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ABsTrACT 
Adult survivors of very preterm birth (PRET) have 
significantly lower aerobic exercise capacities than their 
counterparts born at term (CONT), but the underlying 
cause is unknown. To test whether expiratory flow 
limitation (EFL) during exercise negatively affects exercise 
endurance in PRET, we had PRET and CONT exercise to 
exhaustion breathing air and again breathing heliox. In 
PRET, EFL decreased and time-to-exhaustion increased 
significantly while breathing heliox. Heliox had a minimal 
effect on EFL and had no effect on time-to-exhaustion 
in CONT. We conclude that aerobic exercise endurance 
in PRET is limited, in part, by mechanical ventilatory 
constraints, specifically EFL.

InTroduCTIon
Adult survivors of preterm birth (PRET) have 
impaired pulmonary function1–6 and a lower aerobic 
exercise capacity than their counterparts born at term 
(CONT).1–5 The precise cause of the lower aerobic 
exercise capacity in PRET is unknown, but based on 
the characteristics of their respiratory system, could be 
impaired pulmonary gas exchange efficiency, mechan-
ical ventilatory constraints and/or dyspnoea.

Impaired pulmonary gas exchange efficiency has 
not been detected in PRET relative to CONT1 2 7 even 
when PRET with a clinically mild reduction in diffu-
sion  capacity  for carbon monoxide (DLCO) exer-
cised while breathing hypoxic gas.2 Our work 
demonstrates that PRET have significant mechan-
ical ventilatory constraints, specifically expiratory 
flow limitation (EFL), during exercise.3 4 PRET may 
have smaller airways than CONT,3 which would 
predispose them to having EFL. Breathing heliox 
(79% helium, 21% O2) during exercise lessens 
airflow resistance and EFL and, thus, allows previ-
ously constrained ventilation to increase.8 Indeed, 
heliox has been shown to alleviate EFL and increase 
exercise endurance in patients with COPD.9

Therefore, the purpose of this study was to deter-
mine if breathing heliox during exercise decreases 
EFL and increases exercise endurance in PRET.

MeThods
subjects 
Thirty-three participants provided written 
informed consent prior to participation. Subjects 
included in the PRET group were born ≥8 weeks 
premature whether or not they had bronchopulmo-
nary dysplasia (BPD). Diagnosis and classification 
of preterm birth and BPD, as well as matching of 
CONT subjects was done, as before.1–5

Visits 1–2
Baseline pulmonary function and DLCO and aerobic 
exercise capacity (VO2peak) and peak power output 
were determined on visits 1 and 2, respectively, as 
before.1–5

Visits 3–5
Subjects performed three constant load cycling 
time-to-exhaustion (TTE) trials at 80% of peak 
power output, as before.9 The protocol was iden-
tical between trials. Metabolic and ventilatory 
data throughout each trial and flow-volume loops 
(FVLs) were collected, as before.3 4 10 The extent 
of EFL (%EFL) was determined based on the 
percentage of the tidal volume that met or exceeded 
the maximal FVL, as before.3 4 10 Visit 3, performed 
while breathing air, served as a familiarisation trial. 
During the remaining TTEs, subjects were provided 
identical verbal feedback including standardised 
statements regarding the maintenance of cycling 
cadence. The gas composition (air or heliox) of 
the remaining TTEs was blinded to the subjects 
and they were not allowed to speak for the dura-
tion of the trials due to the effects of helium on 
the vocal chords. The hypothesised effect of heliox 
was not described to the subjects. We had subjects 
perform the air TTE first (visit 4) so we could iden-
tify the time of exercise termination and collect 
FVLs at ‘iso-time’ during the heliox TTE since we 
expected the PRET would exercise for longer with 
heliox. External resistance was matched between 
trials.8 TTEs were terminated when cycling cadence 
decreased by 10%–15%, and subjects failed to 
increase it with encouragement.

data analysis 
All statistical analyses were performed using 
GraphPad Prism statistical software (V.7.0a), and 
alpha was set a priori to p=0.05. Tests described in 
table/figure legends.

resulTs
descriptive information 
PRET were born at 27.9±1.9 weeks gestation 
and weighed 1.15±0.41 kg. In general, PRET had 
worse pulmonary function than CONT and had a 
significantly lower VO2peak and peak power output 
(table 1).

Time-to-exhaustion 
There was no difference in TTE between groups in 
either trial, however, they exercised at significantly 
different workloads so this was expected (figure 1). 
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PRET had a significant (p<0.05) increase in TTE from air to 
heliox while CONT had no change (figure 1).

expiratory flow limitation
PRET had a significantly greater %EFL than CONT in both 
trials (p<0.05) and had a significant reduction in %EFL in 
heliox (p<0.001; figure 2).

dIsCussIon
Breathing heliox significantly reduced EFL and resulted in an 
increase in TTE and minute ventilation (VE) in PRET, but had no 
effect on TTE in CONT presumably because they had minimal 
EFL. These data suggest that mechanical constraints to ventila-
tion are a contributing factor limiting aerobic exercise perfor-
mance in PRET.

Mechanical ventilatory constraints include several inter-re-
lated aspects of the ventilatory response to exercise such as 
EFL, a significant reduction in inspiratory reserve volume (IRV), 
dyspnoea and/or dynamic hyperinflation. We found that TTE 
increased significantly when EFL was decreased. Heliox reduces 
airflow resistance,8 thereby increasing the maximal attainable 
expiratory airflow rate and expanding the maximum FVL, and 
consequently increasing maximal ventilatory capacity. Because 
CONT had minimal EFL while breathing air, there was minimal 
effect on TTE breathing heliox. These data support our hypoth-
esis that EFL contributes to a lower aerobic exercise perfor-
mance in PRET.

A reduction in IRV to <1.0 L has been shown to correspond to a 
mismatch in respiratory effort and tidal volume response resulting 
in intolerable dyspnoea and exercise termination in patients with 
COPD.11 12 Our previous4 and current work demonstrate PRET 
had a decline in IRV to <1.0 L at end exercise while breathing air 
and heliox. However, in the heliox trial, PRET were able to exercise 
for longer, perhaps because the respiratory effort was lessened with 
heliox, which is supported by a significant reduction in dyspnoea 
rating (median; 9 vs 6). In CONT, there was a similar reduction 
in IRV, but they did not exercise for longer nor did their dyspnoea 
rating at iso-time differ between trials (8 vs 8). These data suggest 
that a reduction in IRV may play a role in exercise termination via 
its effect on dyspnoea.

Table 1 Anthropometric, VO2peak, resting pulmonary function and 
diffusion capacity data

ConT, n=16 (9 women) PreT, n=17 (9 women)

Age, year 22±2 21±2

Height, cm 170±12 169±13

Weight, kg 70±13 67±14

VO2peak, mL/kg/min 41.0±7.2 (97±9) 36.9±6.6* (86±13)*

Peak power output, W 255±74 (127±19) 215±64 (110±28)*

FVC, L 4.7±1.2 (100±6) 4.3±1.2 (94±11)*

SVC, L 4.9±1.4 (106±16) 4.5±1.1 (96±12)*

FEV1, L 4.0±1.0 (100±7) 3.4±1.0* (86±17)*

FEV1/FVC, % 86±5 (99±5) 78±11* (90±12)*

FEF25-75, L s 4.4±1.4 (101±25) 3.1±1.3* (71±26)*

FRC pleth, L 3.2±0.9 (108±27) 3.2±0.9 (107±17)

IC, L 3.1±0.8 (112±16) 2.9±1.1 (98±22)*

ERV, L 1.7±0.8 (101±36) 1.6±0.6 (92±25)

RV, L 1.3±0.5 (100±40) 1.6±0.4 (123±31)*

TLC, L 6.3±1.4 (106±15) 6.1±1.7 (101±14)

DLCO, mL/min/mm Hg 33.3±9.4 (122±16) 30.5±7.2 (115±11)

All values are mean ±SD. Values in parentheses are mean ±SD% of predicted. 
*P<0.05 compared with  CONT using independent samples t-tests. 
 DLCO , diffusion  capacity  for carbon monoxide; ERV,  expiratory  reserve  volume; FEF25-75, forced 
mid-expiratory flow; FRC pleth, functional residual capacity determined by whole body 
plethysmography; IC, inspiratory capacity; RV, residual volume; SVC, slow vital capacity; TLC, total 
lung capacity; VO 2peak , peak oxygen consumption. 

Figure 1 (A) Mean±SD time-to-exhaustion (TTE) in min in counterparts born at term (CONT) and preterm birth (PRET) groups during exercise 
breathing air (black) and heliox (grey). There was no difference in TTE between CONT and PRET while breathing either gas. PRET had a significant 
increase in TTE while breathing heliox compared with while breathing air (†). CONT had no change in TTE while breathing heliox compared with while 
breathing air. Numbers inside of the bars are the median dyspnoea rating acquired at iso-time. PRET had a significant reduction in dyspnoea with 
heliox computed with a Wilcoxon matched pairs signed rank test. (B) Individual data in CONT and PRET. Solid lines represent subjects that increased 
TTE and dashed lines represent subjects that had no change or a decrease in TTE. Two-way analysis of variance (ANOVA) with Tukey honestly 
significant difference (HSD) post hoc test was computed to identify group and gas differences on TTE.  
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limitations 
Subjects performed the air TTE first and the heliox TTE second. 
Thus, the increase in exercise endurance while breathing heliox 
could be due to a ‘practice effect’ rather than a physiologic effect. 
However, there was no difference in TTE between the practice 
and air trials so we believe our findings represent a positive phys-
iologic effect from heliox. Additionally, subjects were blinded 
to the gas they breathed and were not told what the proposed 
effects of helium were.

In conclusion, our data support the hypothesis that exercise 
endurance in PRET is primarily limited by excessive mechanical 
ventilatory constraints, principally EFL. When these constraints 
are reduced, then dyspnoea decreases and endurance time 
increases.

Correction notice This article has been corrected since it was published Online 
First. The city for affiliation 4 was incorrect.
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Figure 2 (A) Mean ±SD of the extent of expiratory flow limitation (EFL) as a % of tidal volume (VT) in counterparts born at term (CONT) and 
preterm birth (PRET) at iso-time of exercise while breathing air (black) and heliox (grey). PRET had significantly greater EFL during air and heliox trials 
compared with CONT (*). Breathing heliox during exercise significantly reduced the extent of EFL in PRET (†). We did not correct %EFL for the effect 
of thoracic gas compression and/or exercise-induced bronchodilation so the magnitude of EFL is an overestimation. However, and importantly, the 
repeated measures design means that this overestimation was systematic and equal across trials since the compressibility of nitrogen and helium are 
not different. Two-way analysis of variance (ANOVA) with Tukey honestly significant difference (HSD) post hoc test was computed to identify group 
and gas differences on %EFL. (B) Mean ±SD of inspiratory reserve volume (IRV) at iso-time in CONT and PRET while breathing air (black circle) and 
heliox (grey square). There was no difference between groups or trials as determined with a two-way ANOVA. TLC,  total lung capacity. 
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