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Abstract
Study design Pre-post, pilot study.
Objectives To characterize ventilatory (VE) responses to exercise following warm-up walking in individuals with chronic
incomplete spinal cord injury (iSCI) during constant work rate (CWR) exercise. Secondarily, to investigate VE and tidal
volume (VT) variability, and ratings of perceived exertion (RPE) before and after overground locomotor training (OLT).
Setting Research laboratory.
Methods A 6-min CWR walking bout at preferred pace was used as a warm-up followed by 6 min of rest and a second 6-
min CWR bout at above preferred walking pace. The second CWR bout was analyzed. Breath-by-breath ventilatory data
were examined using a curvilinear least squares fitting procedure with a mono-exponential model. VE and VT variability was
calculated as the difference between the observed and predicted values and RPE was taken every 2 min.
Results Participants (n= 3, C4–C5) achieved a hyperpneic response to exercise in VE and VT. OLT resulted in faster
ventilatory kinetics and reductions of 24 and 29% for VE and VT variability, respectively. A 30% reduction in RPE was
concurrent with the reductions in ventilatory variability.
Conclusions OLT may improve ventilatory control during CWR in patients with cervical motor-iSCI. These data suggest
that in some participants with iSCI, ventilation may influence RPE during walking. Future research should investigate
mechanisms of ventilatory variability and its implications in walking performance in patients with iSCI.

Introduction

Spinal cord injury (SCI) is associated with loss of physical
capacity and reduced life expectancy as a result of venti-
latory and respiratory dysfunction [1]. Altered ventilatory
function, which results in increased work of breathing [2, 3]
(Wb) and ventilatory muscle fatigability [4], can occur due
to changes in thoracic and/or abdominal cavity mechanics
[5], ventilatory muscle performance [6–8], and/or altered
bronchial control [9]. These impairments diminish pul-
monary function with respect to inspiratory and expiratory
volume [6], and may influence perceptions of effort [10].
Moreover, these ventilatory constraints may contribute, in
part, to the atypical ventilatory response previously pub-
lished [11].

The typical ventilatory response to constant work rate
(CWR) exercise is curvilinear with three phases. An
immediate rise in minute ventilation (VE) is typically seen
within the first breath (phase I), with an exponential
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response occurring within 15 s (phase II). Thereafter, VE

reaches a steady-state (isocapnic, Phase III) when indivi-
duals exercise below the anaerobic threshold [12]. For
exercise above the anaerobic threshold, phase III (steady-
state) will begin to drift upwards [12]. The ventilatory
response to exercise has been shown to be intensity
dependent with faster cardiorespiratory responses reported
with increased exercise intensity [13]. In addition, previous
exercise has been shown to accelerate phase II of the ven-
tilatory response in healthy individuals [14]. In participants
with complete SCI, Barstow et al. have reported cardior-
espiratory kinetics [15] and improved phase II VE kinetics
following functional electrical stimulation [16]. However,
in participants with cervical motor-incomplete spinal cord
injury (iSCI), we previously reported a linear ventilatory
response to CWR before and after 12 weeks of overground
locomotor training (OLT), concurrent with reduced venti-
latory variability [11]. We are unaware of any reports
characterizing the ventilatory response to exercise in parti-
cipants with iSCI during unaided walking. Thus, the effects
of motor-iSCI on pulmonary VE and tidal volume (VT)
during volitional locomotion have not been fully described.

The current pilot study was designed to investigate the
ventilatory response following a warm-up bout of exercise
and increased exercise intensity (i.e., increased walking
speed) during unaided treadmill walking in participants with
iSCI before and after OLT. In addition, we aimed to
investigate ventilatory kinetics, ventilatory variability, and
perceived exertion (RPE) before and after OLT. We hypo-
thesized that the warm-up and increased walking speed
would result in a phasic response to exercise. In addition,
OLT would result in a reduction in ventilatory variability
and RPE.

Methods

Study design and participants

This study investigated VE response before and after OLT
using a pre- vs. post-test design. Participants completed a
12-week OLT program developed to elicit mechanical and
metabolic adaptations to enhance independent ambulatory
function. Inclusion criteria included: 18 years or older;
motor iSCI classified as AIS C or D at study entry; at least
12-months after injury; ability to stand and initiate a step
with or without an assistive device or trainer; and ability to
walk safely on a treadmill. The exclusion criteria included:
history of ischemic heart, cardiovascular, pulmonary, or
metabolic disease; severe concomitant secondary compli-
cations following their injury which included significant
orthopedic complications, and spasms/contractures leading
to unsafe walking (overground or on the treadmill).

Overground locomotion training

Details of the OLT program have been published elsewhere
[17]. Briefly, training used part-to-whole-practice sequences
based on the task-specific movements in the gait cycle.
Sessions lasted 90 min and were conducted twice a week for
12 weeks. Training sessions contained five consecutive
training segments: joint mobility; volitional muscle activa-
tion; task-isolation; task-integration; and activity rehearsal.
Participants used only volitional control and training was
conducted without body-weight support, robotic devices, or
electrical stimulation. All sessions were conducted by two
trained personnel.

Treadmill testing protocol

Individuals stood quietly for 3–5min prior to a 6-min walking
bout at their individually determined preferred walking speed.
This walking bout was followed by 6min of rest where
participants were offered a seat during the first 4 min of rest
but were required to stand for the remaining 2 min prior to a
second walking bout. The second walking bout also lasted
6min, however each participant self-selected a faster walking
speed than the first bout. As such, the intensity of work
performed was greater in the second bout. Participants were
instructed to use as little upper body support during all
walking bouts as was necessary for safety and ability to
complete the bout. RPE (0–10) [18] were obtained every
2min of exercise. Participants repeated the treadmill testing
protocol following OLT and the same speeds were used for
preferred and above preferred walking speeds.

Instruments

Height and weight were measured with a standard stadiometer
(SECA 213) and scale (Health O Meter 400KL), respectively.
Cardiorespiratory variables were collected breath-by-breath
with an Ultima CardiO2 gas exchange system (MedGraphics,
Saint Paul, MN). Variables included oxygen (O2) uptake
(VO2), carbon dioxide production (VCO2), VE, VT, and end-
tidal partial pressure of CO2 (PETCO2). A 12-lead electro-
cardiogram (ECG; Mortara M12A, Milwaukee, WI) was
monitored throughout exercise. Standard preparation methods
were used according to guidelines provided by the Ultima
system for a Mason–Likar modification. Flow calibration was
completed using a 3000mL calibration syringe and gas cali-
brations were performed through the system’s gas auto cali-
bration configuration.

Data analysis

The data presented was collected as part of a larger study
that investigated cardiorespiratory adaptations following
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OLT. Part of the findings were used as pilot data to examine
whether increased work rate elicited similar cardior-
espiratory responses as seen in people without SCI. Cardi-
orespiratory data from the warm-up bout has been reported
previously [11] and were excluded from analysis in the
current study (See “Discussion” section for comparison of
results). Therefore, analysis was performed on data from the
second, and more intense, bout of walking. All data pro-
cessing was performed using Origin (Origin 2016, Origi-
nLab Corporation, Northampton, MA) on raw (unaveraged)
variables. VE and VT during the second walking bout were
fit for the entire 6-min bout with a regression function as
shown in Eq. (1), where Y(t) represents VE or VT as a
function of time, Y(baseline) is the steady-state Y of the
resting data (based on a 60-s fit), amplitude is the difference
between resting data and the end-exercise data at 6 min,
time delay (TD) reflects the elapsed time until the expo-
nential fit begins, and tau (τ) is the time taken to reach 63%
of the achieved amplitude.

Y tð Þ ¼ Y Baseline þ Amplitudeð1 � e�ðt� TDpÞ=τpÞÞ:
ð1Þ

Data points outside of the computed 99% prediction bands
were deemed to be aberrant breaths (e.g., sighing, coughing)
and were removed from the analysis. After the regression was
recomputed, no additional data points were removed. The
criterion for demonstrating a hyperpneic response was met if
the equation converged to fit the data. Variability for VE and
VT were computed by taking the observed data and sub-
tracting it from the best fit regression line obtained from Eq. 1.
Thereafter, the absolute value was taken so that an average
variability around the predicted value could be calculated
(Eq. 2, where Y represents VE or VT).

Variabilityj j ¼ Observed VEð Þ � Predicted VEð Þð Þ: ð2Þ
VE and VT variability were averaged for each 2-min segment
of the 6-min bout. Thus, each 2-min average coincided with
the RPE rating.

The estimated Wb was calculated for each breath using
the following equation (Eq. 3) [19] which has been pre-
viously used for individuals with SCI [20]. These data were
then averaged during the same time periods as VE and VT

variability.

Estimated Wb ¼ �0:430þ 0:0504 VEð Þ þ 0:00161 VEð Þ2:
ð3Þ

Ventilated CO2 and PETCO2 were included in the analyses
due to the known moderating effect on VE in humans [20].
Both variables were averaged during the entire 6-min bout
of exercise before and after OLT. In addition, VE was
plotted against VCO2 and the slope coefficient was used to
provide an index of ventilatory effectiveness [21].

Statistical analysis

Descriptive analyses were used to compare baseline (pre-
OLT) with post testing (post-OLT). Data have been rounded
to the nearest decimal that allows for the percent change to
be seen (See Table 2, VE Amp/Tau). When group means are
presented, the data is accompanied by Cohen’s d (effect
size= d). A d of 0.2, 0.5, and 0.8 represent a small, med-
ium, and large effect size, respectively [22].

Results

Key participant characteristics are found in Table 1. All
participants had a cervical injury at C4–5, and diagnosed as
motor-incomplete SCI AIS C greater than 1 year post
injury. No changes in weight were recorded after OLT. The
self-selected walking speed for the warm-up bout was
0.28 ± 0.05 m/s (range: 0.22–0.31 m/s). The self-selected
higher intensity exercise bout was 0.63 ± 0.15 m/s (range:
0.45–0.72).

Participant 1 exhibited a resting baseline (resting prior to
the second exercise bout) minute ventilation of 16 L/min

Table 1 Participant
characteristics

Characteristics

Participant Age Height Weight BMI Time
since injury

Walking speed Sex Injury level AIS

1 18 185 70 20.54 22 0.72 M C4 C

2 23 183 71 21.35 34 0.72 M C5 C

3 35 188 108 30.56 61 0.45 M C5 C

Mean 25.33 185.33 83.27 24.15 39.00 0.63

Standard
deviation

8.74 2.52 21.43 5.56 19.97 0.15

Age in years (yrs); Height in centimeters (cm); Weight in kilograms (kgs); Time since injury in months;
Walking speed in meters per second

AIS American Spinal Injury Association Impairment Scale BMI body mass index
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pre-OLT and 15 L/min post-OLT (Δ−9%). This change in
minute ventilation was concurrent with a reduction in tidal
volume from 620 to 588 mL/breath (Δ−5%). Participant 2
exhibited an increase in minute ventilation at rest from 10 to
11 L/min (Δ+12%) with a concurrent reduction in tidal
volume from 1021 to 816 mL/breath (Δ−20%). Participant
3 exhibited an 8% increase in resting minute ventilation
from 15 to 17 L/min after 12 weeks of OLT. The increase in
minute ventilation post-OLT was accompanied by a 4%
increase in tidal volume from 726 to 758 mL/breath. As a
group, there was a 2% increase in minute ventilation and a
9% decrease in tidal volume. Neither minute ventilation
(d= 0.1) or tidal volume (d= 0.4) during rest demonstrated
a large effect size. All exercising data is presented in Fig. 1
and Table 2 and Table 3.

When the data was divided into three 2-min segments for
analysis (minutes 0–2, 2–4, and 4–6), reductions in VE and
VT variability were found at all three timepoints (See Fig. 2
a–d). These reductions were the greatest during minutes
2–4, the time in which individuals typically transition from
phase II to phase III. The largest reduction in RPE was seen
during the first 2 min of exercise (4.33 ± 1.09 vs. 2.33 ±
1.15, Δ−46.15 %, d= 1.78), however reduction in RPE
was also seen at minutes 2–4 (5.33 ± 1.15 vs. 4.00 ± 1.0, Δ
−25.00%, d= 1.24) and minutes 4–6 (6.00 ± 1.00 vs.
4.67 ± 1.15, −22.22% change, d= 1.24).

Discussion

There are three primary findings from this study that have
not been reported in the literature for this population. First,
individuals with a cervical iSCI can achieve a phasic
response to volitional unaided walking under the conditions
of this study (previous exercise and higher walking inten-
sity), albeit with a high degree of individual variability.
Second, the phasic response to exercise improved (i.e.,
became faster) following OLT. Lastly, the data showed
medium to large reductions in VE variability, VT variability,
estimated Wb, VCO2 and PETCO2, and RPE following OLT
(Table 2, Fig. 2a–d). These results match previous research
in healthy individuals which indicated that prior exercise
[14] and increased exercise intensity [13, 23] was associated
with faster and larger cardiorespiratory responses.

Although the control of ventilation during exercise is still
debated [24], it has been suggested that the rapid increase in
VE stems from central mechanisms (e.g., Central Command)
[25, 26], and that afferents from exercising limbs affects the
speed of the ventilatory response with an increase in limb
movement frequency resulting in a more rapid rise in VE

[27] as the amplitude of VE may be dependent on VO2 [23].
However, due to the site of injury and its potential effect on
the phrenic nerve, the mechanisms that elicit the phasic

ventilatory response to exercise may be altered. During
increases in VE and increased work rates, the diaphragm is
recruited first and the accessory ventilatory muscles are
thought to be used primarily for controlling cavity pressures
[28–30]. However, the accessory muscles are recruited to
prevent hypoventilation during times of diaphragmatic
fatigue [31, 32]. Considering that persons with an SCI can
exhibit altered abdominal wall mechanics [5, 8, 33, 34],
altered ventilatory drive [35], and decreases in transdiaph-
ragmatic pressure [36], changes in the diaphragm’s
mechanical alignment and function may have contributed to
our findings.

Exercise intensity is known to influence ventilatory
kinetics [13, 22]. Casaburi et al., using a cycle ergometer,
performed over 162 exercise tests and reported a clear
increase in ventilatory amplitude with increasing work rates,
but no change in τ (~77 s) between work rates of 25–101W.
At increasing work rates of 127 and 177W, τ also increased
to ~85 and 125 s, which coincided with increases in end-
exercise lactate [13]. These results demonstrate that venti-
latory kinetics are faster during lower intensity work rates
and begin to slow as exercise intensity increases. Diamond
et al. reported similar ventilatory kinetic values for exercise
performed under the anaerobic threshold, regardless of
whether exercise was initiated at 0 or 25W, demonstrating
similar ventilatory kinetics within the moderate domain
[37]. In patients with complete SCI (AIS A), Barstow et al.,
reported faster ventilatory kinetics following FES training
when compared with the same absolute workload, yet similar
values for matched relative workloads [16]. Collectively,
these results suggest that exercise intensity may influence
ventilatory kinetics. As the workloads (i.e., walking speeds)
in this study was self-selected by the participants and not
based on performance or capacity, the exercise intensity of
the bouts performed are unknown and may have changed
with overground training. As such, the ventilatory kinetics as
reported here may also be reflecting changes in workload and
exercise intensity in these participants.

There is a large degree of variability reported between
individuals in this study. For example, all individuals
reported a reduction in VE variability, however participants
2 and 3 showed double and triple the variability, respec-
tively, as compared with participant 1. This was also
observed in VE τ. However, participant 1 was the only
participant to demonstrate a reduction in VT τ. Considering
the injury level and AIS scores are similar between parti-
cipants. In addition, pre-OLT VE (average) and RPE were
similar in all three participants. One potential explanation
could be differences in lower extremity strength. Albeit
indirect measures of strength, our participants also com-
pleted the Berg Balance Test and the Spinal Cord Inde-
pendence Measures (SCIM). Participant 3, whom had the
highest degree of VE variability, and slowest ventilatory
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responses (Fig. 1c), may have had the weakest lower body
of the three individuals. In the total SCIM participant 1 and
2 scored an 88 compared with participant 3’s 78. As for the

Berg total scores, participant 1 and 2 scored a 40 each, and
participant 3 scored a 33. In both tests, participant 1 and 2
had marginal improvements and participant 3 had no
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change after 12 weeks of OLT. More specifically, the Berg
subscores for feet together and ability to pick an object up
from the floor were different among all three individuals. In
the feet together subtest, participant 1 and 2 scored a 2 and
4, respectively, as participant 3 scored a 1. In regards to
their ability to pick an object up from the floor, participant 1
and 3 scored a 3 and 4, respectively and participant 3 was
unable to complete the task. Based on these findings, par-
ticipant 1 and 2 may have significantly stronger lower
bodies thus improving their motor control during walking
and potentially reducing the amount of upper body support
used during treadmill walking which could impact their
exercising ventilation. Lastly, lower body strength could
also have impacted the locomotor-respiratory coupling
(discussed below) which could explain the changes in

ventilation and ventilatory variability, both among indivi-
duals and after OLT, reported here.

Our previous research, which did not include a warm-up
exercise bout for the six participants walking at slower
speeds, reported the variance of the response via an F-
statistic. When variability was calculated, the group demon-
strated a 27.12% reduction in VE variability (3.81 ± 0.80 vs.
2.75 ± 0.99 L/min) [11]. These values were lower in absolute
and relative terms than the data reported here. However,
comparison of these findings may not be warranted as the
participants in our previous study did not achieve a hyperp-
neic response to training. Thus the regression equation used
to calculate variability in the previous study was different
than what was used in this study (Linear vs. Eq. 1). VT data
was not analyzed in our previous report.

Table 2 Individual changes in averaged 6-min exercise ventilatory variables with group percent change and effect size

Participant 1 Participant 2 Participant 3 Group Group

Pre OLT Post OLT %Δ Pre OLT Post OLT %Δ Pre OLT Post OLT %Δ %Δ Effect size

VE (L/min) 39 37 −7% 34 35 2% 36 31 −13% −6% 0.9**

VT (mL/Br) 1021 999 −2% 1686 1475 −13% 1112 1013 −9% −8% 0.4

Breathing frequency (Br/Min) 38 37 −4% 23 24 5% 35 34 −3% 3% 0.1

VE-variability (L/min) 3.20 3.16 −1% 7.8 7.1 −9% 11 6 −42% −24% 0.6*

VT-variability (mL/Br) 83 81 −3% 333 202 −39% 277 205 −26% −29% 0.7*

Wb (kg/m/min) 4.1 3.6 −10% 3.48 3.46 −1% 4.1 3.3 −20% −11% 1.6**

VE/VCO2 coefficient 38 34 −10% 48 42 −14% 38 35 −8% −11% 0.9**

VCO2 (mL) 1404 1245 −11% 1579 1502 −5% 1248 984 −21% −11% 0.8*

PETCO2 (mmHg) 43 41 −4% 52 48 −8% 40 35 −11% −7% 0.5*

RPE (AU) 4.0 2.7 −33% 5.7 3.7 −35% 6.0 4.7 −22% −30% 1.5**

VE-Tau (s) 71 68 −4% 159 26 −84% 140 111 −20% −44% 1.2**

VE-amplitude (L/Min) 28 26 −7% 37 26 −30% 46 39 −15% −18% 0.8*

VE-Amp/Tau (L/L/s) 0.39 0.38 −3% 0.2 1.0 327% 0.3 0.4 6% 81% 1.2**

VT-Tau (s) 59 24 −59% 46 52 14% 37 41 12% −17% 0.6*

VT- amplitude (L/Min) 475 434 −9% 899 792 −12% 410 309 −25% −14% 0.3

VT- Amp/Tau (mL/L/s) 8 18 123% 20 15 −23% 11 8 −33% 4% 0.1

The ventilatory parameters before and after OLT

L/min Liters per minute, mL/Br milliliters per breath, Br/Min breaths per minute, kg/m/min kilograms per meter per minute, mL milliliter, AU
arbitrary units, s seconds

*d > 0.5, **d > 0.8

Table 3 Correlations

Slope and correlation coefficients

All data Participant 2, post training removed

VT- Tau VE-variability VT-variability RPE VT-Tau VE-variability VT-variability RPE

VE-Tau −0.05 (−0.22) 0.03 (0.55) 1.43 (0.70) 0.02 (0.84)* 0.02 (0.05) 0.07 (0.88)* 2.81 (0.99)* 0.03 (0.91)*

VE-variability 30.6 (0.87)* 0.36 (0.82)* 30.95 (0.88)* 0.40 (0.91)*

VT-variability 0.01 (0.85)* 0.01 (0.91)*

Slope and correlation coefficients for ventilatory variables and RPE. Slope coefficients (Correlation Coefficients)

*P ≤ 0.05
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There are other potential explanations for the changes in
variability reported here. First, typical training adaptations
following training may explain our results. For example,
increased ventilatory muscle strength may have resulted in
improved lung capacity [38, 39] as locomotor training and
nonventilatory maneuvers in patients with SCI have been
shown to improve pulmonary capacity [7, 40] which can
increase ventilatory efficiency (e.g., improved ventilation/
perfusion ratio). In addition, due to the changes in walking
kinematics following SCI, locomotor-respiratory coupling
is another potential explanation for the ventilatory varia-
bility reported here. During CWR, ventilation becomes
entrained with limb movement which has been attributed, in
part, to a “visceral piston” [41], which is the movement of
abdominal mass during locomotor activities. If walking

synchronicity is lost, then uneven movement of the “visc-
eral piston” could also contribute to the variability being
reported here. For example, Participant 3’s VE response to
CWR appears linear (Fig. 1c), but has a distinct change in
ventilation starting around 160 s in both VE and VT (Fig. 1c)
which could be attributable to a loss in walking synchro-
nicity [41]. However, our data cannot parse out these
alternative explanations. Thus, future research should
explore these possibilities.

We found a large effect on RPE with a reduction of
29.79% (d= 1.5, Table 2). As expected, RPE increased
linearly as exercise progressed, and was reduced following
OLT. However, VE and VT did not continue to increase
linearly with exercise at either testing timepoint (Fig. 1a–c).
Lewis et al. used arm ergometry with three exercise
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walking for ventilation, tidal volume, and RPE. In addition, full

exercise duration averages (6 min) are also presented as filled dark
bars. Graph d represents the group average change in each variable and
is presented as mean ± standard deviation. Asterisk indicates medium
effect size and double asterisks indicate large effect size
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intensities to investigate the relationship between VE, heart
rate, and VO2 and RPE, and reported a linear increase in all
variables with exercise intensity [42], and no difference in
RPE between individuals with tetraplegia and paraplegia,
which suggests RPE responds to exercise as expected.
However, in patients with tetraplegia, RPE was only cor-
related with heart rate, and not VE or VO2, during the least
intense exercise bout. This is surprising considering RPE is
influenced by cardiopulmonary exertion, general exertion,
and local muscular fatigue [43]. In this study, VE tau, VE and
VT variability all correlated with RPE (Table 3). These data
suggest that the pulmonary systems ability to respond (Tau)
to CWR and maintain effective ventilation may be useful
measures to predict exercise endurance during moderate
CWR exercise in these participants.

There are several limitations to our study. The first is the
small sample size. Conclusions drawn from three partici-
pants may not be generalizable. The second limitation is
that the participants could use handrails for balance and
safety. Therefore, it is unknown how much support was
being provided from the upper body during testing. In
addition, no measures of pulmonary capacity, blood flow, or
muscle activation (e.g., electromyography) were obtained;
these may provide explanations on how individuals achieve
appropriate ventilation during unaided walking and poten-
tial sources for ventilatory variability. A third limitation is
that our current methodology cannot parse apart if the
phasic response is due to the warm-up bout, or the higher
intensity of walking. However, these two parameters were
chosen as each have shown to result in faster cardior-
espiratory responses, and thus should elicit a phasic
response if possible in this population. Lastly, the model fit
(Eq. 1) chosen for this study may not be the best model as a
systematic test of different fitting parameters and equations
was not performed and was beyond the scope of this study.
Other models or fitting techniques may provide a better
characterization of the ventilatory response in this popula-
tion, however, we and others have previously published
using this model in the SCI population [16, 44, 45].

This study provides preliminary characterization of a
ventilatory adaptation following 12 weeks of OLT in par-
ticipants with iSCI. It appears that at least some participants
with iSCI included in this pilot study can achieve a phasic
ventilatory response to exercise under certain conditions
and that OLT increases the speed of the ventilatory response
with concurrent reductions in ventilatory variability, both
which coincide with changes in RPE in these subjects.

Data availability

Data was collected prior to 2018 in which we were not
required to enter data into an archive.
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