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resting arterial occlusion were 55.4% and 16.3% slower in 
iSCI vs REF (p < 0.01 and p = 0.047, respectively).
Conclusions The results of the present study may suggest 
that compromised  O2 delivery and/or utilization may have 
contributed to the severity of fatigability in these individ-
uals with iSCI. The understanding of the extent to which 
fatigability and VO2 and Δ[HHb] on-kinetics impacts loco-
motion after iSCI will assist in the future development of 
targeted interventions to enhance function.

Keywords Fatigue · Spinal cord injury · Pulmonary  O2 
uptake kinetics · Near-infrared spectroscopy

Abbreviations
AIS  American Spinal Injury Association 

Impairment Scale
AMP  VO2 amplitude
ANOVA  Analysis of variance
BMI  Body mass index
BSL  Baseline VO2
cm  Centimeter
CWR  Constant work-rate
ECG  Electrocardiography
HR  Heart rate
∆[HHb]  Change in deoxygenated myoglobin/

hemoglobin concentration
∆[HHb]AMP  ∆[HHb] amplitude
∆[HHb]capacity  ∆[HHb] capacity
∆[HHb] ½ time  ∆[HHb] half-time
∆[HHb]-MRT  ∆[HHb] mean response time
iSCI  Incomplete spinal cord injury
kg  Kilogram
ml/min  Milliliter per minute
m/s  Meters per second
NIRS  Near-infrared spectroscopy

Abstract 
Purpose The purpose of the present study was to char-
acterize hypothesized relationships among fatigability and 
cardiorespiratory fitness in individuals with chronic motor-
incomplete SCI (iSCI) during treadmill walking. The theo-
retical framework was that exacerbated fatigability would 
occur concomitantly with diminished cardiorespiratory fit-
ness in people with iSCI.
Methods Subjects with iSCI (n = 8) and an able-bodied 
reference group (REF) (n = 8) completed a 6-min walking 
bout followed by a walking bout of 30-min or until voli-
tional exhaustion, both at a self-selected walking speed. 
Fatigability was assessed using both perceived fatigability 
and performance fatigability measures. Pulmonary oxygen 
uptake kinetics (VO2 on-kinetics) was measured breath-by-
breath and changes in deoxygenated hemoglobin/myoglo-
bin concentration (∆[HHb]) of the lateral gastrocnemius 
was measured by near-infrared spectroscopy. Adjustment of 
VO2 and ∆[HHb] on-kinetics were modeled using a mono-
exponential equation.
Results Perceived fatigability and performance fatigabil-
ity were 52% and 44% greater in the iSCI group compared 
to the REF group (p = 0.003 and p = 0.004). Phase II time 
constant (τp) of VO2 on-kinetics and ∆[HHb] ½ time during 
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O2  Oxygen
∆[O2Hb]  Change in oxygenated myoglobin/hemo-

globin concentration
REF  Non-injured reference group
s  Seconds
SCI  Spinal cord injury
SD  Standard deviation
TD-∆[HHb]  ∆[HHb] time-delay
TDp  VO2 time-delay
τ-∆[HHb]  ∆[HHb] time constant
τp  VO2 time constant
TSI  Tissue saturation index
∆[tHb]  Change in total myoglobin/hemoglobin 

concentration
VO2 on-kinetics  Pulmonary oxygen uptake kinetics
VO2peak  Peak oxygen uptake
∆VO2(t)  VO2 as a function of time

Introduction

Approximately 282,000 people are living with spinal cord 
injuries (SCI) in the United States (SCI Facts and Fig-
ures 2016). The majority of the reported injuries are classi-
fied as incomplete SCI (iSCI) in which partial sensory and/
or motor function is preserved below the level of the lesion 
(Kirshblum and Waring 2014). Partial preservation of nerv-
ous system function increases the potential for recovering 
locomotor capabilities in this subset of the SCI community 
(Burns et  al. 1997). Despite the possibility for regaining 
ambulatory function, the metabolic cost of walking is often 
elevated in people with iSCI (Waters and Lunsford 1985; 
Waters and Mulroy 1999; Kuo and Donelan 2010; Gollie 
et al. 2017). Therefore, people with iSCI may be more sus-
ceptible to activity-induced fatigue that further contributes 
to their physical activity limitations.

Fatigability is defined as a determinant characteristic 
of fatigue comprised of both performance fatigability and 
perceived fatigability (Enoka and Duchateau 2016). Perfor-
mance fatigability describes a decline in force, endurance, 
power, speed, reactivity, or accuracy of performance of a 
given activity or task. Perceived fatigability on the other 
hand describes an individual’s self-reported feeling of 
tiredness as a function of the duration and intensity of the 
task or activity. Several studies have demonstrated greater 
skeletal muscle fatigability following SCI (Shields 1995; 
Papaiordanidou et al. 2014), which is a potential contribu-
tor to whole-body performance fatigability. Conversely, 
given the potential disassociation between physiological 
and psychological responses to exercise (Chaudhuri and 
Behan 2004; Lewis et al. 2007) it is not clear if perceived 
fatigability accurately reflects physiological changes in 
this population. Yet, when measurement endpoints are 

volitional, perceptions of tiredness or weariness may influ-
ence performance and test outcomes.

Adequate cardiorespiratory function and capacity is 
essential for sustaining physical activity at any level. Given 
the reported declines in cardiorespiratory fitness (Haas 
et al. 1986), autonomic nervous system dysfunction (West 
et al. 2013), and skeletal muscle alterations (Shields 1995; 
Biering-Sørensen et al. 2009) following SCI, compromised 
oxygen  (O2) delivery and/or utilization may restrict physi-
cal performance and physical activity tolerance beyond the 
limits imposed by physical limitations resulting from the 
level of the spinal lesion. Furthermore, slowed pulmonary 
oxygen uptake kinetics (VO2 on-kinetics) during moderate-
intensity exercise (i.e., below anaerobic threshold) has been 
proposed as a marker for fatigability (Grassi et al. 2011).

The purpose of the present study was to assess fatigabil-
ity and VO2 and muscle deoxygenation on-kinetics in indi-
viduals with iSCI during treadmill walking. The theoretical 
framework was that exacerbated fatigability would occur 
concomitantly with diminished VO2 and muscle deoxygen-
ation on-kinetics in people with iSCI.

Methods

Subjects

Subjects in with iSCI C and D (n  =  8) according to the 
American Spinal Association Impairment Scale (AIS) (Kir-
shblum and Waring 2014) and a reference (REF) group 
(n = 8) were included in this study. Inclusion criteria for the 
iSCI group included subjects: (1) 18 years of age or older, 
(2) able to stand with minimal assistance from one other 
person and initiate and complete at least one step indepen-
dently with or without assistive walking aids, and (3) able 
to walk safely on a treadmill. REF group included subjects 
without iSCI and otherwise healthy who had not engaged 
in structured exercise for at least the previous 6  months 
prior to enrollment. All subjects were free of any signifi-
cant orthopedic complications, spasms or contractures pre-
venting safe ambulation on the treadmill, known cardiovas-
cular, pulmonary, or metabolic diseases, HIV infection or 
use of antiretroviral therapy, and severe psychiatric disease. 
Subjects were recruited from the greater Washington D.C. 
metropolitan area and enrolled on a convenience basis. The 
protocol and procedures were approved by the Institutional 
Review Board of George Mason University (#618911-6). 
Verbal and written explanations of the experimental proto-
col and risks related to testing procedures were presented 
to all subjects and written informed consent was obtained 
from all individual subjects prior to voluntary participation 
in this study.



1991Eur J Appl Physiol (2017) 117:1989–2000 

1 3

Pre‑experimental procedures

The study used a cross-sectional design comparing two 
groups; one group with iSCI and a non-injured REF 
group. All subjects performed the following assessments 
in the stated order, after informed consent and formal 
enrollment into the study. Each subject completed a rest-
ing arterial occlusion test to determine muscle deoxygena-
tion capacity of the left lateral gastrocnemius  as assessed 
by near-infrared spectroscopy (NIRS) (Erickson et  al. 
2013). This procedure was followed by a constant work-
rate (CWR) treadmill test to estimate fatigability and 
pulmonary VO2 and muscle deoxygenation on-kinetics. 
All subjects completed a familiarization period to iden-
tify their preferred walking speed on the treadmill. Blood 
pressure and heart rate were obtained in the seated posi-
tion prior to initiation of the CWR treadmill test following 
≈2 min of rest.

Resting arterial occlusion

Subjects were placed in a seated position and fitted with 
a blood pressure cuff (Hokanson, Bellevue, WA, USA) at 
the level of the thigh just above the knee and on the same 
leg as the NIRS optode. The NIRS optode was placed on 
the belly of the left lateral gastrocnemius muscle. The cuff 
was rapidly inflated to ≥220 mmHg to completely occlude 
venous and arterial blood flow and desaturate the muscle 
hemoglobin/myoglobin. Complete hemoglobin/myoglobin 
desaturation was operationally defined as the observance 
of a sustained plateau (at least 30 s) in change in oxygen-
ated (Δ[O2Hb]) and deoxygenated (Δ[HHb]) hemoglobin/
myoglobin concentrations with minimal change in total 
(∆[tHb]) hemoglobin/myoglobin concentration. Skeletal 
muscle deoxygenation capacity (∆[HHb]capacity), was deter-
mined by assessing the amplitude change in the Δ[HHb] 
variable from the onset of cuff inflation to the end of the 
occlusion test. The time to reach 50% of the plateau of 
Δ[HHb]capacity (Δ[HHb] ½ time) was calculated to index 
the rate of ∆[HHb] during resting arterial occlusion (Wil-
son et al. 1989).

Exercise protocol

The CWR treadmill protocol included two bouts of walk-
ing separated by 6 min of rest. Bout 1 consisted of 6 min 
of treadmill walking at the subject’s self-selected walk-
ing speed. Bout 2 included treadmill walking until voli-
tional exhaustion (defined as the point the subject was no 
longer able to sustain the self-selected walking speed) or 
attainment of a sustained walking interval of 30  min and 
was performed at the same speed as Bout 1. The cut-off of 
30  min was selected based on previous observations and 

the assumption that none of the subjects in the iSCI group 
would be able to walk on the treadmill for 30 min. Subjects 
were in a standing rest position prior to the onset of Bouts 1 
and 2, however, were allowed to rest in a seated position for 
4 min following the completion of Bout 1. CWR tests were 
performed on a standard motorized treadmill (Trackmaster 
TMX22). All subjects were allowed to use the handrails for 
balance during the CWR treadmill test but were asked not 
to unload the lower extremity during the test. All walking 
bouts were performed with complete weight-bearing by 
the lower extremity and under voluntary control without 
the use of adjuvant therapies (i.e., body-weight support, 
neuromuscular electrical stimulation, robotics, manual 
assistance).

Materials

Pulmonary VO2 was measured continuously during the 
CWR test using breath-by-breath open circuit spirometry 
(Ultima™ CardiO2

®, Medical Graphics Corp, St. Paul, MN, 
USA). Heart rate (HR) was measured at rest and during the 
CWR test by 12-lead electrocardiography (ECG) (Mortora 
Instrument Inc., Milwaukee, WI, USA). After standard 
calibration and subject preparation, pulmonary gas analy-
sis was performed over the entire CWR test. VO2 measure-
ments were made via breath-by-breath and the data points 
were 8 number averages in which no breath was counted in 
two bins.

NIRS is used to study skeletal muscle oxygenation and 
oxidative metabolism (Hamaoka et al. 2007). Muscle oxy-
genation indices were obtained using a continuous-wave 
NIRS (Oxymon MK-III, Artinis Medical Systems, The 
Netherlands) with spatial resolution. The NIRS device 
consists of emitting continuous-wave light into the tis-
sue detecting changes in ∆[O2Hb], ∆[HHb], and ∆[tHb] 
(Hamaoka et  al. 2007). The three transmitters each emit 
two wavelengths (760 and 850 nm) of light at three separate 
transmitter–receiver distances (30, 35, and 40  mm). As a 
default setup to maximize penetration, all data analysis was 
conducted on a 40-mm transmitter–receiver channel using 
a sampling rate of 1000 Hz per second. The NIRS system 
was calibrated prior to each data collection using the cali-
bration bin supplied by the manufacturer. To account for 
potential differences in adipose tissue thickness between 
groups, which has been shown to influence the accuracy 
of the NIRS recordings (McCully and Hamaoka 2000), a 
skinfold measurement was obtained at the site of the NIRS 
optode placement.

Data analysis

Fatigability was determined by both perceived and per-
formance fatigability measures. Perceived fatigability was 
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assessed at the completion of walking Bout 2 of the CWR 
treadmill test using the method by Schnelle et  al. (2012). 
Immediately following the completion of walking Bout 2, 
subjects were asked if they felt tired, energetic, or the same 
compared to before completing the bout (Table  1). If the 
subject reported feeling tired, he/she were asked if they 
felt a little more tired (score of 5), somewhat more tired 
(score of 6), or extremely more tired (score of 7). The same 
procedure was followed if they reported feeling energetic. 
Therefore, higher scores reflect greater perceived fatigabil-
ity at the completion of walking. Performance fatigability 
was calculated during Bout 2 of the CWR treadmill test as 
the total time walked in seconds. The test was terminated 
at 30  min if the subject was able to walk for this entire 
duration. 

During low-to-moderate exercise intensities VO2 on-
kinetics has shown potential prognostic value for popula-
tions such as congestive heart failure (Schalcher et al. 2003) 
as well as a marker of fatigability (Grassi et al. 2011). VO2 
on-kinetics was calculated from the initiation of phase II 
of VO2 to the end of walking Bout 1 in the absence of a 
slow component. If a slow component was present, VO2 
on-kinetics were calculated from the onset of phase II and 
ending at the 3rd minute of walking Bout 1 to exclude the 
slow component from the analysis. VO2 data were analyzed 
using a curvilinear least squares fitting procedure (Origin-
Lab, 2016, Northampton, MA, USA) and a mono-expo-
nential model as described in Eq. (1) (Ozyener et al. 2001; 
Jones and Poole 2005).

where ∆VO2(t) is VO2 at any point in time throughout the 
exercise transient; BSL is the baseline steady-state VO2 
during standing rest prior to the start of walking; AMP is 
the amplitude of the increase in VO2 above BSL; τp is the 
time constant (i.e., time taken to reach 63% of the steady-
state response); and TDp is the time-delay. Breaths deter-
mined to be errant such as coughing, swallowing and sigh-
ing were excluded by omitting falling breaths outside a 
99% prediction band (Lamarra et  al. 1987; Rossiter et  al. 

(1)ΔV̇O2(t) = BSL + AMP(1 − e−(t−TDp)∕𝜏p)),

2000). The individual breath-by-breath responses for walk-
ing Bout 1 were then time-aligned to correspond to the start 
of the bout (i.e., time point zero), linearly interpolated on 
a second-by-second basis, and time-averaged in 5-s bins 
to reduce the “noise” and increase the confidence of the 
parameter estimation (Ozyener et al. 2001).

Muscle ∆[HHb] on-kinetics were determined dur-
ing Bout 1 of the CWR test as this variable is consid-
ered an estimate of fractional  O2 extraction (Grassi and 
Quaresima 2016). ∆[HHb] on-kinetics were calculated 
using the process as described previously by Chin and 
associates (Chin et al. 2010). Briefly, ∆[HHb] was time-
aligned to the onset of walking Bout 1 (time  =  0) and 
second-by-second ∆[HHb] was generated by averaging 
10 data points per second, then further averaged into 
10-s time bins. The time-delay for the ∆[HHb] response 
(TD-∆[HHb]) was determined using second-by-second 
data and defined as the first increasing point that consist-
ently remained above the nadir of the signal. ∆[HHb] 
was modeled using an exponential function as described 
in Eq.  (1). The model was fit to 90  s immediately fol-
lowing TD-∆[HHb] to determine ∆[HHb] time constant 
(τ-∆[HHb]). Mean response time (∆[HHb]-MRT) was 
calculated as the sum of the TD∆-[HHb] and τ-∆[HHb], 
which is suggested to reflect adjustments in muscle  O2 
utilization and microvascular blood flow (Chin et  al. 
2010). The ∆[HHb] amplitude (∆[HHb]AMP) was deter-
mined as the difference between the TD-∆[HHb] to end 
of the 90-s model fit.

Statistical analyses

Fatigability, on-kinetic estimates of VO2 and ∆[HHb], and 
resting arterial occlusion measures were analyzed using 
one-way analysis of variance (ANOVA) for two independ-
ent groups. Pearson product moment correlation coeffi-
cients (r) was used to assess relationships amongst walk-
ing speed, τp and ∆[HHb]-MRT. Statistical significance 
was set at p  <  0.05 for two-tailed hypotheses. All values 
are expressed as mean  ±  SD. Statistical analyses were 

Table 1  Perceived fatigability 
scale

Copyright (2012) Wiley. Used with permission from Schnelle et al. 2012

Fatigue scale items (before walking test) Score Fatigability scale items (after walking test)

Extremely tired 7 Extremely more tired
Somewhat tired 6 Somewhat more tired
A little tired 5 A little more tired
Neither tired nor energetic 4 Neither more tired nor energetic
A little energetic 3 A little more energetic
Somewhat energetic 2 Somewhat more energetic
Extremely energetic 1 Extremely more energetic
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performed using SPSS version 19 (IBM, Inc., Armonk, 
NY, USA).

Results

Over the course of a 2-year period, 12 individuals with SCI 
were screened for participation in the study. One individ-
ual was excluded based on the preliminary phone screen-
ing and three individuals were excluded based on in-person 
evaluations for eligibility. Eight individuals completed the 

in-person screening, signed the informed consent form, and 
were enrolled into the study (Table 2).

Resting arterial occlusion test

One subject from the REF group declined to complete 
the arterial occlusion, and therefore, was excluded from 
the analysis. ∆[HHb] during resting arterial occlusion 
are presented in Table  3. ∆[HHb] ½ time was 16.3% 
slower in the iSCI group compared to the REF group 
(185.9  ±  28.7 vs 157.9  ±  18.9  s, p  =  0.047). The iSCI 

Table 2  Subject characteristics

iSCI incomplete spinal cord injury, REF reference group, AIS American Spinal Injury Association Impair-
ment Scale, BMI body mass index

iSCI REF p value

Gender
 Male 7 7
 Female 1 1

BMI (kg/m2) (mean ± SD 25 (4.5) 26 (4.2) p = 0.66
Age (years) (mean ± SD) 38.4 (17.8) 34.6 (11.3) p = 0.62
Race/ethnicity
 White 5 5
 Hispanic/Latino 2 0
 Black/African American 1 0
 Asian American 0 1
 Middle eastern descent 0 2

Etiology of injury
 Fall 1
 Motor vehicle accident 2
 Diving 3
 Sports/recreation 1
 Vascular injury 1
 Time since injury, years (range) 2–5

AIS classification
 C 6
 D 2

Level of injury
 Cervical 7
 Thoracic 1

Mobility aids used for walking
 Rolling walker 2
 Forearm crutches (uni/bilateral axillary) 4
 Four point cane 1
 None 1

Primary mode of community locomotion
 Wheelchair 4
 Walker 1
 Four point cane 1
 Single forearm crutch 1
 Unassisted 1
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group had a ∆[HHb]capacity 18.4% less than the REF 
group (8.9 ± 5.8 vs 10.7 ± 5.0 a.u, p = 0.521).

Fatigability

The iSCI group walked at a significantly slower self-
selected walking speed compared to the REF group 
(0.4  ±  0.2 vs 1.3  ±  0.2  m/s; p  <  0.01). After Bout 2 of 
CWR test, subjects with iSCI reported a perceived fati-
gability score 52% greater than the REF group (5.8 ± 0.7 
vs 3.4 ± 1.8; p = 0.003) (Fig. 1). All 8 subjects with iSCI 
reported feeling more tired after completing walking Bout 
2 compared to only three participants in the REF group. 
The remaining subjects of the REF group reported feel-
ing “neither tired nor energetic” or “more energetic”. The 
performance fatigability score was 44% higher in subjects 
with iSCI compared to REF subjects (1153.4  ±  529.5 vs 
1800  ±  0.00  s; p  =  0.004). Only two subjects with iSCI 
were able to complete the entire 30  min (i.e. 1800  s) of 
Bout 2 of CWR test compared to all 8 REF subjects.

VO2 on‑kinetic estimates

The VO2 on-kinetic profiles of a representative subject from 
the iSCI and REF groups are displayed in Fig.  2. Analy-
sis of VO2 on-kinetics is presented in Table 4. The inten-
sity of walking Bout 1 was within the moderate-intensity 
domain in seven of the eight iSCI subjects and all eight of 
the REF subjects as determined by the absence of a slow 
component. The iSCI group had a τp 55.4% slower than the 
REF group (41.2 ± 7.7 vs 23.3 ± 6.5  s; p < 0.01). AMP 
was 19.4% lower in the iSCI compared to the REF group 
(612.7  ±  127.9 vs 744.6  ±  173.9  ml/min; p  =  0.106). τp 
was correlated with walking speed (r = −0.77; p < 0.01).

∆[HHb] on‑kinetic estimates

The same REF subject that declined to complete the 
arterial occlusion assessment did not complete NIRS 

Table 3  Muscle deoxygenation 
estimates during resting arterial 
occlusion

Values are means (SD)
iSCI incomplete spinal cord injury, REF reference, 95% CI 95% confidence interval for mean, 
∆[HHb]capacity resting muscle deoxygenation capacity, ∆[HHb] ½ time time to 50% of ∆[HHb]capacity, a.u. 
arbitrary units, s seconds, cm centimeter
* Significant difference (p < 0.05)

Parameter iSCI 95% CI REF 95% CI Percent 
difference

p value

∆[HHb]capacity (a.u.) 8.9 (5.8) [4.1, 13.7] 10.7 (5.0) [6.1, 15.3] 18.4 0.521
∆[HHb]1/2 time (s) 185.9 (28.7) [161.9, 210.0] 157.9 (18.9) [140.5, 175.4] 16.3 0.047*
ATT (cm) 1.7 (0.8) [1.0, 2.4] 1.5 (0.5) [1.0, 2.0] 12.5 0.558

Fig. 1  Perceived fatigability (a) and performance fatigability (b) for 
incomplete spinal cord injury (iSCI) (black bars) and reference (REF) 
(white bars) subjects following walking Bout 2 of the constant work-
rate (CWR) treadmill test. Perceived fatigability scores are reported 
as indicated by Table  1 and performance fatigability is reported 
in seconds (s). Bars represent group means and error bars repre-
sent standard deviations. *Significant difference (p ≤ 0.05) between 
groups
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measurements during the CWR test, and therefore, was not 
included in the analysis of ∆[HHb] on-kinetics. Two sub-
jects from the iSCI group were excluded from the analy-
sis of ∆[HHb] on-kinetics due to the absence of a mono-
exponential rise in ∆[HHb] following the onset of walking 
Bout 1 of the CWR test. The ∆[HHb] on-kinetic profiles of 

a representative subject from the iSCI and REF group are 
presented in Fig. 3.

∆[HHb] on-kinetics are presented in Table  5. 
TD-∆[HHb] of the iSCI group was 46.4% slower than 
the REF group (30.5 ± 13.8 vs 19.0 ± 8.6 s, p = 0.095). 
∆[HHb]-MRT of the iSCI group was 34.3% slower 

Fig. 2  a Depicts VO2 on-kinetic 
response of a representative 
incomplete spinal cord injured 
(iSCI) subject during Bout 1 of 
the constant work-rate (CWR) 
test walking at 0.31 m/s. b 
Depicts VO2 on-kinetic response 
of a representative subjects 
from the reference group (REF) 
during Bout 1 of the CWR test 
walking at 1.34 m/s. VO2 on-
kinetic profiles were modeled 
according to Eq. (1). The vari-
ances of the breath-by-breath 
response from the model fit are 
shown as a residual plot. BSL 
baseline VO2, AMP amplitude, 
τp phase II time constant, TDp 
time-delay, m/s meters per 
second, ml/min milliliters per 
minute, s seconds
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Table 4  VO2 on-kinetic 
parameter estimates during Bout 
1 of constant work-rate (CWR) 
treadmill walking

Values are mean (SD)
iSCI incomplete spinal cord injury, REF reference; 95% CI 95% confidence interval for mean, BSL baseline 
pulmonary VO2, AMP VO2 amplitude change, τp time constant, TDp time delay, ml/min milliliters per min-
ute, s seconds, mph miles per hour
* Significant difference (p < 0.05)

Parameter iSCI 95% CI REF 95% CI Percent 
difference

p value

BSL (ml/min) 339.6 (69.2) [281.8, 397.5] 329.7 (63.9) [276.3, 383.1] 3.0 0.771
AMP (ml/min) 612.7 (127.9) [505.8, 719.6] 744.6 (173.9) [599.2, 889.9] 19.4 0.106
tp (s) 41.2 (7.7) [34.8, 47.6] 23.3 (6.5) [17.9, 28.8] 55.4 <0.01*
TDp (s) 14.7 (22.5) [−4.1, 33.6] 12.3 (11.3) [2.9, 21.8] 17.8 0.794
Speed (m/s) 0.4 (0.2) [0.3, 0.6] 1.3 (0.2) [1.1, 1.5] 100.0 <0.01*
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than that observed in the REF group (44.7  ±  12.3 vs 
31.6 ± 13.6 s, p = 0.097). ∆[HHb]AMP was 29.3% lower 
in the iSCI compared to the REF group (3.5  ±  1.9 vs 

4.7 ± 2.6 a.u., p = 0.359). Walking speed was not sig-
nificantly correlated to∆[HHb]-MRT (r  =  −0.49; 
p = 0.092).

Fig. 3  a Depicts ∆[HHb] 
on-kinetic response of a 
representative incomplete 
spinal cord injured (iSCI) 
subject during 6 min of constant 
work-rate (CWR) treadmill 
walking at 0.31 m/s. b Depicts 
∆[HHb] on-kinetic response 
of a representative subject 
from the reference group 
(REF) during 6 min of CWR 
treadmill walking at 1.34 m/s. 
∆[HHb] profiles were modeled 
using the exponential func-
tion described in Eq. (1). BSL 
baseline [HHb], ∆[HHb]amp 
amplitude, τ‑∆[HHb] time con-
stant, TD‑∆[HHb] time-delay, 
∆[HHb]‑MRT mean response 
time, m/s meters per second, 
a.u. arbitrary units, s seconds
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Table 5  ∆[HHb] on-kinetic 
parameter estimates during Bout 
1 of constant work-rate (CWR) 
treadmill walking

Values are mean (SD)
iSCI incomplete spinal cord injury, REF reference, 95% CI 95% confidence interval for mean, ∆[HHb]‑
MRT mean response time, ∆[HHb]AMP amplitude, τ‑∆[HHb] muscle deoxygenation time constant, 
TD‑∆[HHb] muscle deoxygenation time-delay, a.u. arbitrary units, s seconds
* Significant difference (p < 0.05)

Parameter iSCI 95% CI REF 95% CI Percent dif-
ference

p value

∆[HHb]-MRT (s) 44.7 (12.3) [31.8, 57.6] 31.6 (13.6) [19.0, 44.2] 34.3 0.097
∆[HHb]AMP (a.u.) 3.5 (1.9) [1.4, 5.5] 4.7 (2.6) [2.3, 7.0] 29.3 0.359
τ-∆[HHb] (s) 14.2 (8.6) [5.2, 23.2] 12.5 (5.5) [7.4, 17.6] 12.7 0.680
TD-∆[HHb] (s) 30.5 (13.8) [16.0, 45.0] 19.0 (8.6) [11.1, 27.0] 46.4 0.095
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Discussion

The findings of the present study supported the hypoth-
esis that individuals with iSCI are more fatigable than 
those without iSCI as a result of both greater perceived 
fatigability and performance fatigability. Compared to the 
REF group, the iSCI group also demonstrated prolonged 
τp and resting ∆[HHb] ½ time. Collectively, these results 
suggest limitations in  O2 delivery and/or utilization could 
have contributed to the fatigability observed during tread-
mill walking in these subjects with iSCI.

The current results are in agreement with earlier reports 
of elevated levels of fatigue and fatigability in individuals 
with SCI (Shields 1995; Jensen et al. 2007; Fawkes-Kirby 
et al. 2008). Several factors are suggested to contribute to 
the greater fatigue reported in those with SCI such as age, 
level of injury (i.e., paraplegic vs tetraplegic), extent of 
injury (i.e., complete vs incomplete), time since injury, as 
well as physiological and psychological factors (Shields 
1995; Jensen et al. 2007; Fawkes-Kirby et al. 2008; Ham-
mell et al. 2009; Biering-Sørensen et al. 2009; Pelletier and 
Hicks 2011; Craig et al. 2012; Petrie et al. 2014; Papaiorda-
nidou et  al. 2014; Nooijen et  al. 2015). For example, in 
those seeking outpatient rehabilitation fatigue was greater 
in people with incomplete lesions (Fawkes-Kirby et  al. 
2008). One conjecture proposed by the authors is that indi-
viduals with iSCI engage in more physically demanding 
activities compared to those with complete SCI (Fawkes-
Kirby et al. 2008). Similar findings were reported in indi-
viduals with subacute SCI completing inpatient rehabilita-
tion (Nooijen et  al. 2015). Peak oxygen uptake (VO2peak) 
tended to relate with severity of fatigue, with individuals 
having lower VO2peak reporting higher levels of fatigue 
(Nooijen et al. 2015). Furthermore, the presence of fatigue 
in people with SCI seems to be especially problematic 
when performing tasks over extended periods of time 
(Craig et al. 2012). Our findings further support the notion 
that individuals with iSCI are more susceptible to fatigue 
as compared to able-bodied individuals when performing 
prolonged whole-body volitional activity and that this dif-
ference seems to be in part influenced by cardiorespiratory 
limitations.

The ability to maintain or re-establish a homeostatic 
state is essential for sustaining physical activity. Afferent 
sensory feedback is an important regulator of sensations 
associated with disturbances to homeostasis experienced 
during activity (Smirmaul 2012). The insult to the nervous 
system following SCI increases the potential for compro-
mised afferent feedback and thus altering one’s ability to 
accurately respond to homeostatic disturbances. For exam-
ple, Lewis et  al. (2007) found inconsistent associations 
between physiological responses and ratings of perceived 
exertion during peak graded arm ergometry in those with 

SCI. In the present study, all iSCI subjects reported feel-
ing “more tired” at the completion of Bout 2 of the CWR 
treadmill test as compared to before the test. This finding, 
in combination with the reported greater performance fati-
gability, may suggest that the interaction between these two 
fatigability constructs was preserved in the current study.

The selection of preferred walking speed is suggested, 
at least in part, to be based on the minimization of energy 
expenditure (Inman 1967; Zarrugh et  al. 1974; Cavagna 
et al. 1977; Waters et al. 1988). SCI results in an increased 
energetic cost of walking as compared to neurologically 
intact individuals, placing greater stress on the cardiores-
piratory system for a given walking intensity (Waters and 
Lunsford 1985; Waters and Mulroy 1999; Kuo and Don-
elan 2010; Gollie et  al. 2017). In the present study, there 
were no differences observed in metabolic cost of walking 
(i.e., AMP) at each subject’s self-selected speed despite 
the mean AMP of the REF being 19.4% greater than that 
seen in the iSCI group. The iSCI group experienced 52% 
greater perceived fatigability and 44% greater performance 
fatigability when compared to the REF group while walk-
ing at significantly slower speeds irrespective of the lack of 
differences observed in AMP. Therefore, additional factors 
other than metabolic cost likely contribute to the elevated 
fatigability experienced during volitional walking by those 
with iSCI.

Phase II VO2 on-kinetics during self-selected tread-
mill walking was prolonged in those with iSCI compared 
to REF subjects despite a significantly slower walking 
speed. In accordance with the hypothesis that slowed VO2 
on-kinetics can be used as a marker of fatigability during 
moderate-intensity exercise (Grassi et  al. 2011), the iSCI 
subjects experienced greater fatigability and prolonged VO2 
on-kinetics. The REF group had VO2 on-kinetics that were 
similar to patterns previously reported in healthy young 
individuals during moderate-intensity activity (Brittain 
et  al. 2001; Gurd et  al. 2009). A similar prolongation of 
VO2 on-kinetics observed in SCI was suggested to be the 
result of alterations in skeletal muscle when assessed dur-
ing leg cycling with functional electric stimulation (FES) 
(Barstow et al. 1995). Skeletal muscle atrophy (Shah et al. 
2006), reductions in skeletal muscle oxidative capacity 
(Shields 1995; Erickson et al. 2013), and changes in skele-
tal muscle fiber type characteristics (Biering-Sørensen et al. 
2009; Petrie et al. 2014, 2015) as previously demonstrated 
following iSCI could potentially prolong VO2 on-kinetics 
and exacerbate fatigability.

The combination of resting and dynamic measures of 
skeletal muscle oxygenation as measured by NIRS may 
provide critical information about the severity of fati-
gability during whole-body exercise given the potential 
mismatch between  O2 delivery and/or utilization at the 
onset of activity after SCI. At the onset of walking Bout 
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1, both the iSCI and REF groups experienced a sudden 
decrease in the ∆[HHb] signal suggesting greater mus-
cle  O2 availability compared to utilization. The decrease 
in the ∆[HHb] signal was then followed by a rapid 
increase towards steady-state (i.e., phase II) demonstrat-
ing increased muscle  O2 utilization in relation to  O2 
delivery. The non-significant findings between groups in 
TD-∆[HHb] and ∆[HHb]-MRT may in part be due to the 
heterogeneity of the iSCI subjects. For example, half of 
the iSCI subjects were ambulatory within the community 
at enrollment, either with the use of walking aids or inde-
pendently. Compared to those who relied on a wheelchair 
for community locomotion, those with ambulatory capa-
bilities reported faster TD-∆[HHb] (20.7 vs 40.3  s) and 
∆[HHb]-MRT (34.3 vs 55.1 s) (data not reported). Mech-
anisms contributing to impaired skeletal muscle oxygen 
extraction, specifically in those with iSCI who are reliant 
on a wheelchair for community locomotion, may poten-
tially be explained by delayed muscle oxidative metabo-
lism (Grassi et al. 1996), reduced muscle activation/fiber 
type recruitment patterns (Chin et  al. 2011), and/or dif-
ferences in walking speeds/work intensity (Sheriff 2003).

Reduced skeletal muscle oxidative capacity has been 
identified as a contributing factor to skeletal muscle fatiga-
bility after SCI (Shields 1995; McCully et al. 2011; Kent-
Braun et al. 2012; Petrie et al. 2014, 2015). Erikson et al. 
(2013) observed reduced mitochondrial capacity in indi-
viduals with SCI AIS A and B compared to non-injured 
individuals. Despite similarities in the ∆[HHb]capacity, the 
current study found prolonged resting ∆[HHb] ½ time dur-
ing complete arterial occlusion in the iSCI group compared 
to the REF group. These findings suggest that the capacity 
of the lateral gastrocnemius for  O2 extraction was preserved 
in the SCI group while the rate of skeletal muscle deoxy-
genation (i.e., ∆[HHb] ½ time) was compromised. These 
data provide an indirect index of changes in skeletal muscle 
deoxygenation while controlling for changes in blood flow 
and volume. The delay in ∆[HHb] ½ time during resting 
arterial occlusion suggests a reduction in skeletal muscle 
oxidative metabolism in the iSCI group.

Clinical implications

There has been extensive work done in the area of restoring 
walking function after SCI (Mehrholz et al. 2012; Morawi-
etz and Moffat 2013; Mehrholz et al. 2017). This includes 
research of novel therapies aiming to promote neurological 
recovery (Edgerton et al. 2008). While several therapeutic 
approaches have shown promise for re-establishing walk-
ing capabilities, especially in those with iSCI AIS C and 
D, limited evidence is available describing potential limita-
tions to walking once achieved after injury. The results of 

the current study provide initial evidence of both perceived 
and performance fatigability as barriers to walking perfor-
mance following iSCI. Moreover, the reported impairments 
to oxygen transport and/or utilization offers one possible 
avenue for the development of targeted interventions to 
improve walking function in this population.

Limitations

Our sample size was small and not representative of the 
total population of people who have iSCI. Interpretation of 
the findings of this study must be delimited to these sub-
jects and cannot be generalized to the SCI population or 
the iSCI subset. In addition, we were not able to control for 
exercise intensity because of the challenges associated with 
maximal exercise treadmill testing in people with SCI. The 
relationships found between walking speed and τp preclude 
the ability to rule out walking speed as a contributing fac-
tor to differences in τp. Our subjective and objective data 
support that the intensity fell within the moderate level 
given the presence of a plateau and absence of further rise 
in VO2 over the 6-min treadmill walking bout (Poole and 
Jones 2012) in all but one subject. Moreover, the walking 
speed was faster in the REF group. Fast walking speeds are 
expected to be associated with prolonged VO2 on-kinetics. 
Thus, the difference in speed represented a conservative 
bias and could have contributed to type II bias. The lack of 
multiple square-wave exercise bouts and thus the inability 
to develop ensemble averages of the breath-by-breath data 
may have influenced the analysis (Lamarra et  al. 1987). 
While repeated square-wave bouts are preferred experi-
mentally, this was not practical when working with these 
patients with iSCI as it would have required additional days 
of testing and subject involvement. While a second bout of 
exercise was completed during the treadmill tests in this 
study, prior exercise priming of VO2 on-kinetic mecha-
nisms may have occurred during the second bout. Accord-
ingly, we adopted a single stage protocol used by others in 
clinical populations (Arena et al. 2001; Keyser et al. 2010) 
to facilitate data analysis with the certainty that priming 
effects would not be inconsistently present in our dataset.

Conclusion

This study demonstrated that individuals with iSCI have 
both increased perceived fatigability and performance fati-
gability compared to non-injured individuals during voli-
tional treadmill walking. Furthermore, prolonged phase 
II VO2 on-kinetics during the rest-to-work transition and 
resting ∆[HHb] ½ time were observed in those with iSCI. 
Taken together, these results suggest that compromised 
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delivery and/or  O2 utilization may have contributed to the 
severity of fatigability in these individuals with iSCI. The 
understanding of the extent to which fatigability and VO2 
and Δ[HHb] on-kinetics impacts locomotion after iSCI will 
assist in the future development of targeted interventions to 
enhance function.
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