History of tuberculosis is associated with lower
exhaled nitric oxide levels in HIV-infected children
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Objective: HIV disrupts host defense mechanisms and maintains chronic inflammation
in the lung. Nitric oxide is a marker of lung inflammation and can be measured in the
exhaled air. We investigated the relationship between exhaled nitric oxide (eNO), HIV
status and airway abnormalities in perinatally HIV-infected children aged 6–19 years.
Design: A cross-sectional study.
Methods: HIV-infected individuals on antiretroviral therapy and HIV-uninfected children with no active tuberculosis (TB) or acute respiratory tract infection were recruited
from a public hospital in Harare, Zimbabwe. Clinical history was collected and
eNO testing and spirometry was performed. The association between eNO and
explanatory variables (HIV, FEV1 z-score, CD4þ cell count, viral load, history of
TB) was investigated using linear regression analysis adjusted for age, sex and time
of eNO testing.
Results: In total, 222 HIV-infected and 97 HIV-uninfected participants were included.
Among HIV-infected participants, 57 (25.7%) had a history of past TB; 56 (25.2%) had
airway obstruction, but no prior TB. HIV status was associated with lower eNO level
[mean ratio 0.79 (95% confidence interval, 95% CI 0.65–0.97), P ¼ 0.03]. Within the
HIV-infected group, history of past TB was associated with lower eNO levels after
controlling for age, sex and time of eNO testing [0.79 (95% CI 0.67–0.94), P ¼ 0.007].
Conclusion: HIV infection and history of TB were associated with lower eNO levels.
eNO levels may be a marker of HIV and TB-induced alteration in pulmonary physiology; further studies focused on potential causes for lower eNO levels in HIV and TB are
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Background
Access to antiretroviral therapy (ART) has substantially
increased survival of children with HIV, with increasing
numbers now reaching adolescence and adulthood.
However, it is becoming increasingly apparent that
HIV infection is associated with chronic comorbidities in
the ART era [1,2].
In recent years, several studies from sub-Saharan Africa
have shown that chronic respiratory symptoms and airway
obstruction are common among children taking ART [3–
6], with obliterative bronchiolitis and bronchiectasis being
common noncommunicable causes of chronic respiratory
symptoms [7–12]. Furthermore, ART is not fully
protective against tuberculosis (TB) and individuals with
HIV on ART have an estimated 10% four-year risk of
developing TB compared with a 10% lifetime risk in the
general population of South Africa [13,14]. Moreover,
children with HIVexperience more rapid TB progression,
poorer response to treatment and are at a higher risk of TB
recurrence [15,16]. The long-term consequences of TB
often persist despite successful treatment, adding to the
burden of chronic lung disease [17].
Even though the pathogenesis of chronic lung disease in
HIV-infected individuals is not completely understood,
chronic airway inflammation and oxidative stress are
thought to play a distinct role [12,18]. One of the markers
of airway inflammation is nitric oxide that is produced by
various cells in the body, including the respiratory tract.
Under normal physiological conditions, there is constant
production of NO in the lung that regulates bronchodilation, neurotransmission, mucous secretion and the
inflammatory response [19,20]. The presence of NO can
be easily measured in exhaled air using a noninvasive,
quantitative, standardized method [21]. Increased levels of
exhaled nitric oxide (eNO) are a well known marker of
eosinophilic airway inflammation in asthma, while
reduced eNO levels have been reported in patients with
active lung TB, cystic fibrosis and in smokers [22–24].
Increased eNO levels are explained by overexpression of
the inducible NO synthase (iNOS), which often
correlates with systemic and lung inflammation, while
decreased eNO levels may be due to lack of the substrate
(L-arginine); reduced activity of iNOS in the airways
(which may be directly inhibited as an immune evasion
mechanism by Mycobacterium tuberculosis) or thick mucus
that may inhibit the NO diffusion into exhaled air (e.g. in
cystic fibrosis) [25–27].
Current data suggest that eNO may be a useful tool to
guide asthma management in both children and adults
[28,29], though its clinical application for other lung
disorders is unclear. A recent study showed that increased
eNO levels may predict clinical response to inhaled
corticosteroids in adults with nonspecific respiratory
symptoms [30].

Data investigating the association between HIV infection
and eNO levels are scarce [31]. Although lower levels of
eNO were found in one study among 36 HIV-infected
patients [31] compared with HIV-uninfected healthcare
workers, no significant difference in eNO levels were
reported in patients with HIV-TB coinfection compared
with HIV-uninfected patients with TB [22,32]. No
studies so far have investigated the level of eNO in
children with HIV-associated chronic lung disease.
In this study, we aimed to compare the levels of eNO in
children with and without HIV and investigated the
association between eNO and history of TB and airway
obstruction in HIV-infected children on ART.

Materials and methods
Study population
This cross-sectional study was conducted between April
2017 and August 2018 as a substudy of a randomized
controlled clinical trial investigating the effect of
azithromycin in children with HIV-associated chronic
lung disease (BREATHE trial, clinicaltrials.gov identifier
NCT02426112). The detailed study protocol has been
published elsewhere [33]. Participants were eligible for
the trial if they were aged 6–19 years, had perinatally
acquired HIV and had been taking ART for at least 6
months, and had no evidence of active TB or acute
respiratory tract infection. The trial is being conducted in
Malawi and Zimbabwe, but the substudy was conducted
in Zimbabwe only at the Harare Central hospital
paediatric HIV clinic, the largest public sector HIV
clinic in Harare.
TB may cause lung tissue changes (bronchovascular
distortion, fibrotic lesions and cavitation) persisting
beyond the acute episode [17]; these morphological
changes may influence eNO levels. We expected to find a
high prevalence of past TB because of the high incidence
of TB in people living with HIV. Thus, we divided HIVinfected participants into three groups on the basis of
clinical history and spirometry results: normal lung
function and no TB history; history of TB irrespective of
airway obstruction; and airway obstruction and no TB
history. Airway obstruction was defined as forced
expiratory volume in 1 s (FEV1) z-score less than -1.64
with no reversibility (<12% improvement in FEV1 after
salbutamol 200 mg inhaled using a spacer).
In addition, a group of HIV-uninfected participants was
recruited from the same catchment area as the HIVinfected group. HIV-uninfected children (were tested for
HIV at enrolment) aged 6–16 years with no prior history
of heart/lung diseases (including history of TB), no
reported chest pain after exercise, shortness of breath
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during exercise or chronic cough and normal lung
function were eligible for the study as a control group.

Ethical approval
The study was approved by the London School of Hygiene
and Tropical Medicine Ethics Committee; the Harare
Central Hospital Ethics Committee; the Medical Research
Council of Zimbabwe; Regional Committee for Medical
and Health Research Ethics in Norway (2015/1650).
Written informed consent by guardian and assent by
participants aged less than 18 years were obtained. Those
aged 18 years and older gave independent consent.
Study procedures
A detailed questionnaire regarding demographic and
clinical history was administered to all participants.
Participants were explicitly asked about current and
previous respiratory symptoms (chronic cough, wheezing
and dyspnoea) in the past 3 months. Self-reported and/or
physician-diagnosed lung diseases and/or atopic disorders
including rhinitis and atopic dermatitis were recorded.
Participants were classified as having asthma based on
clinical history of diagnosed asthma or self-reported
symptoms of asthma (episodes of wheezing, nocturnal
tightness in the chest, attacks of shortness of breath
following strenuous activity, at rest or at night-time) or
treatment with asthma-specific medications (short-term/
long-term b2 agonists; inhaled corticosteroids; leukotriene receptor antagonists; methylxanthines).
Measurement of exhaled nitric oxide
The level of eNO was measured by the electrochemical
analyser (NIOX VERO, Circassia, UK) according to
American Thoracic Society (ATS) guidelines [21] and
expressed in parts per billion (ppb). The calibration of the
machine and quality control were performed according to
the manufacturer’s instructions. The participants were
asked to sit and rest for a minimum of 5 min before the
measurement. Repeated exhalations were performed in
order to obtain at least two measurements that agreed
within 10%. Measurements were taken with a minimum
of 30 s rest time in between. Up to six eNO measurement
attempts were made and the mean eNO value was
calculated from two eNO measurements with minimal
difference between them. All eNO measurements were
performed between 0800 and 1400 h and exact time of
the testing was recorded.
Spirometry
Spirometry was performed after eNO measurement using
EasyOne spirometer (ndd Medical Technologies Inc.,
Andover, Massachusetts, USA) according to the ATS
guidelines. FEV1 z-scores were calculated using prediction
equations from the Global Lung Function Initiative [34].
Laboratory tests
All participants provided blood samples for full blood
count, and for participants with HIV, also for HIV

viral load and CD4þ cell count testing. HIV viral load
was measured using the Gene Xpert assay, with a limit
of detection of 40 copies/ml (XpertTM HIV-1 Viral
Load; Cepheid, Sunnyvale, California, USA) and
CD4þ cell count was measured as a point of care test
using a PimaTM Analyser (Alere, Orlando, Florida,
USA). Anaemia was defined according to WHO
criteria (haemoglobin <11.5 g/dl for children 6–11.9
years; haemoglobin <12 g/dl for children 12–14.9 years;
haemoglobin <12 g/dl for girls aged 15 years; haemoglobin <13 g/dl for boys aged 15 years) [35].

Data collection
Electronic record forms (for questionnaires) collected on
Google Nexus tablets (Google, Mountain View, California, USA) with OpenDataKit software and paper
forms (for clinical tests) were used for data collection.
Data from paper forms were extracted using CARDIFF
TELEFORM character optical mark recognition software (Version 10.9). Data were stored in Microsoft Access
database (Microsoft, Redmond, Washington, USA).
Statistical analysis
All statistical analyses were performed using STATA
Version 14 (StataCorp LLC, College Station, Texas,
USA). Values for eNO were presented as geometric mean
with 95% confidence interval. Weight-for age and
height-for-age z-scores were calculated using British
1990 Growth Reference Curves [36], with z-scores less
than -2 representing wasting and stunting, respectively.
Characteristics between study groups were compared
using Fisher’s exact test (for categorical parameters) and
Kruskal–Wallis or Wilcoxon rank sum test (for continuous parameters). The values of eNO were not normally
distributed and therefore were log transformed to
approximate normality. The analyses were performed
with log-transformed eNO data and back transformed to
present geometric mean. The association between eNO
levels and a priori defined explanatory variables was
studied using linear regression analysis. Explanatory
variables included HIV status, age, sex, anthropometric
parameters, haemoglobin level, haematocrit, white blood
cell count, neutrophil count, eosinophil count, FEV1 z
score, atopic status, passive smoking, for all participants;
CD4þ cell count, viral load, history of TB and presence of
airway obstruction, for participants with HIV only. Age,
sex and exact time of eNO testing were adjusted for a
priori. Parameters were included into multivariable linear
regression model if they showed a significant effect on the
prediction of eNO level in age, sex and time of eNO
testing adjusted models at P value less than 0.05.
Adjustment for unbalanced parameters (for HIV-infected
group) was also performed. Variance inflation factor was
used to detect multicollinearity in the multivariable
models. Height was not included into multivariable
regression models due to high collinearity with age. The
linear association between eNO and continuous variables
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was estimated graphically. Residual analysis with residual
plots and normal probability plots of residuals confirmed
no violation of the linear regression assumptions.

Results
In total, 227 HIV-infected and 104 HIV-uninfected
children were enrolled. Five participants (n ¼ 1 HIVinfected, n ¼ 4 HIV-uninfected) aged 6–7 years did not
understand the procedure and were excluded from the
study. Of the remaining participants, acceptable eNO
measurements were obtained from 225 HIV-infected and
98 HIV-uninfected children. A total of four participants
were excluded from the study for the following reasons:
abnormal spirometry (n ¼ 1, HIV-uninfected) and missing spirometry data (n ¼ 3, HIV-infected).
Baseline characteristics of study participants and their
distribution across the four groups are presented in Table
1. The median time on ART among HIV-infected
children was 6.6 years (IQR 4.0–8.4) and comparable
across the three different groups. HIV-infected children
overall were more likely to be wasted and stunted
compared with HIV-uninfected children (wasted: 41.9
vs. 3.1%, P < 0.001; stunted: 42.8 vs. 4.1%, P < 0.001).
Anaemia was more common in HIV-infected than HIVuninfected children (31.2 vs. 9.3%, P < 0.001). Exposure
to passive smoking was more common in HIV-infected
than HIV-uninfected participants.

Among HIV-infected participants, those with a history of
prior TB had significantly higher prevalence of wasting
than participants with no airway abnormalities (52.6 vs.
28.4%, P ¼ 0.001, respectively). In addition, participants
with a history of prior TB received a protease inhibitor
based regimen more often than other two groups. The
prevalence of both stunting and wasting was higher in
participants with airway obstruction when compared
with those with no airway abnormalities (stunted: 58.9 vs.
33.0%, P < 0.001; wasted: 57.1 vs. 28.4%, P < 0.001).
HIV status was associated with lower eNO levels after
adjusting for age, sex and time of eNO testing [geometric
mean ratio 0.79 (95% CI 0.65–0.97), P ¼ 0.03]. Among
HIV-infected participants, those with a history of TB had
significantly lower eNO levels than those without TB
whether they had airway obstruction [geometric mean
13.7 (95% CI 12.2–15.5) vs. 16.9 (95% CI 14.3–19.8),
P ¼ 0.03] or had no airway abnormalities [geometric
mean 17.9 (95% CI 16.0–20.0), P ¼ 0.003] (Fig. 1).
Linear regression analysis controlled for age, sex and time
of eNO testing confirmed the association between past
TB and lower eNO levels (Table 2).
The association between participant characteristics and
eNO levels in HIV-infected and HIV-uninfected
participants are presented in Tables 2 and 3, respectively.
The level of eNO increased with increasing age and
height in HIV-infected children. Higher haemoglobin
level and neutrophil count were associated with higher
eNO level in adjusted analysis. Female sex was associated

Table 1. Characteristics of study participants.
HIV-infected

Variables
Age (years), Median (IQR)
Female sex, N (%)
Wasting (weight for age z-score < 2), N (%)
Stunted (height-for-age z-score < 2), N (%)
Passive smoking, N (%)
Living in high-density area, N (%)
eNO level (ppb), geometric mean (95% CI)
FEV1 z-score, Median (IQR)
Presence of atopy (asthma, eczema,
allergic rhinitis), N (%)
Haemoglobin (g/dl), Median (IQR)
Haematocrit, %, Median (IQR)
White blood cell count (M109/l), Median (IQR)
Eosinophil count (M109/l), Median (IQR)
Neutrophil count (M109/l), Median (IQR)
Lymphocyte count (M109/l), Median (IQR)
Monocyte count (M109/l), Median (IQR)
Anaemia, N (%)
Viral load (log10 copies/ml), Median (IQR)
CD4þ cell count (cells/ml), Median (IQR)
Years on ART, Median (IQR)
PI-based regimen, N (%)

History of TB
(N ¼ 57)
15
26
30
26
21
53
13.7
1.8
12
13
36.7
4.3
0.075
1.7
2.0
0.39
15
2.7
509
6.8
25

(12–18)
(45.6)
(52.6)
(45.6)
(36.8)
(94.6)
(12.2–15.5)
(2.3 to 1.3)
(21.0)
(11.9–13.7)
(34.0–38.4)
(3.8–5.4)
(0.04–0.12)
(1.3–2.2)
(1.6–2.6)
(0.32–0.48)
(26.8)
(1.6–4.0)
(339–702)
(4.6–9.1)
(43.9)

Airway obstruction,
but no history of TB
(N ¼ 56)
15
18
32
33
15
49
16.9
2.1
12
12.7
35.2
4.6
0.065
1.7
2.1
0.39
17
2.5
559
5.9
12

No TB,
no obstruction
(N ¼ 109)

HIV-uninfected
(N ¼ 97)

(13–18)
(32.1)
(57.1)
(58.9)
(26.8)
(96.1)
(14.3–19.8)
(2.7 to 1.9)
(21.4)

16
71
31
36
25
100
17.9
1.1
13

(12–18)
(65.1)
(28.4)
(33.0)
(22.9)
(93.5)
(16.0–20.0)
(1.3 to 0.4)
(11.9)

10
47
3
4
3
95
16.5
0.2
10

(7–12)
(48.4)
(3.1)
(4.1)
(3.1)
(97.9)
(14.8–18.5)
(0.6 to 0.3)
(10.3)

(11.6–13.6)
(33.3–37.9)
(3.3–5.3)
(0.02–0.13)
(1.1–2.5)
(1.6–2.7)
(0.30–0.5)
(32.7)
(1.6–3.7)
(326–728)
(3.6–7.8)
(21.4)

12.8
36
4.2
0.06
1.8
2.0
0.35
35
2.1
624
6.5
12

(11.7–14)
(33.4–38.6)
(3.6–5)
(0.03–0.16)
(1.4–2.4)
(1.6–2.3)
(0.27–0.46)
(32.7)
(1.6–3.4)
(355–779)
(4.0–8.4)
(11.0)

13.2
36.3
5.3
0.1
2.2
2.3
0.47
9

(12.4–13.9)
(34.8–39)
(4.5–6.3)
(0.06–0.2)
(1.8–2.9)
(2.0–2.8)
(0.36–0.63)
(9.3)
–
–
–
–

ART, antiretroviral therapy; IQR, interquartile range; eNO, exhaled nitric oxide; FEV1, forced expiratory volume in 1 s; PI, protease inhibitor.
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In HIV-uninfected individuals, anthropometric parameters (height and weight) were significantly positively
associated with eNO level in univariate analysis, though
the association became nonsignificant after accounting for
age, sex and time of eNO testing. Higher haemoglobin
level and haematocrit were associated with higher eNO
level, while wasting was associated with lower eNO level
in univariate and adjusted analysis. On multivariable
analysis, wasting, haemoglobin and age remained
significantly associated with eNO levels in HIVuninfected participants.

Discussion
Our study showed that children with HIV infection have
lower eNO levels than HIV-uninfected children. HIVinfected children with a prior history of TB had significantly
lower eNO levels than those without prior TB.

Fig. 1. Level of exhaled nitric oxide in HIV-infected and HIVuninfected participants. Horizontal lines indicate geometric
mean values.

There are few data on the levels of eNO in HIV-infected
adults [31], and none among children. Two studies
reported lower eNO levels associated with HIV infection
among adults with [32] and without TB [31], mirroring
the results of our study. However, a study including 19
HIV-infected and 126 HIV-uninfected adults with TB
did not find any difference in eNO, but was likely
underpowered [22]. The observed low eNO levels in

with lower eNO level in adjusted analysis. Due to
imbalances in wasting, stunting and use of protease
inhibitor based regimen by HIV-infected groups, these
variables were adjusted for in multivariable analysis. On
multivariable linear regression, haemoglobin, neutrophil
count, history of TB and age remained significantly
associated with eNO levels in HIV-infected participants.

Table 2. Analysis of factors associated with exhaled nitric oxide level in HIV-infected participants.
Unadjusted
analysis
Variables
Age (years)
Female sex
Weight (kg)
Height (cm)
Weight-for-age z-score
Height-for-age z-score
Wasting (weight for age z-score < 2)
Stunted (height-for-age z-score < 2)
Passive smoking (ref. no)
History of tuberculosis
FEV1 z-score
FEV1 z-score < 1.64 (airway obstruction)
Presence of atopy
Haemoglobin (g/dl2 )
Haematocrit, %
White blood cell count (log transformed)
Eosinophil count (log transformed)
Neutrophil count (log transformed)
Lymphocyte count (log transformed)
Monocyte count (log transformed)
Anaemia (ref. no)
HIV viral load (log10 copies/ml)
CD4þ cell count (cells/ml)
Years on ART
PI-based regimen (NNRTI-based as ref.)

GMRa (95% CI)
1.03
0.89
1.01
1.01
1.01
1.06
0.97
0.93
1.19
0.78
1.01
0.92
0.94
1.07
1.02
1.17
1.03
1.19
0.91
1.16
0.97
1.00
1.00
0.99
0.85

(1.00–1.05)
(0.77–1.03)
(1.00–1.01)
(1.00–1.02)
(0.96–1–06)
(1.00–1.13)
(0.83–1.13)
(0.80–1.08)
(1.00–1.40)
(0.67–0.90)
(0.95–1.07)
(0.79–1.08)
(0.77–1.15)
(1.03–1.12)
(1.00–1.03)
(0.92–1.49)
(0.97–1.10)
(1.05–1.35)
(0.78–1.08)
(0.96–1.40)
(0.82–1.14)
(0.95–1.05)
(0.99–1.00)
(0.97–1.02)
(0.71–1.02)

Adjusted for age, sex and time
of eNO testing
P
0.004
0.13
0.002
<0.001
0.72
0.07
0.68
0.33
0.04
0.004
0.73
0.33
0.54
0.002
0.023
0.20
0.33
0.012
0.28
0.12
0.71
0.95
0.07
0.70
0.09

GMRa (95% CI)
1.03
0.85
1.01
1.02
1.00
1.05
0.99
0.94
1.17
0.79
0.98
0.92
0.94
1.06
1.01
1.57
1.04
1.46
0.96
1.36
0.97
0.99
1.00
0.98
0.86

(1.01–1.05)
(0.74–0.99)
(1.00–1.02)
(1.01–1.03)
(0.94–1.05)
(0.99–1.13)
(0.85–1.16)
(0.81–1.09)
(0.99–1.38)
(0.67–0.94)
(0.92–1.05)
(0.78–1.09)
(0.77–1.15)
(1.01–1.11)
(1.00–1.02)
(0.90–2.71)
(0.97–1.11)
(1.07–1.99)
(0.66–1.41)
(0.89–2.08)
(0.83–1.15)
(0.95–1.05)
(0.99–1.01)
(0.95–1.00)
(0.72–1.03)

Multivariable
model

P

GMRa (95% CI)

P

0.003
0.04
0.16
<0.001
0.94
0.12
0.95
0.41
0.06
0.007
0.59
0.33
0.55
0.009
0.12
0.11
0.26
0.016
0.84
0.15
0.75
0.86
0.34
0.13
0.11

1.03 (1.01–1.05)
0.86 (0.74–1.01)

0.005
0.07

1.01 (0.84–1.22)
0.94 (0.80–1.12)

0.89
0.51

0.80 (0.68–0.95)

0.013

1.07 (1.02–1.12)

0.004

1.19 (1.05–1.36)

0.008

0.90 (0.75–1.08)

0.27

ART, antiretroviral therapy; CI, confidence interval; eNO, exhaled nitric oxide; FEV1, forced expiratory volume in 1 s; PI, protease inhibitor.
a
Geometric mean ratio.
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Table 3. Analysis of factors associated with exhaled nitric oxide level in HIV-uninfected participants.
]Unadjusted
analysis
Variables

GMRa (95% CI)

Age
Female sex
Weight (kg)
Height (cm)
Weight-for-age z-score
Height-for-age z-score
Wasting (weight for age z-score < 2)
Stunted (height-for-age z-score < 2)
Passive smoking (ref. no)
FEV1 z-score
Presence of atopy
Haemoglobin (g/dl2)
Haematocrit, %
White blood cell count (log transformed)
Eosinophil count (log transformed)
Neutrophil count (log transformed)
Lymphocyte count (log transformed)
Monocyte count (log transformed)
Anaemia (ref. no)

1.09
1.25
1.02
1.02
1.00
1.04
0.45
0.70
1.52
1.01
1.08
1.13
1.07
0.89
1.03
0.97
0.94
0.81
1.13

(1.05–1.13)
(1.01–1.56)
(1.01–1.03)
(1.00–1.02)
(0.88–1.13)
(0.93–1.16)
(0.24–0.85)
(0.40–1.22)
(0.80–2.88)
(0.87–1.18)
(0.75–1.56)
(1.05–1.23)
(1.04–1.11)
(0.66–1.20)
(0.92–1.14)
(0.78–1.20)
(0.64–1.37)
(0.62–1.05)
(0.77–1.66)

Adjusted for age, sex and time
of eNO testing
GMRa (95% CI)

P
<0.001
0.04
<0.001
<0.001
0.99
0.50
0.014
0.21
0.20
0.87
0.67
0.003
<0.001
0.45
0.62
0.76
0.74
0.12
0.52

1.08
1.14
1.01
1.01
1.00
1.04
0.45
0.70
1.12
1.01
1.05
1.09
1.05
0.94
1.05
1.06
1.04
0.78
1.13

(1.05–1.12)
(0.93–1.40)
(0.99–1.03)
(0.99–1.03)
(0.88–1.13)
(0.93–1.17)
(0.24–0.85)
(0.40–1.23)
(0.61–2.04)
(0.86–1.18)
(0.75–1.47)
(1.01–1.19)
(1.01–1.08)
(0.49–1.81)
(0.95–1.16)
(0.66–1.71)
(0.45–2.40)
(0.44–1.40)
(0.77–1.67)

Multivariable
model

P

GMRa (95% CI)

P

<0.001
0.21
0.42
0.15
0.99
0.50
0.015
0.21
0.71
0.90
0.75
0.031
0.009
0.86
0.32
0.79
0.92
0.41
0.53

1.07 (1.03–1.11)
1.14 (0.92–1.41)

0.001
0.22

0.52 (0.29–0.92)

0.03

1.09 (1.00–1.18)

0.04

CI, confidence interval; eNO, exhaled nitric oxide; FEV1, forced expiratory volume in 1 s.
a
Geometric mean ratio.

HIV-infected children may be explained by immunological and pathophysiological mechanisms. Alveolar macrophages play a central role in the defense against bacterial
and mycobacterial infection; they may become infected
with HIVand constitute the primary reservoir of the virus
in the lung [37,38]. During HIV infection, alveolar
macrophage function is compromised [37], with evidence
of oxidative stress [39] and reduced ability to phagocytose
and kill bacteria [40,41]. HIV-associated chronic activation of inflammatory cells in the alveolar space may
further compromise the host response against infectious
stimuli [42,43]. Thus, low levels of eNO detected in
patients with HIV may reflect the inability of alveolar
macrophages to produce eNO as part of the lung innate
immune system. This may contribute to persistent lung
immune dysfunction.
eNO levels are known to increase with age. This needs to
be taken into consideration when interpreting eNO levels
measured in children. Values of eNO increase linearly
between 6 and 16 years in parallel with the somatic
growth [44]. The ATS guidelines recommend adjustment
for age when interpreting the eNO levels in children
younger than 12 years of age [45]. In addition, the
majority of published studies have reported an association
between height and eNO levels [46–49]. Total airway
mucosal surface area for NO diffusion increases with
increasing age and height, thus leading to higher eNO
levels [50]. In our study, both age and height were
significantly associated with eNO levels in HIV-infected
children. Given that HIV-infected children are generally
smaller than their HIV-uninfected peers, this might partly
explain the lower eNO levels among HIV-infected
children observed in our study.

An interesting finding of our study was that history of TB
in HIV-infected participants was associated with lower
eNO levels. No studies have investigated the level of
eNO in individuals with a history of TB, though a
number of studies were conducted in adult patients with
active lung TB [22,32,51]. At least two studies found that
eNO levels were lower in patients with newly diagnosed
untreated lung TB than healthy controls [22,32].
Moreover, one of these studies reported an association
between low eNO levels at the time of TB diagnosis and
severity of disease [22].
M. tuberculosis (Mtb) may persist in alveolar macrophages for
a prolonged period of time [52,53]. Nonreplicating
persistence of Mtb may maintain chronic airway inflammation and may lead to lung fibrosis [17]. There is some
evidence from in-vitro studies that nitric oxide has a
protective role in the progression of lung fibrosis [54].
Thus, lower levels of eNO in patients treated for TB in our
study may reflect altered lung immune response mediating
the development of chronic lung complications.
No association was found between airway obstruction
measured as FEV1 z score less than -1.64 and eNO levels
in HIV-infected children. This is in line with several other
studies reporting no association between FEV1 and eNO
in adults with chronic obstructive lung disease [55,56],
implying that eNO has probably no pathophysiological
role in the obstruction, but rather a marker of the
underlying condition, as seen in eosinophilic inflammation in asthma patients [57].
In our study, we found significant positive associations
between several blood parameters and eNO levels. The
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associations between haemoglobin level, haemotocrit and
eNO may reflect physiological processes at the level of
endothelium. Increased haematocrit results in increased
shear stress and production of NO. The positive
association between eNO and blood neutrophils
observed in HIV-infected participants may be explained
by the fact that neutrophils can produce nitric oxide in
response to foreign stimuli [58]. However, in cystic
fibrosis patients, an inverse correlation between blood
neutrophils and eNO levels was reported, which was
thought to be due to the ability of neutrophils to produce
superoxide that downregulates nitric oxide production
[24]. The observed associations emphasize the need to
interpret eNO results with caution. eNO levels are
influenced by a multitude of factors, including demographic, anthropometric and biological factors, thus
questioning the utility of eNO as a clinical tool in
conditions beyond asthma. Although noninvasive nature
and measurement simplicity make eNO testing an
attractive tool for resource-limited settings, it is too early
to forecast its applicability and clinical usefulness among
HIV-infected children with airway abnormalities in a
given setting.
The strengths of the study are its prospective design,
relatively large sample size, use of standardized protocol
for eNO testing and spirometry performed by well
trained nurses. Study limitations include self-report of TB
with no information regarding TB localization (pulmonary or extrapulmonary), raising concerns of recall bias.
Among other determinants that may have an impact on
eNO levels and that were not assessed in the present study
are genetic factors (affecting the activity of nitric oxide
synthase), environmental factors (air pollution) and
socioeconomic factors.
In summary, our study shows that both HIV infection and
history of TB are associated with lower eNO levels, with
no association found between eNO and airway obstruction. The low eNO levels may be a marker of abnormal
pulmonary physiology due to perinatally acquired HIV
infection and post-TB lung changes. The role of nitric
oxide in the pathogenesis of HIV infection needs
further investigation.

Acknowledgements
We are grateful to the clinic staff and the participants for
their assistance.
Study conception: E.S., K.K., R.A.F., T.F., J.O.; study
design: E.S., R.A.F., K.K., J.O.; protocol development:
E.S., G.M., E.M., R.A.F.; data collection: G.M., T.B.;
data analysis and manuscript preparation E.S, K.K,
R.A.F.; manuscript review: all authors. All authors read
and approved the final manuscript.

This study was supported by the Global Health and
Vaccination Research (GLOBVAC) Programme of the
Medical Research Council of Norway and by HelseNord
(HNF 1387-17). R.A.F. is funded by the Wellcome Trust
(206316/Z/17/Z).

Conflicts of interest
There are no conflicts of interest.

References
1. Lowenthal ED, Bakeera-Kitaka S, Marukutira T, Chapman J,
Goldrath K, Ferrand RA. Perinatally acquired HIV infection
in adolescents from sub-Saharan Africa: a review of emerging
challenges. Lancet Infect Dis 2014; 14:627–639.
2. Githinji LN, Gray DM, Hlengwa S, Myer L, Zar HJ. Lung
function in South African adolescents infected perinatally with
HIV and treated long-term with antiretroviral therapy. Ann Am
Thorac Soc 2017; 14:722–729.
3. George MP, Kannass M, Huang L, Sciurba FC, Morris A. Respiratory symptoms and airway obstruction in HIV-infected
subjects in the HAART era. PLoS One 2009; 4:e6328.
4. Gingo MR, George MP, Kessinger CJ, Lucht L, Rissler B, Weinman R, et al. Pulmonary function abnormalities in HIV-infected
patients during the current antiretroviral therapy era. Am J
Respir Crit Care Med 2010; 182:790–796.
5. Desai SR, Nair A, Rylance J, Mujuru H, Nathoo K, McHugh G,
et al. Human immunodeficiency virus-associated chronic lung
disease in children and adolescents in zimbabwe: chest radiographic and high-resolution computed tomographic findings.
Clin Infect Dis 2018; 66:274–281.
6. Rylance J, McHugh G, Metcalfe J, Mujuru H, Nathoo K, Wilmore
S, et al. Chronic lung disease in HIV-infected children established
on antiretroviral therapy. AIDS 2016; 30:2795–2803.
7. Sinfield RL, Molyneux EM, Banda K, Borgstein E, Broadhead R,
Hesseling P, et al. Spectrum and presentation of pediatric
malignancies in the HIV era: experience from Blantyre, Malawi, 1998–2003. Pediatr Blood Cancer 2007; 48:515–520.
8. Norton KI, Kattan M, Rao JS, Cleveland R, Trautwein L, Mellins
RB, et al. Chronic radiographic lung changes in children with
vertically transmitted HIV-1 infection. AJR Am J Roentgenol
2001; 176:1553–1558.
9. Pitcher RD, Lombard CJ, Cotton MF, Beningfield SJ, Workman L,
Zar HJ. Chest radiographic abnormalities in HIV-infected African children: a longitudinal study. Thorax 2015; 70:840–846.
10. Berman DM, Mafut D, Djokic B, Scott G, Mitchell C. Risk
factors for the development of bronchiectasis in HIV-infected
children. Pediatr Pulmonol 2007; 42:871–875.
11. Ferrand RA, Desai SR, Hopkins C, Elston CM, Copley SJ, Nathoo
K, et al. Chronic lung disease in adolescents with delayed
diagnosis of vertically acquired HIV infection. Clin Infect Dis
2012; 55:145–152.
12. Calligaro GL, Gray DM. Lung function abnormalities in HIVinfected adults and children. Respirology 2015; 20:24–32.
13. Lawn SD, Badri M, Wood R. Tuberculosis among HIV-infected
patients receiving HAART: long term incidence and risk factors
in a South African cohort. AIDS 2005; 19:2109–2116.
14. Van Rie A, Westreich D, Sanne I. Tuberculosis in patients
receiving antiretroviral treatment: incidence, risk factors,
and prevention strategies. J Acquir Immune Defic Syndr
2011; 56:349–355.
15. Anigilaje EA, Aderibigbe SA, Adeoti AO, Nweke NO. Tuberculosis, before and after antiretroviral therapy among HIVinfected children in Nigeria: what are the risk factors? PLoS
One 2016; 11:e0156177.
16. Schaaf HS, Krook S, Hollemans DW, Warren RM, Donald PR,
Hesseling AC. Recurrent culture-confirmed tuberculosis in
human immunodeficiency virus-infected children. Pediatr Infect Dis J 2005; 24:685–691.
17. Ravimohan S, Kornfeld H, Weissman D, Bisson GP. Tuberculosis and lung damage: from epidemiology to pathophysiology.
Eur Respir Rev 2018; 27:pii: 170077.

1717

1718

AIDS

2019, Vol 33 No 11

18. Collini P, Morris A. Maintaining lung health with longstanding
HIV. Curr Opin Infect Dis 2016; 29:31–38.
19. Antosova M, Mokra D, Pepucha L, Plevkova J, Buday T, Sterusky
M, et al. Physiology of nitric oxide in the respiratory system.
Physiol Res 2017; 66 (Suppl 2):S159–S172.
20. Ricciardolo FL. Multiple roles of nitric oxide in the airways.
Thorax 2003; 58:175–182.
21. American Thoracic Society; European Respiratory Society. ATS/
ERS recommendations for standardized procedures for the
online and offline measurement of exhaled lower respiratory
nitric oxide and nasal nitric oxide, 2005. Am J Respir Crit Care
Med 2005; 171:912–930.
22. Ralph AP, Yeo TW, Salome CM, Waramori G, Pontororing GJ,
Kenangalem E, et al. Impaired pulmonary nitric oxide bioavailability in pulmonary tuberculosis: association with disease
severity and delayed mycobacterial clearance with treatment.
J Infect Dis 2013; 208:616–626.
23. Malinovschi A, Janson C, Holmkvist T, Norback D, Merilainen
P, Hogman M. Effect of smoking on exhaled nitric oxide and
flow-independent nitric oxide exchange parameters. Eur Respir
J 2006; 28:339–345.
24. Krantz C, Janson C, Hollsing A, Alving K, Malinovschi A.
Exhaled and nasal nitric oxide in relation to lung function,
blood cell counts and disease characteristics in cystic fibrosis. J
Breath Res 2017; 11:026001.
25. Hamid Q, Springall DR, Riveros-Moreno V, Chanez P, Howarth
P, Redington A, et al. Induction of nitric oxide synthase in
asthma. Lancet 1993; 342:1510–1513.
26. Moeller A, Horak F Jr, Lane C, Knight D, Kicic A, Brennan S,
et al. Inducible NO synthase expression is low in airway
epithelium from young children with cystic fibrosis. Thorax
2006; 61:514–520.
27. Malinovschi A, Ludviksdottir D, Tufvesson E, Rolla G, Bjermer
L, Alving K, et al. Application of nitric oxide measurements in
clinical conditions beyond asthma. Eur Clin Respir J 2015;
2:28517.
28. Petsky HL, Kew KM, Chang AB. Exhaled nitric oxide levels to
guide treatment for children with asthma. Cochrane Database
Syst Rev 2016; 11:CD011439.
29. Petsky HL, Kew KM, Turner C, Chang AB. Exhaled nitric oxide
levels to guide treatment for adults with asthma. Cochrane
Database Syst Rev 2016; 9:CD011440.
30. Price DB, Buhl R, Chan A, Freeman D, Gardener E, Godley C,
et al. Fractional exhaled nitric oxide as a predictor of response
to inhaled corticosteroids in patients with nonspecific respiratory symptoms and insignificant bronchodilator reversibility: a
randomised controlled trial. Lancet Respir Med 2018; 6:29–39.
31. Loveless MO, Phillips CR, Giraud GD, Holden WE. Decreased
exhaled nitric oxide in subjects with HIV infection. Thorax
1997; 52:185–186.
32. Idh J, Westman A, Elias D, Moges F, Getachew A, Gelaw A, et al.
Nitric oxide production in the exhaled air of patients with
pulmonary tuberculosis in relation to HIV co-infection. BMC
Infect Dis 2008; 8:146.
33. Gonzalez-Martinez C, Kranzer K, McHugh G, Corbett EL,
Mujuru H, Nicol MP, et al. Azithromycin versus placebo for
the treatment of HIV-associated chronic lung disease in children and adolescents (BREATHE trial): study protocol for a
randomised controlled trial. Trials 2017; 18:622.
34. Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH,
et al. Multiethnic reference values for spirometry for the 3–95yr age range: the global lung function 2012 equations. Eur
Respir J 2012; 40:1324–1343.
35. St-Laurent J, Turmel V, Boulet LP, Bissonnette E. Alveolar
macrophage subpopulations in bronchoalveolar lavage and
induced sputum of asthmatic and control subjects. J Asthma
2009; 46:1–8.
36. Cole TJ. Growth monitoring with the British 1990 growth
reference. Arch Dis Child 1997; 76:47–49.
37. Jambo KC, Banda DH, Kankwatira AM, Sukumar N, Allain TJ,
Heyderman RS, et al. Small alveolar macrophages are infected
preferentially by HIV and exhibit impaired phagocytic function. Mucosal Immunol 2014; 7:1116–1126.
38. Costiniuk CT, Salahuddin S, Farnos O, Olivenstein R, Pagliuzza
A, Orlova M, et al. HIV persistence in mucosal CD4R T cells

39.

40.

41.

42.

43.
44.
45.

46.
47.

48.

49.
50.

51.

52.

53.
54.
55.
56.

57.
58.

within the lungs of adults receiving long-term suppressive
antiretroviral therapy. AIDS 2018; 32:2279–2289.
Yeligar SM, Ward JM, Harris FL, Brown LAS, Guidot DM, Cribbs
SK. Dysregulation of alveolar macrophage PPARgamma,
NADPH oxidases, and TGFbeta1 in otherwise healthy HIVinfected individuals. AIDS Res Hum Retroviruses 2017;
33:1018–1026.
Cribbs SK, Lennox J, Caliendo AM, Brown LA, Guidot DM.
Healthy HIV-1-infected individuals on highly active antiretroviral therapy harbor HIV-1 in their alveolar macrophages.
AIDS Res Hum Retroviruses 2015; 31:64–70.
Collini PJ, Bewley MA, Mohasin M, Marriott HM, Miller RF,
Geretti AM, et al. HIV gp120 in the lungs of antiretroviral
therapy-treated individuals impairs alveolar macrophage responses to Pneumococci. Am J Respir Crit Care Med 2018;
197:1604–1615.
Crothers K, Thompson BW, Burkhardt K, Morris A, Flores SC,
Diaz PT, et al. HIV-associated lung infections and complications in the era of combination antiretroviral therapy. Proc Am
Thorac Soc 2011; 8:275–281.
Charles TP, Shellito JE. Human immunodeficiency virus infection and host defense in the lungs. Semin Respir Crit Care Med
2016; 37:147–156.
Jacinto T, Malinovschi A, Janson C, Fonseca J, Alving K. Evolution of exhaled nitric oxide levels throughout development and
aging of healthy humans. J Breath Res 2015; 9:036005.
Dweik RA, Boggs PB, Erzurum SC, Irvin CG, Leigh MW, Lundberg JO, et al. An official ATS clinical practice guideline:
interpretation of exhaled nitric oxide levels (FENO) for clinical
applications. Am J Respir Crit Care Med 2011; 184:602–615.
Kovesi T, Kulka R, Dales R. Exhaled nitric oxide concentration
is affected by age, height, and race in healthy 9- to 12-year-old
children. Chest 2008; 133:169–175.
Malmberg LP, Petays T, Haahtela T, Laatikainen T, Jousilahti P,
Vartiainen E, et al. Exhaled nitric oxide in healthy nonatopic
school-age children: determinants and height-adjusted reference values. Pediatr Pulmonol 2006; 41:635–642.
See KC, Christiani DC. Normal values and thresholds for the
clinical interpretation of exhaled nitric oxide levels in the US
general population: results from the National Health and
Nutrition Examination Survey 2007–2010. Chest 2013;
143:107–116.
Brody DJ, Zhang X, Kit BK, Dillon CF. Reference values and
factors associated with exhaled nitric oxide: U.S. youth and
adults. Respir Med 2013; 107:1682–1691.
Pedroletti C, Hogman M, Merilainen P, Nordvall LS, Hedlin G,
Alving K. Nitric oxide airway diffusing capacity and mucosal
concentration in asthmatic schoolchildren. Pediatr Res 2003;
54:496–501.
Yhi JY, Park DW, Min JH, Park YK, Kim SH, Kim TH, et al.
Measurement of levels of fractional exhaled nitric oxide in
patients with pulmonary tuberculosis. Int J Tuberc Lung Dis
2016; 20:1174–1180.
Malherbe ST, Shenai S, Ronacher K, Loxton AG, Dolganov G,
Kriel M, et al. Persisting positron emission tomography lesion
activity and Mycobacterium tuberculosis mRNA after tuberculosis cure. Nat Med 2016; 22:1094–1100.
Guirado E, Schlesinger LS, Kaplan G. Macrophages in tuberculosis: friend or foe. Semin Immunopathol 2013; 35:563–583.
Noguchi S, Yatera K, Wang KY, Oda K, Akata K, Yamasaki K,
et al. Nitric oxide exerts protective effects against bleomycininduced pulmonary fibrosis in mice. Respir Res 2014; 15:92.
Arif AA, Mitchell C. Use of exhaled nitric oxide as a biomarker
in diagnosis and management of chronic obstructive pulmonary disease. J Prim Care Community Health 2016; 7:102–106.
Bazeghi N, Gerds TA, Budtz-Jorgensen E, Hove J, Vestbo J.
Exhaled nitric oxide measure using multiple flows in clinically
relevant subgroups of COPD. Respir Med 2011; 105:1338–
1344.
Warke TJ, Fitch PS, Brown V, Taylor R, Lyons JD, Ennis M, et al.
Exhaled nitric oxide correlates with airway eosinophils in
childhood asthma. Thorax 2002; 57:383–387.
Wright CD, Mulsch A, Busse R, Osswald H. Generation of nitric
oxide by human neutrophils. Biochem Biophys Res Commun
1989; 160:813–819.

