing for S. pneumoniae might also be
increased during the pandemic. These factors may all contribute to the increase of both ACP and PP
admissions during the pandemic. The seasonal influenza vaccination also played a potential role in the

trend of ACP admission. In a recent HK government report, the uptake of influenza vaccine increased



gradually from less than 3% in 2003 in general to over 20% in children and over 40% in older adults in
2017.%4% Hence the trend of ACP observed in this study should be considered as an aggregated effect

from pneumococcal and influenza vaccines but not PCV alone.

There are also various limitations to be considered. Firstly, due to data source restrictions, we mainly
relied on ICD-9-CM diagnostic codes rather than radiologically confirmed pneumonia to define the
primary outcome of interest. The majority (86%) of pneumonia diagnosis was classified as pneumonia
with unspecified organism. The definition of “pneumonia” is not well defined in HK (i.e. whether or
not chest X-ray was used) - presumably may have changed over time. With regard to this point, using
ACP as the primary but less specific outcome will render vaccine effectiveness less significant.
Secondly, we were unable to link clinical diagnosis with serotyping from lab tests due to inconsistent
practices from different hospitals and the change in S. pneumonia serotype surveillance
recommendations over the study period.***” Hence, we could not investigate the possibility of
serotype replacement after PCV introduction. Future clinical-based studies are warranted to evaluate
the long-term effect of PCV immunisation in the dynamic setting of possible serotype replacement.
Thirdly, for the secondary outcome as PP, we attempted to extract all the lab testing results among all
the patients with ACP diagnosis. However, information about “how” and “who” to test is unknown
from the database. It is likely that the test policy has been ad hoc and has changed over time — hence
caused the non-significant results. Fourthly, the EHR database we used included hospital admission
from all public hospitals in HK so that only data from the public sector were utilised. There is a
likelihood of selection bias with neglecting the admission from the private sector. Lastly, we did not
include certain potential confounders such as daily temperature or air-condition fluctuations, which

may also influence the occurrence of pneumonia.*®

Findings from this study highlight the challenges in interpreting data on the real-world effectiveness
of childhood PCV immunisation among the overall population, and provide important information to

inform design of post-introduction surveillance systems. In particular, even in a high-income setting



with good access to hospital care and comprehensive reporting of public hospital admissions,
monitoring vaccine effectiveness is difficult without pneumococcal-specific surveillance systems that
match clinical diagnoses, laboratory reporting and serotyping. It is particularly relevant to countries
and regions with delayed PCV introduction schedules in terms of year and/or with a considerable
ageing population. Following the implementation of PCV immunisation, determining specific
measurements are important for the evaluation of vaccine effectiveness and cost-effectiveness.
Serotype surveillance systems should also be enforced to monitor replacement and examine vaccine

benefits dynamically.

In conclusion, eight years after the introduction of childhood PCV immunisation, hospitalised all-cause
pneumonia and pneumococcal pneumonia among the overall HK population did not show a highly
significant reduction in either children or adults. Future studies should investigate the possible role of

S. pneumoniae serotype replacement in changing vaccine effectiveness in the long-term.
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