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Abstract

Objectives

An isolated reduction in the diffusing capacity for carbon monoxide (DLco; iso|DLco) is one
of the most common pulmonary function test (PFT) abnormalities in people living with HIV
(PWH), but its clinical implications are incompletely understood. In this study, we explored
whetheriso|DLco in PWH is associated with a greater respiratory symptom burden.

Study design

Cross-sectional analysis

Methods

We used ATS/ERS compliant PFTs from PWH with normal spirometry (post-bronchodilator
FEV1/FVC >0.7; FEV1, FVC >80% predicted) from the | AM OLD cohort in San Francisco,
CA and Seattle, WA, grouped by DLco categorized as normal (DLco >lower limit of normal,
LLN), mild iso|DLco (LLN >DLco >60% predicted), and moderate-severe iso|DLco (DLco
<60% predicted). We performed multivariable analyses to test for associations between
DLco and validated symptom-severity and quality of life questionnaires, including the
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modified Medical Research Council dyspnea scale (MMRC), the COPD Assessment Test
(CAT), and St. George’s Respiratory Questionnaire (SGRQ), as well as between DLco and
individual CAT symptoms.

Results

Mild iso| DLco was associated only with a significantly higher SGRQ score. Moderate-
severe iso|DLco was associated with significantly higher odds of MMRC >2 and signifi-
cantly higher CAT and SGRQ scores. PWH with moderate-severe iso|DLco had increased
odds of breathlessness, decreased activity, lower confidence leaving home, and less
energy.

Conclusions

Iso|DLco is associated with worse respiratory symptom scores, and this association
becomes stronger with worsening DLco, suggesting that impaired gas exchange alone has
a significant negative impact on the quality of life in PWH. Additional studies are ongoing to
understand the etiology of this finding and design appropriate interventions.

Introduction

People living with HIV (PWH) have an increased burden of respiratory symptoms such as
cough, phlegm, and breathlessness compared to HIV-negative individuals, independent of
viral suppression and antiretroviral therapy (ART) compliance [1-4]. Respiratory symptoms
are more severe in PWH who actively smoke or who have emphysema on imaging, obstructive
lung disease based on an abnormal ratio of forced expiratory volume in one second/forced
vital capacity (FEV1/FVC), or an abnormal diffusing capacity for carbon monoxide (DLco)
[4-7].

A reduced DLco is the most common abnormality on pulmonary function testing (PFTs)
in PWH [4, 8, 9]. DLco abnormalities are most frequently studied in people with concomitant
abnormal spirometry, suggestive of underlying obstructive or restrictive lung disease. How-
ever, the most frequent PFT finding in PWH is DLco impairment with normal spirometry, or
isolated abnormal DLco (iso| DLco), which has a prevalence of 16-56% [4, 10]. Estimates of
the prevalence of iso| DLco in HIV-negative individuals in the general population varies from
0.5-12% [11, 12], increasing to 30% as a result of occupational exposures [13]. One reference
specifically noted that in their single-center experience, iso] DLco was a result of pseudonor-
malization of spirometry due to the presence of combined emphysema and restrictive lung dis-
ease [12]. Importantly, abnormal DLco is associated with increased mortality independent of
spirometric findings both in PWH [14] and in the general population [15, 16].

DLco has been studied extensively in HIV-negative individuals who smoke but do not have
known chronic obstructive pulmonary disease (COPD). Smokers without COPD have worse
quality of life and more respiratory symptoms for every 10% predicted decline in their DLco
regardless of spirometric findings [17]. Abnormal DLco in smokers with normal spirometry
and no clinical or radiographic evidence of lung disease carries a significantly higher risk of
developing COPD [18]. Additionally, former smokers with iso| DLco have been shown to have
early emphysema on 3He MRI imaging even with normal chest CT scans [19]. These data sug-
gest that in people who smoke, DLco may be more sensitive than spirometry in identifying
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early emphysema and risk of progression to COPD, and that DLco is associated with worse
quality of life even in the absence of spirometric obstruction.

In PWH, HIV is associated with a lower DLco even in the absence of emphysema [20].
Abnormal DLco in PWH has not been studied specifically in those with normal spirometry,
and thus the mechanisms driving iso| DLco and its clinical sequelae are not well-understood
in PWH despite the high prevalence of this PFT finding. PWH with abnormal DLco (regard-
less of spirometry) have higher IL-6 levels compared to PWH with normal DLco and to HIV-
negative individuals [21]. Additionally, PWH with iso| DLco have a unique inflammatory
marker pattern compared to those with both abnormal DLco and spirometry [10], suggesting
that the etiology of iso| DLco may differ based on HIV status and may be independent from
the pathways driving COPD in PWH.

Whether iso| DLco among PWH is associated with any respiratory symptoms or whether it
is simply a marker of future complications is not currently known. Only one prior study has
specifically explored symptoms associated with abnormal DLco in PWH (with any spirome-
try), and it showed an increased prevalence of cough, phlegm and dyspnea in PWH with DLco
<60% predicted (a moderate-severe reduction in DLco) compared to PWH with DLco >60%
and HIV-negative controls [4].

In this cross-sectional analysis, we sought to determine whether the iso| DLco lung function
pattern was associated with clinically relevant changes in respiratory symptoms and quality of
life as measured by the mMRC dyspnea scale, COPD Assessment Test (CAT), and St. George’s
Respiratory Questionnaire (SGRQ), as well as with individual respiratory symptoms. Identify-
ing such associations would be a key step in validating the clinical importance of this PFT find-
ing and would also highlight the need for further studies to understand its etiology.

Materials and methods
Study cohort

Inflammation, Aging, Microbes, and Obstructive Lung Disease (I AM OLD) Study: I AM
OLD is a longitudinal cohort of PWH in the United States (San Francisco, CA and Seattle,
WA) and Kampala, Uganda assessed for incidence and progression of lung function abnor-
malities over time. In the US,I AM OLD is comprised of adult PWH (age >18) recruited at
the Zuckerberg San Francisco General Hospital and Seattle’s Harborview Medical Center. Par-
ticipants are enrolled during routine outpatient HIV clinic visits or during hospitalizations for
acute pneumonia. Study visits occur annually, and during each visit without evidence of acute
pneumonia, participants undergo blood draws, PFTs, and symptom assessment. For individu-
als enrolled during a pneumonia hospitalization, baseline PFT's are conducted three months
after completion of treatment, and only if the acute symptoms have resolved. Participants pro-
vide written informed consent. The study protocol is approved by the Institutional Review
Boards of the University of California San Francisco (IRB#13-11328) and the University of
Washington (IRB#STUDY00002542).

Study design

This is a cross-sectional analysis of US-based I AM OLD participants with normal spirometry
as defined by a post-bronchodilator (post-BD) FEV1/FVC>0.70, post-BD FEV >80% pre-
dicted and post-BD FVC>80% predicted [22]. We included all participants with normal spi-
rometry that met American Thoracic Society/European Respiratory Society (ATS/ERS)
criteria for acceptability and reproducibility with grades A, B, or C and with at least one
acceptable DLco measurement [23, 24]. For individuals with more than one PFT that fit the
criteria, the earliest time point was used.
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Our primary predictor was DLco impairment. Our primary outcomes were patient-
reported respiratory symptom scores based on the mMRC dyspnea scale, CAT [25], or SGRQ
[26]. As secondary analyses, we examined the association of DLco impairment with each indi-
vidual CAT question, as well as with scores from the three main SGRQ categories: symptoms,
activity, and impact. We chose to use mMRC because it is a long-established tool for classifying
the severity of dyspnea, the symptom we expected DLco to be most significantly associated
with, across a range of lung conditions [27-29]. Although our patients by definition do not
have COPD as defined by abnormal spirometry, we used CAT as it offered a validated method
for evaluating common respiratory symptoms. Finally, SGRQ was chosen for its broad validity
across several respiratory conditions in measuring respiratory-related quality of life [26].

Data collection

Study personnel obtained demographic data, smoking and illicit drug use history, ART use,
and history of prior pulmonary illnesses using a standardized questionnaire on the same day
as blood draws and PFTs. We measured HIV RNA levels, CD4 counts, and CD8 counts. PFT's
consisted of pre- and post-bronchodilator spirometry and DLco measurements. Bronchodila-
tion was achieved by administering 360pg albuterol via a metered-dose inhaler with a spacer.
Diffusing capacity was corrected for same-day hemoglobin and carboxyhemoglobin. PFT's
were performed in accordance with ATS/ERS guidelines by trained technicians [23, 24]. A sin-
gle trained reader overread the PFTs to ensure compliance with ATS/ERS standards. To calcu-
late percent predicted values, we used the NHANES III reference equations for spirometry and
NHANES I reference equations for DLco [30, 31].

Statistical analysis

Participants were grouped by corrected DLco values into normal DLco (DLco >lower limit of
normal, LLN), mild iso| DLco (LLN >DLco >60% predicted), and moderate-severe iso| DLco
(DLco <60% predicted) [4, 7, 32]. Demographic, clinical, and laboratory characteristics, as
well as symptom questionnaires and PFTs, were summarized using counts with percent of
total (%) for categorical variables, medians with interquartile ranges (IQRs) for skewed contin-
uous variables, and means with standard deviations (SD) for normally distributed continuous
variables. Continuous variables were also categorized using clinically relevant cutoffs (e.g.,
HIV viral load detectable when >40 copies/mL). We examined the associations of a priori
selected clinical factors and symptom scores in bivariate analyses using separate generalized
linear models. Factors known to be related to lung disease, such as cigarette smoking, and ones
that were significant at P<0.2 in bivariate analyses were included in the multivariable analyses.
We performed multivariable analyses using gamma Generalized Linear Models (GLM) with
log link to test for associations between DLco and CAT/SGRQ scores. This model was chosen
to account for the non-linearity of the outcome variables (symptom scores). We adjusted the
GLM models for age, sex, BMI, smoking status (ever smoker yes/no), and history of bacterial
pneumonia; SGRQ analyses were additionally adjusted for site location (San Francisco or Seat-
tle) and history of injection drug use based on bivariate analyses results. Multivariable analyses
using logistic regression were used to test for associations between iso| DLco and mMRC
scores, grouped into mMRC <2 (normal/mild dyspnea) and mMRC >2 (moderate/severe
dyspnea), with age, gender, BMI, smoking status (ever smoker yes/no), bacterial pneumonia,
and site location (San Francisco or Seattle) as covariates. We also repeated our multivariable
analyses looking for associations between DLco and mMRC, CAT, SGRQ, and individual
CAT questions with DLco as a continuous variable using logistic regressions and log-gamma
GLM.
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We tested for associations between DLco and CAT symptoms using a nonparametric Man-
tel-Haenszel Test for trend. Multivariable analyses using logistic regressions tested the individ-
ual associations between DLco categories and CAT symptoms using the same covariates used
for total symptom scores. The Kruskal-Wallis test was performed to test for associations
between DLco and SGRQ category scores due to the skewed nature of the SGRQ scores.

Data were analyzed with R Studio, version 4.1.1, August 2021, Boston, MA.

Results

Cohort

I AM OLD enrolled 316 participants between April 2013 and June 2022 (Fig 1). Of those, 10
were excluded for missing data (one did not have measured DLco, and nine were missing
questionnaire data), 13 had spirometry that did not meet ATS/ERS criteria, and 104 were
excluded from this analysis for abnormal spirometry (62 had post-BD FEV1/FVC <0.70, and
42 had both post-BD FEV1 and FVC <80% predicted). Therefore, we included a total of 189
participants with normal spirometry in this study.

I AM OLD:
316 total participants enrolled
April 2013 — June 2022

data

10 excluded for missing data:
— 1 with missing DLco
-9 with missing questionnaire

13 with spirometry that did not

104 with abnormal spirometry:
2>FEVI1/FVC<70%, N=62
—>Post-BD FEV1 and
Post-BD FVC<80% pred, N=42

meet ATS/ERS criteria

189 with normal spirometry:
—->Normal DLco, N=151
—“>Mild iso|DLco, N=27

- Moderate-severe iso|DLco, N=11

Fig 1. Participant selection from the I AM OLD cohort.
https://doi.org/10.1371/journal.pone.0288803.9001
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Participants

Of the 189 participants with normal spirometry, 151 (79.9%) had normal DLco, 27 (14.3%)
had mild iso|DLco, and 11 (5.8%) had moderate-severe iso| DLco (Fig 1 & Table 1). The par-
ticipants’ median age was 50 years (Table 1). One hundred and sixty (85%) were male and 29
(15%) were female. Overall, 83 individuals (44%) were white, 59 (31%) were African American,
30 (16%) were Hispanic, and 17 (9%) identified as ‘Other.” One hundred and twenty-two
(65%) were ever-smokers, and 73 (39%) had used injection drugs. One hundred forty-three
out of 163 (88%) were currently on ART; viral load was undetectable in 131 (72%), and the
median CD4 count in the cohort was 509 cells/pl. Eighty-eight participants (48%) had a history
of bacterial pneumonia, 43 (23%) had a history of Pneumocystis pneumonia (PCP), and 13
(7%) had a history of tuberculosis.

Participants in the three groups differed by age (mild iso| DLco being the youngest, moder-
ate-severe iso| DLco the oldest, P = 0.044), sex (higher proportion of women in moderate-
severe iso | DLco group, P = 0.005), race/ethnicity (P = 0.021), tobacco use (highest in mild iso-
|DLco, followed by moderate-severe iso| DLco, P = 0.039), BMI (BMI decreased with worsen-
ing DLco, P = 0.010), viral load (P = 0.022), and history of PCP (highest in moderate-severe
iso| DLco, P<0.001). History of bacterial pneumonia also was more prevalent among partici-
pants with more severe DLco impairment, although the trend did not reach statistical signifi-
cance (p = 0.059). Groups were comparable by all other demographic and clinical
characteristics.

Participants in each group also differed by their pulmonary function data. While remaining
within the normal range, post-BD FEV1 (in liters) and post-BD FVC (in liters) were signifi-
cantly lower in the moderate-severe iso| DLco group. The differences in post-BD FVC% pre-
dicted and the post-BD FEV1/FVC ratio were not significant. Median DLco was 26.0, 22.6,
and 13.7 ml/min/mmHg for the normal, mild iso| DLco, and moderate-severe iso| DLco
groups, respectively, with median % predicted of 84%, 65.7%, and 54.9%, respectively.

Iso| DLco and respiratory symptom scores

The median mMRC scores were 1 (IQR 0, 1), 0 (IQR 0, 1.5) and 3 (IQR 1, 3), in the normal
DLco, mild iso| DLco, and moderate-severe iso | DLco groups, respectively (P = 0.007;
Table 1). Across the same three groups, the median CAT scores were 7 (IQR 2, 12), 11 (IQR 6,
17), and 18 (IQR 10, 24), respectively (P = 0.002), and the median SGRQ scores were 10 (IQR
3,25),20 (IQR 11, 28) and 51 (IQR 23, 61), respectively (P<0.001). Fig 2 is a graphical repre-
sentation of the unadjusted symptom scores by respiratory questionnaire and DLco category.
We performed multivariable analyses using logistic regressions to test for associations
between iso| DLco and mMRC. The odds of having an mMRC >2 were not significantly
increased for participants with mild iso| DLco (aOR 1.58, 95% CI 0.54, 4.64; P = 0.40) com-
pared to normal DLco but were 7.03 times higher in PWH with moderate-severe iso| DLco
(95% CI 1.73, 28.5; P = 0.006; Table 2). Multivariable analyses using log-gamma GLM showed
that while CAT scores were not significantly increased with mild iso | DLco (2.85-point differ-
ence, 95% CI -0.18, 5.89; P = 0.065), they were significantly higher in moderate-severe iso-
|DLco (9.44-point difference, 95% CI 2.34, 16.5; P = 0.009) compared to the scores of those
with normal DLco. Multivariable analyses of DLco and SGRQ scores showed significantly
higher SGRQ scores in the mild iso| DLco (9.29-point difference, 95% CI 0.04, 18.5; P = 0.049)
and in the moderate-severe iso| DLco group (26.7-point difference, 95% CI 4.96, 48.4;
P =0.016), compared to the normal DLco group. The differences in CAT and SGRQ scores
between groups were consistently higher than the minimal clinically important difference
(MCID) scores reported in the literature (two and four points, respectively) [33, 34]. The
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Table 1. Participant baseline demographic and clinical characteristics (N = 189).

Mean + SD, median (IQR), or n (%)
Variable N Overall Normal DLco (% Mild iso|DLco (%predicted > 60% Moderate-severe iso | DLco (% P value
(N=189) predicted > LLN) (N = 151) & < LLN) (N =27) predicted < 60%) (N =11)
Demographic characteristics
Age 189 | 50 (39, 58) 50 (40, 57) 46 (37, 56) 62 (50, 65) 0.044
Sex 189 0.005
Male 160 (85) 126 (83) 27 (100) 7 (64)
Female 29 (15) 25 (17) 0 4(36)
Race/Ethnicity 189 0.021
White 83 (44) 64 (42) 15 (56) 4 (36)
African American 59 (31) 54 (36) 1(4) 4 (36)
Hispanic 30 (16) 21 (14) 6(22) 3(27)
Other 17 (9) 12 (8) 5(18) 0
Ever-cigarette smoker | 188 122 (65) 91 (61) 23 (85) 8 (73) 0.039
Ever injection drug 186 73 (39) 55 (37) 13 (50) 5(45) 0.42
use
Clinical characteristics
BMI (kg/mz) 181 27.3+6.2 279+ 6.5 259+44 23.5+4.1 0.010
CD4 count (cells/uL) | 184 509 (276, 523 (312, 691) 413 (170, 571) 455 (249, 836) 0.25
689)
Viral load (copies/ 52 9761 (464, 4142 (251, 44303) 63400 (23829, 214031) 103 (103, 103) 0.022
mL) 60560)
Undetectable viral 131 131 (72) 104 (71) 17 (68) 10 (91) 0.38
load
Current ART use 163 143 (88) 114 (87) 20 (90) 9(82) 0.81
History of TB 187 13 (7) 11 (7) 1(4) 1(9) 0.63
History of PCP 185 43 (23) 24 (16) 12 (46) 7 (64) <0.001
History of bacterial 184 88 (48) 66 (45) 13 (50) 9(81) 0.059
pneumonia
Symptom data
mMRC 189 1(0,1) 1(0,1) 0 (0, 1.5) 3(1,3) 0.007
CAT score 156 8(3,13) 7(2,12) 11 (6, 17) 18 (10, 24) 0.002
SGRQ score 189 11 (3, 28) 10 (3, 25) 20 (11, 28) 51(23,61) <0.001
Pulmonary function testing data
Post- BD FEV1, L 189 | 3.47(2.98, 3.46 (2.94,4.21) 3.74 (3.42,4.36) 2.84 (2.12, 3.09) 0.002
421)
Post- BD FEV1, % 189 | 100.7 (92.0, 102.5 (93.5,115.2) 94.9 (88.9, 105.1) 95.9 (93.0, 105.1) 0.023
predicted 113.3)
Post- BD FVC, L 189 | 4.31(3.72, 4.28 (3.70, 5.27) 4.75 (4.32, 5.65) 3.71 (2.89, 3.80) <0.001
5.27)
Post- BD FVC, % 189 | 98.0(90.3, 99.1 (90.9, 112.1) 96.1 (90.2, 104.2) 91.3 (85.1,117.7) 0.11
predicted 110.5)
Post- BD FEV1/FVC | 189 | 0.81(0.77, 0.81 (0.77, 0.85) 0.77 (0.74, 0.82) 0.84 (0.78, 0.84) 0.09
0.85)
DLco, ml/min/ 189 24.8 (21.0, 26.0 (21.3,29.5) 22.6 (20.5,24.9) 13.7 (11.3,16.2) -
mmHg 28.5)
DLco, % predicted 189 | 81.1(69.8, 84.0 (76.2,91.1) 65.7 (63.4, 68.9) 54.9 (52.6, 56.4) -
89.3)
*Only 52 observations had a detectable viral load
https://doi.org/10.1371/journal.pone.0288803.t001
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Fig 2. Unadjusted associations of diffusing capacity for carbon monoxide and respiratory symptom scores
[P < 0.05 (*); P<0.01 (**); P < 0.001 (***)].

https://doi.org/10.1371/journal.pone.0288803.g002

variables significantly associated with greater respiratory symptom scores in our multivariable
analyses were higher BMI and history of bacterial pneumonia for all three symptom question-
naires and site location in the mMRC and SGRQ models (higher scores in the San Francisco
cohort compared to Seattle cohort, S1 Table). For CAT and SGRQ, history of smoking was sig-
nificantly associated with abnormal DLco, as was history of injection drug for SGRQ only.

Iso| DLco and individual CAT symptom scores

For our secondary outcomes, we tested for associations of iso| DLco with individual compo-
nents of the CAT questionnaire. Using a Mantel-Haenszel test for trend, we found that wors-
ening DLco was most strongly associated with increasing scores for breathlessness, activity
impairment, and lower energy (Pie,q<0.001; Fig 3A). DLco impairment was also significantly
associated with increased cough and with decreased confidence in leaving home (Pyenq <0.05
for all). We also performed multivariable analyses of individual CAT symptoms. While mild
iso] DLco was only significantly associated with lower energy (aOR 2.48, 95% CI 1.02, 6.12;

P =0.048; Table 3), moderate-severe iso| DLco was significantly associated with breathlessness
(aOR 14.9, 95% CI 3.19, 65.8; P<0.001), decreased activity (aOR 10.9, 95% CI 3.24, 37.6;
P<0.001), lower confidence in leaving home (aOR 9.51, 95% CI 2.04, 44.1; P<0.001), and
lower energy (aOR 9.30, 95% CI 2.82, 32.1; P<0.001).

Table 2. Results from multivariable analyses of mMRC scores, grouped as mMRC <2 and mMRC>2, CAT, and SGRQ.

Multivariable Analysis of Symptom Scores
Mild iso|DLco (LLN > DLco > 60% Moderate-severe iso | DLco (DLco < 60% DLco, % predicted per 1% decrease

predicted) predicted)
Adjusted Estimate™ (95% CI) | P-value | Adjusted Estimate (95% CI) | P-value | Adjusted Estimate (95% CI) | P-value
mMRC (N = 180), > 2 vs <2° 1.58 (0.54, 4.64) 0.40 7.03 (1.73, 28.5) 0.006 1.05 (1.01, 1.08) 0.004
CAT Scores (N = 145)" 2.85 (-0.18, 5.89) 0.065 9.44 (2.34, 16.5) 0.009 0.15 (0.06, 0.23) 0.001
SGRQ Scores (N = 176)¢ 9.29 (0.04, 18.5) 0.049 26.7 (4.96, 48.4) 0.016 0.41 (0.22, 0.61) <0.001

*The adjusted estimates represent odds ratios for mMRC and the predicted mean increase in symptoms score for CAT and SGRQ.

*Model adjusted for age, sex, BMI, smoking status, history of bacterial pneumonia, and cohort (Seattle or San Francisco)

"Model adjusted for age, sex, BMI, smoking status, and history of bacterial pneumonia

“Model adjusted for age, sex, BMI, smoking status, ever injection drug use, history of bacterial pneumonia, and cohort (Seattle or San Francisco)

https://doi.org/10.1371/journal.pone.0288803.t002
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Fig 3. a. Distribution of CAT scores by DLco category. Mantel-Haenszel test was used to test for a linear trend between CAT scores and DLco category [Ptrena
< 0.05 (*); Pirena < 0.001 (*¥)]. b. Distribution of SGRQ scores by DLco category. Kruskal-Wallis test was used to test for a linear trend between SGRQ scores
and DLcq category [Prena < 0.05 (*); Pyrena < 0.001 (*)].

https://doi.org/10.1371/journal.pone.0288803.9003

Iso| DLco and SGRQ component scores

Using a Kruskal-Wallis test for trend, we studied the association of iso| DLco with the SGRQ
component scores—symptoms, activity, and impacts—and found that each component score
increased significantly as DLco impairment became more severe (Pyeng <0.001 for impacts,

Pirena <0.05 for symptoms and activity; Fig 3B).

Symptom scores with DLco as a continuous measurement

Finally, we performed multivariable analyses of our symptom scores using DLco as a continu-
ous variable in order to ensure that we have not missed any important trends when using iso-
|DLco as a categorical variable. We found that for mMRC, each 1% decrease in % predicted
DLco increased the odds of having an mMRC>2 by 5% (aOR 1.05, 95% CI 1.01, 1.08;

P =0.004; Table 2). Further, we found that for each 1% decrease in DLco, the total CAT score
increased by 0.15 points (95% CI 0.06, 0.23; P = 0.001), and the SGRQ score increased by 0.41
points (95% CI 0.22, 0.61; P<0.001). We also repeated our multivariable analyses using each
individual CAT question and, consistent with our prior analyses, found a significant associa-
tion between DLco decrease and breathlessness (aOR 1.05, 95% CI 1.03,1.08; P<0.001;

Table 3), activities (aOR 1.05, 95% CI 1.03, 1.08; P<0.001), and energy (aOR 1.04, 95% CI 1.02,
1.06; P = 0.001).

Discussion

In this study of PWH with normal spirometry, abnormal DLco was significantly associated
with a greater respiratory symptom burden and worse quality of life. This relationship
strengthened as the degree of DLco impairment increased. Worsening diffusion impairment
was also specifically associated with increased dyspnea, lower energy, decreased activity, and
lower confidence in leaving home. Together, these findings suggest that the iso| DLco lung
function pattern has clinically relevant symptom correlates and warrants further study. Given
that abnormal DLco is the most common PFT abnormality among PWH [4, 7, 9, 35], under-
standing the etiology of iso| DLco and devising effective treatment strategies has the potential
to improve the quality of life of many PWH.
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Table 3. Results from multivariable analyses of individual CAT questions.

Individual CAT Questions®

Cough

Phlegm

Chest Tightness
Breathlessness
Activities
Confidence
Sleep

Energy

*aOR: adjusted odds ratios.
*Model adjusted for age, sex, BMI, smoking status, and history of bacterial pneumonia

Mild iso|DLco (LLN > DLco > 60%

Multivariable Analysis of Symptom Scores

Moderate-severe iso | DLco DLco, % predicted per 1% decrease

https://doi.org/10.1371/journal.pone.0288803.t003

predicted) (DLco < 60% predicted)

aOR* (95% CI) P-value aOR (95% CI) P-value aOR (95% CI) P-value
1.37 (0.57, 2.32) 0.48 2.96 (0.89, 10.2) 0.08 1.02 (0.99, 1.04) 0.055
2.21 (0.88, 5.55) 0.09 1.35 (0.35, 4.93) 0.65 1.02 (0.99, 1.04) 0.21
0.92 (0.29, 2.64) 0.89 2.25 (0.58, 8.17) 0.22 1.02 (0.99, 1.04) 0.24
2.14 (0.92, 5.02) 0.08 14.9 (3.19, 65.8) <0.001 1.05 (1.03, 1.08) <0.001
2.61(0.94, 3.23) 0.06 10.9 (3.24, 37.6) <0.001 1.05 (1.03, 1.08) <0.001
2.20 (0.52, 8.12) 0.25 9.51 (2.04, 44.1) <0.001 1.03 (0.99, 1.08) 0.08
1.28 (0.45, 3.48) 0.62 1.62 (0.42, 5.71) 0.46 1.01 (0.99, 1.04) 0.28
2.48 (1.02, 6.12) 0.048 9.30 (2.82, 32.1) <0.001 1.04 (1.02, 1.06) 0.001

HIV infection was shown to be an independent risk factor for diffusion abnormalities in
several multicenter cohort studies [4, 7, 8, 20], and the burden of diffusion impairment in
PWH is significantly higher than in HIV-negative individuals [4, 7]. In PWH, abnormal diffus-
ing capacity regardless of spirometry is associated with increased cough, phlegm, and dyspnea
(mMRC >2) [4, 7], a shorter six-minute walk distance [36], and increased mortality [14, 37].
In these studies, however, the independent contribution of abnormal diffusion versus the con-
tribution from abnormal spirometry cannot be ascertained. Our study has filled this knowl-
edge gap, and we found that iso| DLco demonstrated a strong association with respiratory
symptoms in the absence of spirometric obstruction or restriction. Our results were more sig-
nificant in moderate-severe iso| DLco compared to mild iso| DLco, and the findings were con-
sistent when DLco was analyzed as a continuous variable. Unsurprisingly, moderate-severe
iso| DLco was most strongly associated with increased breathlessness, although other related
symptoms such as activity, energy, and confidence leaving the home also showed significant
associations. These results are consistent from a mechanistic perspective as isolated diffusion
impairment should cause breathlessness due to gas exchange limitation rather than chronic
cough or mucus production as is seen in patients with obstructive or restrictive lung disease.
Taken together, these findings suggest that diffusion impairment alone can significantly con-
tribute to symptom burden, particularly breathlessness.

Prior studies have found that DLco impairment (with or without normal spirometry)
among PWH is associated with higher HIV RNA levels, CD4<200 cells/yl, and lower nadir
CDA4 cell count, as well as a history of bacterial pneumonia, Pneumocystis pneumonia, cocaine
use, and positive hepatitis C RNA [4, 7-9, 38-42]. Abnormal DLco (regardless of spirometry)
has been additionally associated with increased markers of inflammation, including elevated
serum IL-6 levels [21], as well as higher levels of PARC/CCL-18 and CC-16 pneumoproteins
[43]. We similarly found that iso | DLco groups had higher rates of prior PCP pneumonia and
tobacco use compared to the normal PFT group, and the mild iso| DLco group had higher
HIV RNA levels. Interestingly, the moderate-severe iso | DLco group had a lower HIV viral
load, suggesting better virologic control in this group. While the mechanisms that underlie iso-
|DLco are unclear, our findings align with prior observations that abnormal DLco is associ-
ated with higher levels of immune activation and systemic inflammation.

Iso|DLco in PWH has a distinct biomarker signature. A prior study from our group exam-
ined the associations between 12 plasma biomarkers of immune activation and inflammation
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and lung function abnormalities and found that the biomarkers associated with iso| DLco
largely differ from those associated with spirometric obstruction or combined obstruction and
diffusion impairment [10]. Specifically, iso| DLco was associated with sCD14, sCD163, IP10,
STNFR-I and sTNFR-II; spirometric obstruction alone was associated with higher levels of IL-
6, and abnormal DLco with spirometric obstruction was associated with IP10, IL-6, fibrinogen,
and sSTNFR-II. The unique pattern of immune activation in iso | DLco suggests that there may
be a distinct mechanistic pathway driving the development of iso| DLco among PWH, inde-
pendent from the pathways leading to COPD/emphysema.

Given that iso| DLco has a higher prevalence among PWH and demonstrates a unique bio-
marker signature, iso| DLco may represent a unique HIV pulmonary disease process. However,
drivers of iso| DLco are likely multifactorial and may include early emphysema, interstitial lung
disease, or pulmonary hypertension [44, 45]. Our DLco values were corrected for hemoglobin
and carboxyhemoglobin, excluding anemia and methemoglobinemia as potential explanations.
At an early stage, emphysema and interstitial lung disease might result in mild reductions in
DLco without spirometric abnormalities, though we would expect that moderate-to-severe dif-
fusion impairment would be accompanied by at least mildly abnormal spirometry. Correlation
with high-resolution computed tomography (CT) of the chest and echocardiography, which
will allow us to assess metrics such as % interstitial lung abnormalities, % emphysema, pulmo-
nary artery systolic pressure, and left ventricular ejection fraction, as well as longitudinal lung
function testing and additional testing of inflammatory and immune activation biomarkers are
currently being collected and will help address this question.

Our study’s main strength is that we used data from a well-established, well-characterized,
and diverse multicenter cohort. It builds upon our prior finding that iso | DLco is associated
with a unique set of inflammatory markers and provides a clinical context to these observa-
tions. Our limitations include a relatively small sample size, which may have decreased our sta-
tistical power to detect significant associations, and male predominance, which decreased the
generalizability to women with HIV. In addition, unlike other cohorts of PWH, ours has a
higher prevalence of history of pneumonia because of our recruitment strategy [10]. Pneumo-
nia in PWH can cause persistent PFT abnormalities [38], and while previous studies have
reported both significantly lower [8] and higher [7] share of overall DLco abnormalities based
on the risk profile of each cohort, we may have a higher residual symptom burden in individu-
als with recent history of pneumonia. Without an HIV-negative comparison group, we cannot
definitively assert that this phenomenon is unique to PWH. Finally, lack of imaging and echo-
cardiography data preclude us from determining whether iso | DLco is a marker for subclinical
obstructive, restrictive, or cardiovascular disease, or a separate entity. Further studies are
planned to determine the etiology of iso| DLco and address identified limitations.

Conclusion

PWH with normal spirometry and abnormal diffusing capacity (iso| DLco) have a greater respi-
ratory symptom burden based on respiratory symptom questionnaire scores, and symptom
scores increased with worsening iso | DLco. Moderate-severe iso| DLco was most significantly
associated with breathlessness, lower activity, energy, and confidence leaving home. These find-
ings indicate that moderate-severe iso| DLco is a clinically important PFT finding, and further
studies of its underlying mechanism are needed to guide therapeutic interventions.
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