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Abstract

Introduction

The components of minute ventilation, respiratory frequency and tidal volume, appear differ-

entially regulated and thereby afford unique insight into the ventilatory response to exercise.

However, respiratory frequency and tidal volume are infrequently reported, and have not

previously been considered among military veterans with Gulf War Illness. Our purpose was

to evaluate respiratory frequency and tidal volume in response to a maximal cardiopulmo-

nary exercise test in individuals with and without Gulf War Illness.

Materials and methods

20 cases with Gulf War Illness and 14 controls participated in this study and performed max-

imal cardiopulmonary exercise test on a cycle ergometer. Ventilatory variables (minute ven-

tilation, respiratory frequency and tidal volume) were obtained and normalized to peak

exercise capacity. Using mixed-design analysis of variance models, with group and time as

factors, we analyzed exercise ventilatory patterns for the entire sample and for 11 subjects

from each group matched for race, age, sex, and height.

Results

Despite similar minute ventilation (p = 0.57, η2
p = 0.01), tidal volume was greater (p = 0.02,

η2
p = 0.16) and respiratory frequency was lower (p = 0.004, η2

p = 0.24) in Veterans with Gulf

War Illness than controls. The findings for respiratory frequency remained significant in the

matched subgroup (p = 0.004, η2
p = 0.35).
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Conclusion

In our sample, veterans with Gulf War Illness adopt a unique exercise ventilatory pattern

characterized by reduced respiratory frequency, despite similar ventilation relative to con-

trols. Although the mechanism(s) by which this pattern is achieved remains unresolved, our

findings suggest that the components of ventilation should be considered when evaluating

clinical conditions with unexplained exertional symptoms.

Introduction

Increased minute ventilation ( _V E, l�min-1) secondary to physiological, pathophysiological or

psychological stimuli is well-recognized. Less understood, however, are the independent

changes in tidal volume (VT) and respiratory frequency (fR) that comprise _V E; variables that

are often overlooked [1]. As reviewed by Tipton and colleagues [1], a small but growing num-

ber of studies suggest that that VT and fR are under differential regulation in response to stress-

ors, such as exercise, with each contributing uniquely to exercise hyperpnoea. For example,

Nicolò and colleagues [2] recently demonstrated that fR, unlike VT, responds rapidly to

changes in workload during high-intensity cycling and recovery, is independent from meta-

bolic factors ( _VO2 and _VCO2), and is strongly associated with perceived exertion. These find-

ings support earlier work [3–6] suggesting that VT is determined more by metabolic factors

than fR. Understanding the differential control of VT and fR is of clinical relevance [1], and

may provide unique insight for the interpretation of cardiopulmonary exercise testing

(CPET).

A primary indication for CPET is the evaluation of undiagnosed exercise intolerance,

particularly when symptoms are disproportionate with cardiopulmonary function [7]. Such a

scenario has been described in military veterans with Gulf War Illness (GWI)–a chronic multi-

symptom illness affecting 25–32% of veterans deployed to Operations Desert Storm and Shield

in 1990–1991 [8]. Although the etiology of GWI is incompletely understood, deployment

related exposures (e.g., pesticides, nerve agents, oil well fires) are suspected to contribute [8].

As such, population-based studies indicate significantly greater respiratory symptoms between

deployed and non-deployed Gulf War veterans [9] but similar pulmonary function [10].

Despite a clear indication for performing CPET (i.e., symptoms disproportionate to function),

to our knowledge only two studies have utilized CPET for diagnostic purposes in GWI [11,

12], only one of which provided detailed CPET results [12, 13]. Numerous other studies have

employed maximal or submaximal exercise testing in veterans with GWI as a stressor [13–21]

to elucidate underlying mechanisms of GWI. These studies have provided considerable insight

into the pathophysiology of GWI, but ventilatory patterns during CPET were beyond their

purview and thus not reported. Therefore, our understanding of ventilatory patterns ( _V E, VT

and fR) during exercise in GWI is nascent.

Cook and colleagues have previously found that veterans with GWI report enhanced pain

sensitivity in response to exercise [16] and rate exercise as more effortful [13] relative to con-

trols. Given that fR is strongly associated with perceived exertion and provides a valid index of

physical effort in healthy adults [2–4], we hypothesized that veterans with GWI may have an

exaggerated fR response to exercise that has not previously been recognized. An excessive

increase in fR, and therefore _V E, is an energetically inefficient strategy that may contribute to

exercise-induced symptoms reported in this population. In this context, the present study was
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designed to compare maximal CPET performance between veterans with GWI and controls

with respect to exercise ventilatory patterns ( _V E, VT, and fR). Should between-group differ-

ences be detected as hypothesized, these findings may provide support for pursuing therapeu-

tic strategies (i.e., breathing techniques) to ameliorate exertional symptoms and enhance

exercise tolerance in veterans with GWI.

Materials and methods

Participants

Thirty-four individuals volunteered to participate in this study, including 20 cases of GWI

(GWI+) and 14 controls (GWI-). GWI case status was determined using the Centers for Dis-

ease Control (CDC) and Kansas criteria [22]. In brief, cases must endorse moderate-to-severe

symptoms in� 3 domain areas (i.e., fatigue, pain, neurological/cognitive/mood, skin, gastro-

intestinal and respiratory) that began after 1990 and persisted for� 1 year. Comorbid condi-

tions (e.g., diabetes, heart disease, stroke, etc.) that may account for chronic symptoms were

excluded per case definition [23], and were also excluded for control participants. In addition

to meeting CDC and Kansas criteria, GWI+ cases were also required to be clinically fatigued

as determined by the Fatigue Severity Scale [24]. Controls (GWI-) included both deployed vet-

erans (n = 4) and civilians (n = 10). All participants completed a medical history that included

self-reported physical activity (minutes per week) and the Veterans version of the Short Form

36 Health Survey [25] for descriptive purposes. Experimental procedures described below

were reviewed and approved by the Department of Veterans Affairs New Jersey Health Care

System’s Institutional Review Board, and all participants provided informed written consent.

Spirometry

Participants were asked to abstain from consuming meals or caffeine for at least 4 hours prior

to arriving to our laboratory. Spirometry was performed in accordance with standard guide-

lines [26] using commercially available equipment (Cosmed Quark PFT; Rome, Italy) that was

calibrated prior to each participant. Spirometric indices of forced vital capacity (FVC), forced

expiratory volume in one second (FEV1), and FEV1/FVC were obtained and expressed as a

percent of predicted [27].

Cardiopulmonary exercise testing

Resting 12-lead electrocardiogram (ECG) (Cosmed T12x; Rome, Italy) and blood pressure via

manual auscultation were acquired during quiet rest. CPET was then performed on a cycle

ergometer (Ergoline Ergoselect 100; Germany) using a ramp protocol (15 watts�min-1) and

pedal cadence of 50–70 rpms until volitional exhaustion [7]. Before, during and after CPET, all

participants were asked to rate their perceived exertion (6–20) and breathlessness (0–10) using

the Borg scales. Maximal effort was defined as meeting two or more of the following criteria:

1)� 1.1 respiratory exchange ratio, 2)� 85% age-predicted heart rate, 3)� 17 perceived exer-

tion, or 4) _VO2 plateau or decline despite increasing workload.

Pulmonary gas-exchange ( _VO2 and _VCO2), _V E, VT, fR, and end-tidal CO2 (PETCO2) were

obtained breath-by-breath using an oro-nasal mask (V2 Series; Hans Rudolph, Shawnee, KS)

with bidirectional turbine and metabolic cart (Cosmed Quark CPET; Rome, Italy) that was cal-

ibrated prior to each participant. Heart rate was obtained from 12-lead ECG and integrated

with breath-by-breath data. The ventilatory anaerobic threshold (VAT) was determined using

a modified V-slope method [28], and common CPET variables were obtained at peak exercise

(30-sec time average) and reported by group. Our primary variables of interest ( _V E, VT, and
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fR) were calculated at distinct periods relative to each individual’s peak exercise capacity ( _VO2

peak) to facilitate between-group comparisons across similar intensities (i.e., 0% (rest), 20%,

40%, 60%, 80%, and 100% _VO2 peak). A 15-breath average, aligned to the time of the central

breath of peak _VO2, was used to compute the times of relative intensities. Analyses were per-

formed using a custom-built program (MATLAB; Mathworks; Natick, MA).

Statistical analysis

Participant characteristics, baseline pulmonary function and peak exercise variables were ana-

lyzed using independent t-tests for continuous variables and Fisher’s exact test for categorical

variables. Normality assumptions were checked (Kolmogorov-Smirnov) for our primary

dependent variables ( _V E, VT, fR) across groups (GWI+ vs. GWI-) and time-points (0%, 20%,

40%, 60%, 80%, and 100% _VO2 peak). We used separate mixed-design 2 (group) X 6 time

ANOVA models to examine between-group differences for each dependent variable (α =

0.05). Degrees of freedom were adjusted (Greenhouse-Geisser) when the sphericity assump-

tion was violated. Subsequent pairwise comparisons used a Bonferroni adjustment to control

family-wise error. Effect sizes are expressed as partial eta squared (η2
p) for ANOVA/ANCOVA

models and Hedges’d for pairwise comparisons [29]. In addition, we also performed sub-

group analysis using 11 subjects from each group to control for the main determinants of vital

capacity—i.e., race, age, sex, and height. Demographics for matched pairs are provided in sup-

porting information (S1 Table). Through matching, the average difference in vital capacity was

within 200 mL. Analyses were performed using IBM SPSS Statistics (v. 25).

Results

Participant characteristics

Demographics, self-reported physical and mental health, spirometric indices, and resting heart

rate, blood pressure, and arterial blood oxygen saturation are provided in Tables 1 and 2.

Descriptive CPET information collected during exercise is provided in Tables 3 and 4. Data

are presented as group means and standard deviations (mean ± SD).

Table 1. Comparison of mean (SD) demographics and self-reported physical and mental health between participants with positive and negative Gulf War Illness

diagnoses.

Full sample Matched subgroup

Mean (SD) Effect size

(95% CI)

Mean (SD) Effect size

(95% CI)GWI + (n = 20) GWI–(n = 14) GWI + (n = 11) GWI–(n = 11)

Age (years) 50.4 (6.89) 52.14 (5.72) -0.26 (-0.95, 0.42) 53.36 (7.74) 52.18 (5.83) 0.17 (-0.67, 1.01)

Height (cm) 173.17 (8.1) 168.14 (11.5) -0.51 (-0.18., 1.21) 172.75 (9.32) 168.57 (10.42) 0.42 (-0.42, 1.27)

Weight (kg) 84.57 (14.7) 82.86 (14.1) -0.12 (-0.57, 0.8) 80.34 (14.41) 85.83 (14.48) -0.38 (-1.22, 0.46)

Sex (male/female) 17/3 9/5 n/a 8/3 8/3 n/a

Body Mass Index (kg/m2 ) 28.08 (3.61) 29.51 (5.34) -0.32 (-1.01, 0.37) 26.87 (3.88) 30.3 (5.12) -0.76 (-1.62, 0.11)

Physical Activity (min�wk-1 ) 102.75 (182.18)a 113.75 (122.61) -0.07 (-0.78, 0.65) 60 (84.85) 105 (128.16)a -0.42 (-1.31, 0.47)

Smoking History (pack-years) 7.51 (12.72)b 4.68 (7.83) 0.25 (-0.44, 0.95) 5.86 (12.61)b 5.14 (8.56) 0.07 (-0.79, 0.92)

Fatigue Severity Score 44.15 (15.72) 20.79 (12.41) 1.58 (0.8, 2.36) 38.18 (16.14) 19.18 (13.35) 1.28 (0.37, 2.2)

Physical Composite Score 41.26 (10.31) 55.24 (8.73)b -1.4 (-2.18, -0.63) 42.95 (7.71) 54.56 (9.96)b -1.31 (-2.26, -0.37)

Kansas GWI Total Score 34.35 (17.56) 5.15 (10.12)b 1.89 (1.05, 2.72) 28.64 (18.61) 6.30 (11.36)b 1.43 (0.47, 2.39)

https://doi.org/10.1371/journal.pone.0224833.t001
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Minute ventilation

Full sample. The _V E ANOVA model yielded a significant main effect for time (F1.25,40.12 =

236.63, p< 0.001, η2
p = 0.88). The group effect (F1,32 = 0.33, p = 0.57, η2

p = 0.01) and group-

by-time interaction effect (F1.25,40.12 = 0.52, p = 0.51, η2
p = 0.02) were both non-significant.

Matched subgroup. The _V E ANOVA model yielded a significant main effect for time

(F1.23,24.57 = 159.05, p< 0.001, η2
p = 0.89). The group effect (F1,20 = 0.66, p = 0.43, η2

p = 0.03)

and group-by-time interaction effect (F1.23,24.57 = 0.33, p = 0.62, η2
p = 0.02) were both non-

significant.

Tidal volume

Full sample. The VT ANOVA model yielded significant main effects for time (F2.11,67.38 =

221.02, p< 0.001, η2
p = 0.87) and group (F1,32 = 6.01, p = 0.02, η2

p = 0.16). The group-by-time

Table 2. Comparison of mean (SD) spirometric indices, and resting heart rate, blood pressure, and arterial blood oxygen saturation between participants with posi-

tive and negative Gulf War Illness diagnoses.

Full sample Matched subgroup

Mean (SD) Effect size

(95% CI)

Mean (SD) Effect size

(95% CI)GWI + (n = 20) GWI–(n = 14) GWI + (n = 11) GWI–(n = 11)

FEV1 (L) 3.32 (0.82)a 3.14 (0.6) 0.25 (-0.45, 0.95) 3.03 (0.76)b 3.2 (0.6) -0.24 (-1.1, 0.62)

FEV1 (% predicted) 96.5 (13.16)a 106.57 (15.96) -0.68 (-1.4, 0.04) 95.8 (9.1)b 108 (12.26) -1.08 (-2, -0.16)

FVC (L) 4.46 (0.95)a 3.93 (0.76) -0.6 (-0.12, 1.31) 4.02 (0.84)b 4 (0.7) 0.03 (-0.83, 0.88)

FVC (% predicted) 101.83 (10.65)a 105.07 (13) -0.27 (-0.97, 0.43) 100.1 (10.55)b 106.64 (10.11) -0.61 (-1.49, 0.27)

FEV1 /FVC 0.75 (0.1)a 0.81 (0.1) -0.77 (1.49, -0.04) 0.75 (0.1)b 0.81 (0.1) -0.78 (-1.66, 0.11)

FEV1 /FVC (% predicted) 94.94 (11.61)a 101.79 (8.96) -0.63 (-1.35, 0.08) 95.9 (10.04)b 101.73 (9.09) -0.59 (-1.46, 0.29)

Resting Heart rate (bpm) 66 (12) 69 (12) -0.25 (-0.93, 0.44) 63 (11) 71 (13) -0.65 (-1.51, 0.21)

Resting Systolic BP (mmHg) 117 (10) 125 (13) -0.71 (-1.41, 0) 115 (11) 128 (13) -1.1 (-2, -0.21)

Resting Diastolic BP (mmHg) 73 (4) 77 (8) -0.57 (-1.27, 0.13) 73 (5) 77 (9) -0.58 (-1.43, 0.27)

Resting SpO2 (%) 97 (1) 98 (1) -0.3 (-0.98, 0.39) 97 (2) 98 (1) -0.13 (-0.97, 0.71)

Note: BP = blood pressure; FEV1 = forced expiratory volume in one second; FEV1 / FVC: ratio of forced expiratory volume in one second to forced vital capacity; FVC

= forced vital capacity; GWI+ = positive diagnosis for Gulf War Illness; GWI- = negative diagnosis for Gulf War Illness; n/a = not applicable; SpO2: arterial blood

oxygen saturation.
aData missing for 2 participants
bData missing for 1 participant

https://doi.org/10.1371/journal.pone.0224833.t002

Table 3. Comparison of mean (SD) cardiopulmonary exercise data between participants with positive and negative Gulf War Illness diagnoses.

Full sample Matched subgroup

Mean (SD) Effect size

(95% CI)

Mean (SD) Effect size

(95% CI)GWI + (n = 20) GWI–(n = 14) GWI + (n = 11) GWI–(n = 11)

_VO2peak (mL�min-1 ) 2017.77 (497.47) 1768.82 (553.62) 0.47 (-0.22, 1.16) 1904 (478.95) 1843.75 (582.38) 0.11 (-0.73, 0.95)

_VO2peak (mL�kg�min-1 ) 24.13 (4.69) 21.28 (4.73) 0.59 (-0.1, 1.29) 24.13 (4.23) 21.34 (4.51) 0.62 (-0.24, 1.47)

RERpeak 1.15 (0.11) 1.14 (0.09) 0.08 (-0.6, 0.76) 1.17 (0.12) 1.15 (0.1) 0.23 (-0.61, 1.07)

Powerpeak (watts) 142.55 (32.33) 137.14 (40.51) 0.15 (-0.54, 0.83) 139.73 (32.16) 142.27 (42.97) -0.06 (-0.9, 0.77)

Heart ratepeak (bpm) 152 (18) 143 (21) 0.44 (-0.25, 1.14) 148 (22) 142 (23) 0.24 (-0.59, 1.08)

Heart rate%max (%) 87.42 (8.48) 83.51 (13.25) 0.36 (-0.33. 1.05) 86.74 (10.06) 83.34 (14.71) 0.26 (-0.58, 1.1)

RPEpeak (0–20) 15 (2) 16 (3) -0.31 (-0.99, 0.38) 15 (3) 16 (3) -0.16 (-1, 0.67)

Dyspneapeak (0–10) 5 (2) 5 (2) 0.03 (-0.65, 0.71) 5 (3) 5 (2) 0.04 (-0.8, 0.87)

https://doi.org/10.1371/journal.pone.0224833.t003

Exercise ventilatory patterns in Gulf War Illness

PLOS ONE | https://doi.org/10.1371/journal.pone.0224833 November 12, 2019 5 / 14

https://doi.org/10.1371/journal.pone.0224833.t002
https://doi.org/10.1371/journal.pone.0224833.t003
https://doi.org/10.1371/journal.pone.0224833


interaction effect was non-significant (F2.11,67.38 = 2.44, p = 0.09, η2
p = 0.07). Pairwise compari-

sons showed significantly higher VT values at 20%, 40%, 60%, 80%, and 100% of each individu-

al’s _VO2peak in the GWI+ group compared to the GWI- group (all p< 0.05; Table 5; Fig 1).

Hedges’ d effect sizes for these comparisons ranged from 0.68 to 0.92.

Matched subgroup. The VT ANOVA model yielded a significant main effect for time

(F1.82,36.34 = 145.84, p< 0.001, η2
p = 0.88), but the group effect was no longer significant

(F1,20 = 1.11, p = 0.31, η2
p = 0.05). The group-by-time interaction effect remained non-

significant (F1.82,36.34 = 0.86, p = 0.42, η2
p = 0.04).

Respiratory frequency

Full sample. The fR ANOVA model yielded a significant main effect for time (F2.46,78.78 =

70.63, p< 0.001, η2
p = 0.69) and group (F1,32 = 9.87, p = 0.004, η2

p = 0.24). The group-by-time

Table 4. Continued comparison of mean (SD) cardiopulmonary exercise data between participants with positive and negative Gulf War Illness diagnoses.

Full sample Matched subgroup

Mean (SD) Effect size

(95% CI)

Mean (SD) Effect size

(95% CI)GWI + (n = 20) GWI–(n = 14) GWI + (n = 11) GWI–(n = 11)

Exercise duration (sec) 588 (127) 564 (165) 0.16 (-0.52, 0.85) 574 (119) 578 (166) -0.03 (-0.86, 0.81)

_VO2 at VAT (mL�min-1 ) 1077.2 (230.8) 1065.26 (259.6)a 0.05 (-0.67, 0.76) 1029.57 (267.37)a 1107.88 (283.98) -0.27 (-1.16, 0.61)

_VO2 at VAT (mL�kg�min-1 ) 12.82 (2.33) 12.93 (1.74)a -0.05 (-0.77, 0.66) 12.87 (2.87)a 12.86 (1.63) 0.004 (-0.88, 0.88)

VAT (% _VO2peak ) 54.34 (7.9) 58.47 (8.77)a -0.49 (-1.22, 0.24) 54.32 (6.56)a 56.34 (5.29) -0.32 (-1.21, 0.56)

_VE at VAT (l�min-1 ) 27.26 (7.28) 28.89 (6.91)a -0.22 (-0.94, 0.5) 25.11 (7.79)a 29.95 (7.23) -0.62 (-1.52, 0.28)

RER at VAT 0.86 (0.11) 0.87 (0.06)a -0.13 (-0.84, 0.59) 0.83 (0.12)a 0.88 (0.07) -0.48 (-1.37, 0.42)

_V E /MVV (%) 54.39 (9.97) 54.49 (14.87) -0.01 (-0.69, 0.67) 57.29 (7.23) 55.32 (15.14) 0.17 (-0.72, 1.05)

VT /IC 0.69 (0.13) 0.63 (0.14) 0.44 (-0.25, 1.13) 0.75 (0.10) 0.65 (0.16) 0.74 (-0.17, 1.65)

aData missing for 2 participants

https://doi.org/10.1371/journal.pone.0224833.t004

Table 5. Comparison of mean (SD) ventilatory patterns between participants with positive and negative Gulf War Illness diagnoses.

Full sample Matched subgroup

Mean (SD) Effect size

(95% CI)

Mean (SD) Effect size

(95% CI)GWI + (n = 20) GWI–(n = 14) GWI + (n = 11) GWI–(n = 11)

_V E, (l�min-1 )

Rest 17.02 (4.2) 16.23 (3.34) 0.2 (-0.48, 0.89) 15.01 (4.34) 16.60 (3.39) -0.39 (-1.24, 0.45)

20% 22.22 (5.72) 20.77 (4.18) 0.27 (-0.41, 0.96) 19.61 (5.91) 21.45 (3.70) -0.36 (-1.2, 0.48)

40% 29.65 (7.36) 28.66 (7.26) 0.13 (-0.55, 0.82) 26.44 (8.26) 29.73 (7.25) -0.41 (-1.25, 0.44)

60% 39.2 (10.18) 38.29 (11.54) 0.08 (-0.6, 0.77) 34.20 (9.48) 40.09 (11.8) -0.53 (-1.38, 0.32)

80% 51.91 (13.36) 50.21 (15.19) 0.12 (-0.57, 0.80) 47.82 (13.54) 52.79 (15.32) -0.33 (-1.17, 0.51)

100% 68.89 (18.25) 63.48 (20.16) 0.28 (-0.41, 0.96) 63.95 (18.86) 66.76 (21.14) -0.14 (-0.90, 0.70)

VT (liters)

Rest 0.95 (0.26) 0.78 (0.22) 0.68 (-0.02, 1.38) 0.88 (0.29) 0.81 (0.24) 0.25 (-0.59, 1.09)

20% 1.22 (0.33) 0.93 (0.26) 0.92 (0.21, 1.64) 1.13 (0.39) 0.96 (0.29) 0.48 (-0.37, 1.33)

40% 1.54 (0.39) 1.2 (0.41) 0.84 (0.13, 1.55) 1.44 (0.46) 1.25 (0.44) 0.41 (-0.44, 1.25)

60% 1.81 (0.45) 1.41 (0.51) 0.84 (0.13, 1.55) 1.72 (0.5) 1.46 (0.56) 0.47 (-0.37, 1.32)

80% 2.03 (0.47) 1.64 (0.52) 0.77 (0.07, 1.48) 1.96 (0.56) 1.71 (0.55) 0.44 (-0.41, 1.28)

100% 2.17 (0.49) 1.78 (0.54) 0.75 (0.04, 1.45) 2.07 (0.53) 1.85 (0.57) 0.39 (-0.46, 1.23)

https://doi.org/10.1371/journal.pone.0224833.t005
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interaction effect was non-significant (F2.46,78.78 = 1.3, p = 0.28, η2
p = 0.04). Pairwise compari-

sons showed significantly lower fR values at rest and 20%, 40%, 60%, and 80% of each individu-

al’s _VO2peak in the GWI+ group compared to the GWI- group (all p< 0.05; Table 6; Fig 1).

Hedges’ d effect sizes for these comparisons ranged from -0.61 to -1.05.

Matched subgroup. The fR ANOVA model yielded a significant main effect for time

(F3.26,65.2 = 54.01, p< 0.001, η2
p = 0.73) and group (F1,20 = 10.88, p = 0.004, η2

p = 0.35). The

group-by-time interaction effect was non-significant (F3.26,65.2 = 1.54, p = 0.21, η2
p = 0.07).

Pairwise comparisons showed significantly lower fR values at rest, and 20%, 40%, 60%, and

80% of each individual’s _VO2peak in the GWI+ group compared to the GWI- group (all

p< 0.05; Table 6; Fig 2). Hedges’ d effect sizes for these comparisons ranged from -0.91 to

-1.48.

Discussion

The present study investigated ventilatory patterns ( _V E, VT, and fR) during maximal cardiopul-

monary exercise (CPET) among veterans with GWI and controls. As expected, _V E, VT, and fR
increased with increasing exercise intensity across groups (Fig 1). Veterans with GWI adopted

a unique exercise ventilatory pattern; however, this pattern was contrary to our hypothesis and

Fig 1. Time course of exercise ventilatory variables ( _V E, VT, and fR) expressed as a function of relative intensity ( _VO2 peak) for the full sample

(GWI+ = 20, GWI- = 14). Cases (GWI+) and controls (GWI-) are represented in filled and open circles, respectively. Values are mean ± SE.

https://doi.org/10.1371/journal.pone.0224833.g001

Table 6. Continued comparison of mean (SD) ventilatory patterns between participants with positive and negative Gulf War Illness diagnoses.

Full study sample Matched subgroup

Mean (SD) Effect size

(95% CI)

Mean (SD) Effect size

(95% CI)GWI + (n = 20) GWI–(n = 14) GWI + (n = 11) GWI–(n = 11)

fR (breath�min-1 )

Rest 19.6 (4.5) 22.48 (4.78) -0.61 (-1.31, 0.09) 18.54 (3.35) 22.44 (4.77) -0.91 (-1.79, -0.04)

20% 19.44 (4.31) 24.36 (4.96) -1.05 (-1.77, -0.32) 18.62 (3.64) 24.67 (4.95) -1.35 (-2.27, -0.42)

40% 20.29 (3.63) 26.05 (4.81) -1.36 (-2.11, -0.6) 19.56 (3.27) 26.37 (5.37) -1.48 (-2.42, -0.54)

60% 22.61 (5.12) 29.2 (7.38) -1.05 (-1.78, -0.32) 20.83 (3.28) 29.78 (8.13) -1.39 (-2.33, -0.46)

80% 26.31 (5.01) 31.83 (6.71) -0.94 (-1.66, -0.22) 25.34 (4.27) 32.22 (7.36) -1.10 (-2, -0.21)

100% 32.74 (7.78) 36.37 (6) -0.50 (-1.19, 0.19) 31.95 (6.62) 36.81 (6.53) -0.71 (-1.58, 0.15)

Note. fR = respiratory frequency; GWI+ = positive diagnosis for Gulf War Illness; GWI- = negative diagnosis for Gulf War Illness; _VE = minute ventilation; VT = tidal

volume. Mean values are expressed relative to each individual’s _VO2peak to facilitate between-group comparisons across similar intensities (i.e., rest, 20%, 40%, 60%, 80%,

and 100% _VO2 peak). Hedges’ d effect sizes were calculated by dividing the mean difference between GWI+ and GWI- by the pooled standard deviation. 95%

Confidence intervals were calculated by adding or subtracting the product of the standard error of the effect size and 1.96 to or from each effect size.

https://doi.org/10.1371/journal.pone.0224833.t006
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characterized by greater depth (VT) and reduced frequency (fR) of breathing relative to con-

trols. According to the ANOVA models, the effect of group significantly accounted for 15 and

25% of the variability in VT and fR, respectively. Moreover, post-hoc pairwise comparisons at

each time-point during exercise (i.e. 20%, 40%, 60%, 80%, and 100% _VO2 peak) revealed mod-

erate-to-large between-group effects for VT at all time-points during exercise (Hedges’ drange:

0.75–0.92). For fR, post-hoc pairwise comparisons revealed large and significant group effects

for 20%, 40%, 60%, 80% of _VO2 peak (Hedges’ drange: 0.94–1.36), but not 100% of _VO2 peak.

After performing a sub-group analysis of participants who were closely matched for major

determinants of vital capacity (i.e., race, sex, age, height), the group effect remained significant

for fR but not for VT (Fig 2). This suggests that fR is an especially robust aspect of _V E distin-

guishing Veterans with and without GWI. This disparate breathing strategy was observed

despite non-significant between-group differences for _V E (full sample and matched subgroup),

which is important to note given that the components of _V E (VT and fR) are frequently over-

looked [1] despite their clinical relevance (e.g., tachypnea in congestive heart failure).

To our knowledge, of the 10 CPET studies involving Gulf War veterans [12–21], only one

study has reported detailed cardiopulmonary function of Gulf War veterans as assessed dur-

ing a maximal CPET [12, 13]. In this study, CPET performance was found to be similar

between veterans with and without GWI at peak and submaximal intensities, apart from

peak _V E which was reduced in GWI. This effect appears to be driven by a reduced fR (g =

-0.46) among ill Gulf War veterans in comparison to healthy Gulf War veterans [13], similar

to that observed in the present study. Maximal exercise ventilatory responses during maximal

testing from related populations (e.g., chronic fatigue syndrome [CFS] and fibromyalgia) are

limited, but have generally found similar fR and VT between cases and controls in patients

with CFS [30, 31], CFS and fibromyalgia [30], or fibromyalgia alone [32]. It is important to

note that in these studies of patients with CFS and/or fibromyalgia, a majority of the sample

was female which may not provide an appropriate comparison to the participants of the pres-

ent study.

Published reference data for fR and VT are scant for cycling exercise but are available for

maximal treadmill testing [33]. Differences in operating lung volumes between cycling and

treadmill exercise, most notably larger VT during cycling [34], precludes the application of

treadmill based prediction equations for interpreting cycling studies. Neder et al. reported

average peak fR obtained during incremental cycle exercise stratified by age ranges (20–39,

40–59, and 60–80 years) and sex at four different peak _V E levels (20, 40, 60, and 80 L�min-1)

from 120 sedentary adults (c.f. Table 2 [35]). Using these data, we estimated a predicted fR
value for each participant based on age range, sex and approximate peak _V E. Predicted fR

Fig 2. Time course of exercise ventilatory variables ( _V E, VT, and fR) expressed as a function of relative intensity ( _VO2 peak) for the matched

subgroup (GWI+ = 11, GWI- = 11). Cases (GWI+) and controls (GWI-) are represented in filled and open circles, respectively. Values are mean ± SE.

https://doi.org/10.1371/journal.pone.0224833.g002
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was 99.4±22.4% and 116.4±23.5% for cases (GWI+) and controls (GWI-), respectively.

Although we would have expected predicted fR to be even lower among veterans with

GWI, there are several important factors that may account for these observed differences

including the lack of precision around age ranges and peak _V E levels, race and ethnicity of

the reference sample, and instrumentation. Regarding the latter, Neder et al. [35] utilized a

nose clip and mouthpiece to acquire ventilatory variables which is known to result in

reduced fR and increased VT in comparison to an oronasal mask [36], which was used in the

present study.

At exercise onset and during lower intensity workloads, increases in _V E are primarily

driven by VT whereby further increases in _V E at greater workloads and at peak exercise are

achieved primarily through increased fR. This typical ventilatory response to exercise is well

characterized and thought to reflect a strategy to maximize metabolic efficiency [37]. Excessive

increases in either VT or fR deviate from this principle and result in increased work of breath-

ing and increased physiologic dead space. Accurate measurement of work of breathing and

dead space ventilation (VD/VT) require invasive procedures (i.e., esophageal pressures and

arterial catheter) that were not employed in the present study; therefore, we cannot definitively

rule out their contribution. However, abnormal findings such as increased VD/VT and work of

breathing appear unlikely for several reasons. First, we computed non-invasive estimates of

VD/VT [38] and work of breathing [39] and found similar results among our cases and controls

that were within normal limits. Increased VD/VT and work of breathing are most common

among individuals with chronic lung disease, but lung disease was exclusionary for this study.

Further, we observed no evidence of ventilatory limitation at rest via spirometry (Table 2) nor

during peak exercise (VE/MVV� 80%; Table 4). That VT continued to increase throughout

exercise also supports the lack of a ventilatory limitation, or more specifically the absence of a

restrictive process that would limit VT expansion. Lastly, both groups demonstrated a similar

ratio of VT to inspiratory capacity (VT:IC) throughout exercise which was within normal limits

(VT:IC� 0.8; Table 4). We conclude that there is little evidence to support an underlying sub-

clinical pulmonary pathology among cases with GWI+ that may account for the reduced rate

and greater depth of breathing observed in the present study. Moreover, our matched sub-

group analysis further confirms the robustness of these findings. We posit that the observed

ventilatory pattern might instead reflect a learned strategy to mitigate exercise-induced pain

and/or unique metabolic demands associated with GWI.

As reviewed by Forster et al. [40], numerous experimental studies support a neural feed-for-

ward (i.e., central command) mediation of exercise hyperpnoea, suggesting central nervous

system control of breathing involves a behavioral or learned mechanism. Long-term modula-

tion of the exercise ventilatory response has been demonstrated experimentally in both

humans [41, 42] and goats [43] via a conditioning paradigm whereby exercise is paired with

added external dead space in order to induce hypercapnia. Following 2–8 visits of conditioning

and removal of added dead space, subsequent steady-state normocapnic exercise resulted in

increased VT during early exercise. In a follow-up study to determine whether long-term mod-

ulation was driven primarily by hypercapnia or increased VT, Turner and Stewart [44]

employed inspiratory resistive loading as a model of associative conditioning to avoid inducing

hypercapnia, and observed long-term modulation of the early exercise ventilatory response of

similar magnitude and duration to the aforementioned prior work. Data from these studies

suggest that at least some component of the normal exercise ventilatory response may be

learned, and increased VT, rather than hypercapnia, may provide the requisite stimulus. The

persistence of these adaptations, however, appears temporary which likely reflects the limited

exposure to conditioning. Wood et al. [42] support this conclusion and suggest that a
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permanent breathing pattern adaptation is unlikely to occur following only an acute exposure.

Whether alterations to the exercise ventilatory response (i.e., increased VT) can be sustained in

humans with chronic conditioning remains unclear.

Cook et al.[16] have previously found that Gulf War veterans with chronic pain perceive

exercise as more painful and effortful than healthy veterans without pain, and also have greater

thermal pain sensitivity post-exercise. Based on these results, we initially hypothesized that fR
would be exaggerated in GWI given that non-metabolic stimuli, such as pain, are well known

to elicit robust increases in fR in healthy adults [1]. However, perhaps the ventilatory response

to pain is unique among those with chronic illness who have been managing chronic pain

symptoms for many years? In support, fear of exacerbating pain symptoms secondary to exer-

cise appears to be prevalent in civilians with medically unexplained widespread chronic mus-

culoskeletal pain [45] and this perception may lead to a conscious or subconscious alteration

in exercise ventilatory patterns (i.e., slower and deeper). There are now several studies that

support the notion that pain is influenced by respiration whereby deep and slow breathing

reduces pain intensity and perception [46–49]. Whether veterans with GWI adopt a deep and

slow ventilatory pattern to mitigate exercise-induced pain cannot be determined from our

data, but warrants future investigation.

Notwithstanding the limitations of a cross-sectional study, there are additional aspects of

this study that should be considered when interpreting these findings. First, although the size

of the participant sample is within the range of previous CPET studies involving Gulf War vet-

erans, GWI is a heterogeneous chronic multisymptom illness and replication of this work with

a larger sample size is necessary to enhance generalizability. As previously mentioned, the pau-

city of published cardiopulmonary data from exercise studies in GWI precludes a thorough

comparison with work from other investigators. In light of the present findings, future studies

that include a more sophisticated analysis of ventilatory patterns during exercise to determine

operating lung volumes (e.g., serial inspiratory capacity maneuvers) as well as measurement

of the work of breathing via esophageal pressures appear warranted to fully appreciate the

mechanical and neural factors that contribute to this presentation of increased depth of breath-

ing during exercise. Finally, we did not comprehensively assess symptomatic changes during

exercise. Considering the frequent use of exercise to elucidate illness pathophysiology and that

the gold standard for GWI case assignment relies on self-report methods, an intuitive step

when measuring physiological responses to exercise is to also measure perceptual responses.

Thus, incorporating subjective measures for symptoms that are characteristic of the illness

(e.g., pain, fatigue) and are sensitive to acute exercise-induced changes may aid future attempts

to link changes in physiological parameters to pathophysiological indices of chronic multi-

symptom illnesses such as GWI [50].

Conclusions

Excessive increase in either VT or fR in response to exercise is an inefficient ventilatory strategy

that contributes to poor performance and exertional symptoms; however, VT and fR are infre-

quently reported and often overlooked. In the present study, we observed a unique exercise

ventilatory pattern among veterans with GWI characterized predominantly by an attenuated

fR response to maximal exercise. The present study was not designed to assess the mechanism

(s) of this response, but warrants further investigation. Confirmation of these findings may

also provide a rationale on which to guide exercise prescription for veterans with GWI (e.g.,

wearable devices for fR [51]). In conclusion, researchers and clinicians should consider looking

beyond _V E and separately consider VT and fR responses to exercise, which appear to offer

unique insight with respect to exercise hyperpnoea.
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Supporting information

S1 Table. Matched-pair demographics. For each case (GWI+) and control (GWI-) pair, we

report i) race and ethnicity, ii) birth sex, iii) age in years, iv) height in centimeters, and v)

forced vital capacity (FVC). Absolute differences for each variable for each pair (Δ = case—

control) are reported for age, height and FVC. Overall, we were able to match evenly by sex

and race/ethnicity. Other factors were very similar as indicated by the low average differences

observed for age (3.7 years), height (6.5 cm), and FVC (0.2 L). Note that acceptable and repeat-

able spirometry were not available for one Veteran (pair 8).
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