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Abstract
Study design: Observational study
Objective To investigate the effects of prolonged arm-crank exercise on cardiovascular drift (CVdrift) in spinal cord
injury (SCI).
Setting This is a community-based supervision study
Methods Ten participants with motor -complete or incomplete SCI (lesion level T7–L1), and 10 able-bodied (AB) parti-
cipants matched for age performed a 40-min arm-crank exercise at an intensity of 50% of peak oxygen uptake (VO2).
Results During the exercise, there were no significant differences between the groups in VO2, tissue O2 saturation in the
biceps brachii (active muscle), and chest and arm skin temperature (all P > 0.05). In the AB, heart rate (HR) increased within
the first 15 min of the exercise and continued to increase until the end of the exercise; however, in the SCI, HR increased
within first 15 min of the exercise and then remained constant until the end of exercise. After 10 min of exercise, thigh skin
temperature had increased more in the SCI than in the AB (P < 0.05). Thigh skin blood flow (SkBF) continued to increase
after 10 min of exercise in the AB but remained almost stable in the SCI. Relative changes in the thigh SkBF were associated
with changes in HR during exercise between the values at 10 min and 40 min in the pooled data (R2= 0.706, P < 0.001).
Conclusions CVdrift during the prolonged arm-crank exercise was not observed in individuals with SCI. This might be
partially explained by different responses in cutaneous circulation within the inactive muscles of these participants.

Introduction

During prolonged, moderate-intensity exercise, the phe-
nomenon of a rise in heart rate (HR) and a decrease in
stroke volume (SV) in able-bodied (AB) individuals, so
called cardiovascular drift (CVdrift) is well known [1, 2].

Traditionally, it has been thought that CVdrift is caused by a
progressive increase in skin blood flow (SkBF) as body
temperature rises [1–4]; to maintain core body temperature,
blood flow is redistributed to the skin, increasing the skin’s
venous volume while reducing ventricular filling pressure
and end-diastolic volume, thereby resulting in a decline in
SV [1]. However, other research has questioned this rela-
tionship between increased SkBF and CVdrift [5, 6]. Nota-
bly, literature that has previously examined the potential
mechanisms of CVdrift used larger muscle groups exercise
(e.g., leg cycling) [2] and, thus, data on the phenomenon
and mechanisms of CVdrift during smaller muscle groups
exercise (e.g., arm-crank exercise) are limited.

For individuals with paralyzed lower limbs, e.g., spinal
cord injury (SCI), upper-body exercise and periodic exer-
cise training is important, and potentially reduces the risk of
cardiovascular disease [7]. Their exercise necessarily
involves smaller muscle groups (i.e., upper body muscles)
as their lower limbs are paralyzed. This is especially the
case for athletes with SCI participating in actual sports
fields, such as wheelchair marathons or ball-games, which
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can involve prolonged exercise (>30 min) [8]; thus a better
understanding of CVdrift with prolonged exercise is of par-
ticular relevance in these athletes. It has been suggested that
afferent input to the thermoregulatory center in the hypo-
thalamus is reduced in individuals with SCI [9, 10], leading
to attenuated vasomotor control and sweating responses
below the level of the lesion [11–13]. Whether SkBF con-
tributes to CVdrift has been debated, but, perhaps, a reduced
sweat response (i.e., limited increase in SkBF) in indivi-
duals with SCI, may attenuate the reduction in plasma
volume during exercise, thereby, suppressing CVdrift

through maintaining SV [14].
However, only a few studies have examined CVdrift in

individuals with SCI during prolonged exercise (defined as
constant-rate exercise at moderate intensity (50–75% of
maximal oxygen uptake) that lasts at least 10 min and that
would be sufficient to cause CVdrift [1]), and these have
shown equivocal results. Fitzgerald et al. reported that
higher HR in individuals with SCI with lesions below
thoracic (T) 6 could not compensate for the decreased SV to
maintain cardiac output (CO) [15]. In contrast, it was
reported that, during prolonged exercise, individuals with
SCI with lesions below T6 maintained CO by an increase in
HR; however, those with lesions above T6 cannot fully
compensate for the SV reduction by an increase in HR,
resulting in declines in CO [14]. In comparison, Zacharakis
et al. [16] demonstrated that both individuals with SCI with
lesions between T4 and T6, and AB individuals showed
progressive increases in HR during a 60-min wheelchair
exercise at 55% of their peak oxygen uptake (VO2peak) with
no differences between the two groups in the increasing rate
of HR. Surprisingly, they also found that SV and CO
showed significantly lower values in individuals with SCI
than in AB individuals, suggesting that an increased HR
may not be required (or could not compensate) for main-
taining CO in individuals with SCI [16]. From the wider
literature, in addition to the lack of underlying mechanisms
in CVdrift between individuals with SCI and AB individuals,
differences in study design have made it difficult to match
a consensus about CVdrift in individuals with SCI. For
example, the studies included trained men [14, 16] and
sedentary women [15], and were conducted in thermo-
neutral (~24 °C) [15, 16] and a hot environment (~35 °C)
[14]. Additionally, two has small sample size (with fewer
than five in the individuals with SCI) [14, 15], the partici-
pants had different lesion level, and the studies involved
different exercise times (45–90 min) [14–16].

Generally, CVdrift may have an important role in main-
taining CO to meet metabolic demand (oxygen uptake;
VO2) during prolonged exercise. According to Fick’s
equation [17], VO2 is determined by the products of CO and
arterial-venous (a-v) O2 differences (i.e., O2 utilization).
Thus, continuous measurement of O2 utilization during

upper-body exercise can provide further insight for factors
that explain CVdrift in individuals with SCI.

Accordingly, we hypothesized that CVdrift during pro-
longed arm-crank exercise in individuals with SCI is
smaller compared with AB individuals because of a limited
increase in SkBF in their paralyzed limbs. To test these
hypotheses, we assessed SkBF in the lower limbs and
muscle tissue O2 saturation (StO2) in the upper limbs using
near-infrared spectroscopy (NIRS) [18] and HR kinetics
during prolonged arm-crank exercise.

Methods

Participants

Men with complete or incomplete participants with SCI (n
= 10), and age-matched AB (n= 10) participants volunta-
rily took part in this study. After a detailed explanation of
the study procedures and possible risks, participants gave
written informed consent. All procedures were approved by
the ethical committee, and were performed in accordance
with the Declaration of Helsinki (HOKUSO UNIV,
200902). The participants with SCI engaged in regular
physical activity (basketball, tennis, and rugby with a
wheelchair, 1–2 h per day, 3–5 days per week). AB parti-
cipants also engaged in regular recreational sports with
similar frequency. Both groups were recruited through an
advertisement at Hokuso University. None of the partici-
pants took medication or were smokers. In addition, AB
volunteers were excluded from participation if they had a
history of cardiovascular disease or upper arms orthopedic
disease (e.g., fracture, muscle and tendon rupture) or a body
mass index (BMI) >25 kg/m2. The physical characteristics
of both groups are shown in Table 1.

Study protocols

Exercise intensity and duration was chosen based on pre-
liminary tests in our laboratory and on previous reports
[14–16]. The participants were asked to abstain from caf-
feinated beverages for 12 h and from strenuous physical
activity and alcohol for at least 24 h before the study. The
participants were familiarized with all the measurement
techniques, including the arm-crank exercise with face
mask. All trials were conducted in a custom-made envir-
onmental chamber (Maeda Electrical Works Co, Ltd.,
Sapporo, Japan) maintained at a temperature of 25 °C with a
relative humidity of 40%. To determine an individual’s
peak aerobic capacity, an incremental arm-crank exercise
was performed using an arm-crank ergometer (Rehab
Trainer 881E, Monark, Stockholm, Sweden). The exercise
started with 4 min of unloaded arm-crank at 50 rpm., after
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which the load was increased at a 10 watts·min−1 increase at
50 rpm until exhaustion [7, 19]. The criteria for exhaustion
were as follows: (1) failure to maintain 50 revolutions/min
despite strong verbal encouragement, (2) a score of 19 on
perceived exertion, and (3) respiratory gas exchange ratio
>1.1. The test was terminated when the priority order from
(1) to (2) and (3) was decided [7, 20]. One week following
the incremental arm-crank exercise test, a 40-min prolonged
arm-crank exercise was performed, with an intensity set at
50% of the VO2peak by the incremental arm-crank exercise
test. In both exercises, participants with SCI moved to their
wheelchair, and AB participants used a suitable wheelchair
after 30 min rest in the supine position. Participants initially
took a 10 min rest in a wheelchair and performed the
exercises in an upright sitting position. The wheelchair was
firmly fixed, and the participant’s legs and feet were held in
place with a strap. The pedal axis was aligned with the
participant’s shoulder, and the elbows were positioned in a
slight flexion position [7]. To avoid autonomic dysreflexia,
each individual with SCI were asked to empty their bladder
before each arm-crank exercise. We confirmed that none
of these participants experienced spasm in their lower limbs
or symptoms of autonomic dysreflexia, such as severe
headache, nausea, and bradycardia.

Measurements

Physical characteristics Height and body weight were
measured, wearing only underwear after voiding the blad-
der. For all participants, height was measured using a
nonelastic tape measure while lying in a 30° supine posi-
tion, as this approximated the method used to measure

standing AB participants [21]. For individuals with SCI,
body weight was measured using a custom scale with an
individual’s wheelchair. For AB participants, body weight
was measured using a commercial body weight scale
(TBF-410; TANITA, Tokyo, Japan). Adipose tissue thick-
ness (ATT) at the biceps brachii was measured for all the
participants by using B-mode ultrasound (NEMIO SSA-
550A; Toshiba, Tokyo, Japan).

Metabolic and cardiac variables

Metabolic variable of VO2 were measured at rest and during
exercise by an online computerized breath-by-breath
method (Vmax-C29; Nihon Koden, Tokyo, Japan). HR
was continuously monitored by an electrocardiogram
attached to a metabolic measuring system (Box Assy 2
Channel ECS; VIASYS Healthcare, Inc., PA, USA).

Near-infrared spectroscopy variables

Local tissue oxygenation profiles of the biceps brachii were
measured using NIRS (BOM-L1TRW; Omegawave, Tokyo,
Japan) [22]. This instrument uses three laser diodes (with
wavelength of 780, 810, and 830 nm) and calculates the
relative tissue levels of oxygenated (HbO2) and deox-
ygenated (HHb) hemoglobin according to the modified
Beer-Lambert law. The tissue O2 saturation of skeletal
muscle (StO2) was calculated as [HbO2/(HbO2+HHb) ×
100%]. NIRS optodes were placed over the belly of the
biceps brachii on each participant’s upper left arm [23]. The
probe holder contained one light source probe, and two
detectors were placed 1.5 cm (detector 1) and 3 cm (detector

Table 1 Characteristics of each spinal cord injury (SCI) group participant and mean values for the able bodied (AB) and SCI groups

Participant Injury level Grade Injury duration
(years)

Age
(years)

Heigh-
t (cm)

Body
weight (kg)

Body mass
index (kg m2)

ATT
(mm)

1 T7 A 6 26 181 69.1 21.1 4.5

2 T7 A 14 36 176 61.0 19.7 5.2

3 T7 A 8 28 170 58.4 20.2 6.3

4 T8 A 12 32 175 66.2 21.6 4.8

5 T9-10 A 9 32 167 63.4 22.7 5.1

6 T10-12 A 14 34 173 65.6 21.9 3.9

7 T11-12 A 4 24 168 59.5 21.1 4.5

8 L1 A 8 35 176 65.7 21.2 3.8

9 T12 B 9 32 182 65.2 19.7 4.5

10 L1 B 15 41 166 51.3 18.6 3.1

SCI group N.A. N.A. 10 ± 4 32 ± 5 173 ± 6 62.5 ± 5.1 20.8 ± 1.2 4.6 ± 0.9

AB group (n= 10) N.A. N.A. N.A. 31 ± 5 171 ± 5 62.2 ± 7.7 21.0 ± 1.9 5.1 ± 0.8

Values in the final two lines are mean ± standard deviation (SD). The participant’s number from 1 to 10 is an individual characteristic of SCI.
Grade indicates the injury classification according to the American Spinal Cord Injury Association Impairment Scale, as follows. A= Complete:
No motor or sensory function is preserved. B= Incomplete: Sensory but not motor function is preserved below the neurological levels. T thoracic,
L lumbosacral, ATT adipose tissue thickness, N.A. not appreciable
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2) away from the source. The hemoglobin concentrations
received by detector 1 were subtracted from those received
by detector 2. This procedure minimized the influence of
SkBF [24]. NIRS signals can reach half the depth of the
distance between the probe and detector [25], so in this
study, the NIRS signals traversed at a depth between ~7.5
and 15mm. The NIRS signals were measured at 1-s inter-
vals throughout the experiment. It should be noted that the
arterial cuff occlusion technique was not performed. This
technique has been used to correct for differences in ATT
[26]; however, in this study, the ATT of the biceps brachii in
the two groups were similar. A further reason for not using
this technique was that, during the preliminary test in our
laboratory, some of the participants reported experiencing
severe nausea and pain, probably, due to a result of wearing
the cuff on fatigued muscles immediately after exercise.

Cutaneous circulation variables

Skin temperature was measured using a commercial ther-
mistor (LT-8; Gram Co. Ltd., Saitama, Japan) at three
locations: on the left chest (T-chest), the left upper arm (T-
arm), and the left thigh (T-thigh). The data were collected at
1-s intervals throughout the study. SkBF at the left thigh
was recorded using the laser Doppler method (Omega Flow
FLO-N1; Omegawave, Tokyo, Japan) via a commercial AD
converter (MacLab/8 s; AD Instruments, Sydney, Australia)
with a sampling rate of 10 Hz and transferred to a laptop
computer. The electrodes for skin temperature and SkBF
were placed over the skin, and the electrodes for the T-arm
and T-thigh were placed about 2 cm away from the NIRS or
SkBF probe (Supplemental Fig. 1). The averages for each
30-s interval were used in the analysis. Changes in these
parameters from resting values were also calculated.

Data analysis

All physiological data (VO2, HR, StO2, and cutaneous cir-
culation variables) were averaged every 20 s to represent
overall kinetics during exercise. They were also averaged
over 1 min intervals once every 5 min (i.e., at 4–5 min,
9–10 min, 14–15 min, followed by until 39–40 min) for
further statistical analysis. To compare SkBF between the
groups, changes in SkBF were quantified as percentages of
the resting baseline values and differences were shown as
relative changes [27]. The StO2 and skin temperature vari-
ables were also quantified as changes from the resting
baseline values.

Statistical analysis

All the data are presented as mean ± SD. Unpaired t tests
were used to compare physical characteristics and the

resting physiological variables between the groups. A two-
way repeated ANOVA (Time×Groups) was made to com-
pare all physiological variables. The relationship between
participant’s VO2peak values and the relative changes in the
HR between 10 and 40 min was approximated by a linear
regression analysis. The relationship between the relative
changes in the SkBF (values at 40 and 10 min) and in the
HR (values at 40 and 10 min) was approximated by a
quadratic function curve. A P value less than 0.05 was
considered statistically significant, and statistical analyses
were performed using commercially available software
packages (Sigma Stat 3.5; Hulinks, Chicago, IL).

Results

There were no significant differences in age, height, body
weight, BMI, or ATT at the biceps brachii between the AB
participants and individuals with SCI (Table 1).

Resting metabolic and cardiovascular variables

There were no significant differences in VO2, HR, StO2, T-
chest or T-arm (all P > 0.05, Table 2). However, the base-
line SkBF and T-thigh values in the individuals with SCI
were significantly lower in the AB (P < 0.05, Table 2).

Cardiorespiratory and tissue O2 saturation during
exercise

Figure 1 shows the time course of the VO2, HR, and StO2 in
the two groups. The VO2 increased exponentially within the
first 5 min of exercise and nearly constant by the end of the
exercise in both groups (Fig. 1a). There were no significant

Table 2 Resting metabolic and cardiovascular variables between
two groups

AB SCI t P value

VO2, ml min−1 308 ± 33 312 ± 41 −0.242 0.819

HR, bpm 69 ± 8 68 ± 7 0.313 0.758

StO2, % 52.9 ± 5.0 57.4 ± 5.9 −1.838 0.083

T-chest, °C 35.38 ± 0.56 35.42 ± 0.71 −0.125 0.902

T-arm, °C 34.29 ± 0.55 34.16 ± 0.71 0.430 0.672

T-thigh, °C 34.66 ± 0.62 33.21 ± 0.64a 5.177 <0.001

SkBF, mV 6.07 ± 2.18 3.67 ± 1.70a 2.752 0.013

Values are mean ± SD

VO2 pulmonary oxygen uptake, HR heart rate; bpm beats per minute,
StO2 muscle oxygen saturation, T skin temperature, measured at the
chest, arm, and thigh, SkBF skin blood flow
aindicates significant differences between the AB and SCI groups.
Note that StO2 was measured at the biceps brachii, and SkBF was
measured at the vastus lateralis
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differences in VO2 between the groups at any of the 5-min
time points (Fig. 1b, all P > 0.05). The HR increased
exponentially within the first 5–10 min of exercise in both
groups. Thereafter, the HR of the AB group continued to
increase until the end of the exercise; however, in the
individuals with SCI, HR increased within the first 15 min
of the exercise and then remained constant until the end of
exercise (Fig. 1c). In the AB group, HR at 20, 30, 35, and
40 min of exercise was significantly higher than at 15 min

(P < 0.05, respectively); in contrast, there were no sig-
nificant increases in HR after 15 min of exercise in the
individuals with SCI (Fig. 1d). Moreover, HR at 40 min of
prolonged exercise was significantly lower in the indivi-
duals with SCI compared with the AB group (Fig. 1d, P=
0.008). The StO2 in both groups acutely decreased at the
onset of exercise and decreased almost linearly up to around
5 min (approx. −7 %). Thereafter, it continued to decrease
slightly until the end of the exercise (approx. −10 %)

Fig. 1 Time courses of pulmonary oxygen uptake (VO2; a, b), heart
rate (HR; panels c and d), and tissue O2 saturation (StO2; e, f) during
40-min prolonged exercise between the able-bodied (AB) and spinal
cord injury (SCI) groups. The left-hand panels show mean values of
averages over 20-s intervals. The right-hand panels show the mean and

standard deviation (SD) values of averages over 5-min intervals. The
white and gray circles indicate the AB and SCI groups, respectively.
*P < 0.05 between the AB and SCI groups at the same time point.
†P < 0.05 vs. HR values at 15 min in the AB group
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(Fig. 1e). Consequently, there were no significant differ-
ences in the changes of StO2 at any time points between the
two groups (all P > 0.05, Fig. 1f). There was no significant
relationship between individual VO2peak and CVdrift

values when data from both groups were pooled (r= 0.350,
P= 0.130, n= 20).

Cutaneous circulation kinetics during exercise

Figure 2 shows the time courses of skin temperature at each
site and SkBF in both as 20-s averages (Fig. 2a, c, e, g) and
as relative changes from baseline in 5 min averages (Fig. 2b,
d, f, h). The kinetics of skin temperature at the chest and
arm were similar between the AB participants and indivi-
duals with SCI (Fig. 2a, c). In both the T-chest and T-arm, a
significant main effect of time was observed. T-chest and
T-arm increased significantly until 20 min and 25 min,
respectively (P < 0.05); thereafter, they remained approxi-
mately constant until the end of exercise (Fig. 2b, d). The
absolute values of T-thigh in the AB participants were
higher than in the individuals with SCI group until the
midpoint of exercise; thereafter the values were similar
(Fig. 2e). The increase in T-thigh from baseline was greater
in the individuals with SCI than in the AB group (Fig. 2f).
The SkBF at the thigh in the AB group showed an upward
sigmoid curve but remained approximately constant in the
individuals with SCI (Fig. 2g). There were significant dif-
ferences in the changes in SkBF between the AB partici-
pants and individuals with SCI after 15 min of exercise
(all P < 0.05). The SkBF in the AB group appeared to
continuously increase after 10 min of prolonged exercise
(all P < 0.05 vs. 10 min) (Fig. 2h). When data from both
groups were pooled, there was a significant relationship
between changes in HR and the relative changes in SkBF
between 10 min and 40 min, (Fig. 3; R2= 0.706, P < 0.001)

Discussion

The major findings of this study are as follows. First, the
VO2, StO2, T-chest, and T-arm kinetics were similar
between the groups throughout the 40 min of exercise.
Second, after 15 min, in AB individuals, HR continued to
increase until the end of the exercise in the AB group,
whereas it remained at almost constant value in the indi-
viduals with SCI. Third, SkBF at the thigh in AB group
continued to increase from 10 min until the end of the
exercise, but it remained approximately constant throughout
in the individuals with SCI. Finally, greater increases in
SkBF were associated with CVdrift.

In this study, CVdrift occurred only in AB individuals,
while HR stabilized after ~10 min of exercise in individuals
with SCI. We also found no differences in the VO2 and the

StO2 as an indirect indicator of a-v O2 differences [18]
between both groups. Given Fick’s equation, higher HR in
AB participants may be the result of compensation for
reductions in SV to maintain CO. However, we must
acknowledge this hypothesis is speculative and further
studies are warranted. It has been suggested that the most
probable explanation for a reduce in VO2max is a decrease in
maximal SV[2], so another hypothesis that lower VO2peak is
associated with greater CVdrift may be reasonable [28, 29].
However, in the present study, we found no relationship
between the individual VO2peak values and the magnitude of
CVdrift. It should be noted that the previous studies have
conducted leg cycling for AB participants [28, 29]. In
contrast, another study demonstrated that VO2peak in indi-
viduals with SCI (T7-L1) significantly increased after 30-
days of arm-crank exercise training for the 30 min per day,
3 days per week at an intensity of 50% HR reserve [20].
That study also found that VO2 during sub -maximal
constant-load arm-crank exercise (at 50% HR reserve for
5 min) remained unchanged throughout the 30-day training
period, and that HR significantly decreased only after
7 days of training. These results suggest that an improve-
ment of VO2peak may not affect HR during sub-maximal
arm crank exercise [20]. Difficulties in determining true
VO2peak during an arm -crank exercise may also be con-
sidered. A recent study reported that, for participants with
SCIs, VO2peak values measured in an incremental arm–crank
exercise were similar to those measured in a following
verification test at 105% of peak power output [30]. How-
ever, in AB participants, VO2peak measured in the verifica-
tion test was about 10% higher than that measured in the
incremental text, suggesting that a subsequent verification
test may be essential when measuring VO2peak of AB par-
ticipants [30]. In the present study, we did not perform
a verification test for either group, so this potential con-
founding factor may have affected the true VO2peak values,
especially for the AB participants, as well as CVdrift and the
relationship between VO2peak and CVdrift.

Cutaneous circulatory responses could account for greater
CVdrift in AB individuals. In the present study, there were
no differences in the T-chest and T-arm between the two
groups. The SCI lesions of the participants were below T8,
so it is reasonable that the cutaneous responses at the chest
and arm (s) were be similar between the groups. Therefore,
upper-body cutaneous circulatory responses cannot explain
the different HR responses between the groups. However,
T-thigh and SkBF in the lower limb differed markedly
between the groups. As sympathetic control of arteries and
sweat glands in the lower body (T6-L2) projects from the
T6–L2 segments, sympathetic pathways were not preserved
in participants with SCI and lesions at T6–L2 [31]. There-
fore, sympathetic adjustment for skin vascular responses
acted less on SkBF in the lower limbs during the arm-crank

Absence of cardiovascular drift during prolonged arm-crank exercise in individuals with spinal cord. . . 947



Fig. 2 Time courses of skin temperature at the chest (T-chest; a, b), arm (T-arm; c, d), thigh (T-thigh; e, f), and of thigh skin blood flow (SkBF;
g, h) during 40-min prolonged exercise between the AB and SCI groups. The time bins and symbols are the same as in Fig. 1. *P < 0.05 between
the AB and SCI groups within the same time point. ‡P < 0.05 vs. relative changes in T-thigh at 5 min in the SCI group. $P < 0.05 vs. the changes in
SkBF at 10 min from baseline in the AB group. #P < 0.05 vs. the previous value for T-chest or T-arm when data for the two groups are pooled. n.s.,
non-significant
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exercise, which supported the idea that skin sympathetic
responses were absent below the lesion, at any neurological
level, in individuals with complete SCI [32].In addition, the
greater increase in T-thigh in participants with SCI may
indicate inefficient heat dissipation in the paralyzed limbs
because lower changes in SkBF do not produce sufficient
vasodilation. A previous study found that SkBF in the
anterior thigh remained unchanged during a 30-min arm
exercise in individuals with SCI with lesions between T6
and T12, while it increased in individuals with SCI lesions
below T12, suggesting that injury levels may affect SkBF in
paralyzed lower limbs [33]. Since most of the present
study’s individuals with SCI have lesions above T12, our
results can be supported by the previous study [33].

Traditionally, CVdrift has been thought to be caused by a
progressive increase in SkBF as body temperature rises [1–
4]. The rise in SkBF suggests an increase in skin blood
volume, leading to a reduction in end-diastolic volume and
a decline in SV [1]. Indeed, it has been demonstrated that
HR and SkBF increased, while SV decreased during 70 min
of leg cycling [34]. Moreover, a previous study demon-
strated that increases in HR were suppressed when the
decline in SV was inhibited by suppressing the increase in
SkBF with a cooling fan during 45-min submaximal exer-
cise [35]. Therefore, our results may be supported by these
previous studies [34, 35]. In contrast, Coyle and colleague
(s) used a partial β-adrenoreceptor blockade to manipulate
HR and demonstrated that reductions in SV are associated
with increases in HR and are not affected by SkBF [5, 6]. A
notable issue may be that SkBF may directly affect CVdrift

due to the experimental manipulating of SkBF in these
previous studies [5, 6, 35]. Therefore, it may be difficult to
determine a single robust factor accounting for CVdrift, due
to the broad range of circumstances.

A significant relationship between HR and SkBF
obtained by the quadratic function curve indicates that HR
changes increased exponentially in accordance with an
increase in the SkBF until approx. 400% (Fig. 3). Nose
et al. reported that cutaneous blood flow increases during
the first 20–30 min of exercise and remains fairly stable
thereafter [36, 37]. In contrast, SV continuously declines
during prolonged exercise, even after 30 min [38]. Given
these previous study results, it could be speculated that
CVdrift may be affected by SkBF from the initial period of
exercise up to about 30 min, whereas other influencing
factors should be considered after 30 min of exercise.
Indeed, the SkBF did not increase further after 30 min
of exercise in AB individuals despite continuous
increases in HR.

An important finding was the absence of CVdrift in the
individuals with SCI during the prolonged arm-crank
exercise. Higher HRs in individuals with SCI with lesion
levels T6–T12 individuals has been frequently observed
during submaximal [14, 39] and high-intensity exercise
[40]. These responses have been considered a compensation
for reductions in the SV to maintain CO. It is plausible that,
after SCI, people’s paralyzed lower limbs are immobilized,
leading to complications, such as a decreased venous return,
which is likely due to reduced muscle volume in the muscle
pump [41, 42]. However, chronic immobilization also
causes vascular changes, such as smaller diameter in the
femoral artery [41, 43, 44] and decreased blood flow
[45, 46], in which case, a small percentage of CO should be
distributed to the lower limbs during arm-crank exercise.

Study limitations

There are numerous issues that limit the interpretation of
these results, primarily the fairly homogenous, lower-level
injury characteristics of the participants. Researchers have
cautioned that neither body weight nor BMI account for
differences between fat mass and fat- free mass between AB
participants and individuals with SCI. After SCI, the indi-
vidual’s body composition undergoes various changes, such
as reductions in muscle volume and accumulations of adi-
pose tissue [47]. We did not assess body composition pre-
cisely using dual-energy X-ray absorptiometry, and we
acknowledge that CVdrift may have been influenced by
potential differences in fat mass and/or fat-free mass. Sec-
ond, we could not measure body core temperature, because
our ethical committee did not allow us the use of insertion
type loggers including for measurement of rectal, esopha-
geal, and oral telemetry pills and the measurement of SV
using echo Doppler would have been technically difficult
because of the large upper-body movement resulting from
instability during single arm-crank exercise. In addition, we
did not conduct experimental manipulations to change HR

Fig. 3 Relationship between relative changes in thigh SkBF and
changes in HR during prolonged exercise when data from the AB and
SCI groups are pooled. Changes in SkBF and HR were calculated as
the differences between 10 min and 40 min of exercise. Symbols are
the same as in Fig. 1
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and/or SkBF, such as using sympathetic nerve blockades.
For these reasons, we were not able to further clarify the
detailed mechanisms underlying out findings on CVdrift. An
assessment of these potential parameters to elucidate these
underlying the mechanisms is needed in the near future.

Perspectives

In general, although the majority of individuals with SCI are
inherently inactive, our results may indicate that people
with SCI who regularly engage in wheelchair sports, such
as basketball or rugby (1–2 h per day and 3–5 days per
week), can perform a prolonged upper-body exercise with
little physical strain (i.e., less CVdrift). Periodic endurance
upper-body exercise training has been recommended for
reducing the risk of cardiovascular disease [7, 48–51]; it is,
therefore, advisable that the majority of people with SCI
should adhere to a regime of periodic upper-body endurance
training. A recent study demonstrated that 10 weeks of arm-
crank training at an intensity of 70% VO2peak significantly
improved peak aerobic capacity and metabolic profiles in
people with SCI [52]. Moreover, it was also reported that
moderate-intensity upper-body exercise at 60–65% VO2peak

significantly improved VO2peak and fasting insulin con-
centration in people with SCI compared to the control group
[53]. Taken together, a regime of periodic, upper-body
endurance training with moderate-intensity exercise (i.e.,
60–70% VO2peak) induced positive changes in aerobic and
metabolic capacities in people with SCI.

Nightingale et al. [53] reviewed exercise guidelines for
high-intensity interval training to promote vigorous-
intensity exercise and prevent cardiovascular diseases in
people with SCI [54]. They postulated that vigorous-
intensity exercise may offer superior and more time-
efficient stimulus for metabolic adaptations than moderate-
intensity exercise in this population [54]. Investigating
high-intensity interval training on CVdrift would be chal-
lenging. However, care should be taken to avoid the pos-
sible risk of hyperthermia in individuals with SCI because
of the lower amount of change in SkBF and the greater
increase in the T-thigh in the paralyzed limbs of these
individuals.

When we consider >50% of injuries are in the cervical
spinal segments, CVdrift in these participants might appear
less because they lack cardiac sympathetic innervation, and
their hearts will only be innervated by vagus nerve activa-
tion. Consequently, the increased HR during exercise may
depend mainly on vagal withdrawal; this supports the
values of HRpeak and VO2peak, which were averaged to be
approximately 110–120 bpm and 8–12 ml/kg/min, respec-
tively [55, 56]. Thus, we believe that the lack of CVdrift in
people with SCI with lesions at T6–L1 applies to the wider
populations with SCI.

Conclusion

CVdrift was not observed in trained people with SCI during
prolonged arm-crank exercise at an intensity of 50% of
VO2peak, while it continued to increase until the end of the
exercise in AB individuals. The VO2, StO2, T-chest, and T-
arm kinetics were similar between the groups. The SkBF at
the thigh was significantly higher in AB participants than in
individuals with SCI. When results of both groups were
pooled, the relative changes in SkBF were associated with
changes in HR during exercise, suggesting that CVdrift may
be related to increased SkBF in inactive muscles.

Data archiving

The data sets generated and/or analyzed during the current
study are available from the corresponding author on rea-
sonable request.
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