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The ability of heart rate or perceived exertion to predict oxygen
uptake varies across exercise modes in persons with tetraplegia
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STUDY DESIGN: Descriptive study.

OBJECTIVES: To examine grouped and intra-individual relationships between 1) exercise intensity and heart rate (EI-HR); 2) El and
oxygen uptake (EI-VO,); 3) VO, and HR (VO,-HR); and 4) perceived exertion and VO, (PE-VO,) in persons with tetraplegia (C4/5-C8)
during different modes of exercise.

SETTING: Community in Winnipeg, Canada.

METHODS: Participants exercised at 3 graded intensities during arm ergometry (ERG), wheeling indoors on cement (MWC), or
hand-cycling outdoors (HC). El (Watts, km/hr) and VO,, HR and PE were recorded.

RESULTS: 22 persons completed ERG, 14/22 also completed MWC and 5/22 completed ERG, MWC and HC. Regression analysis of
grouped data showed a significant relationship between EI-VO, but not for EI-HR or HR-VO,. Intra-individual analyses showed a
strong correlation (r or p > 0.7) for VO,-HR for 16/22 during ERG. In the participants completing multiple exercise modes, a strong
VO,-HR relationship was present in 12/14 in ERG, but in only 6/14 in MWC. The 5 persons exercising with all 3 modes had a strong
HR-VO, relationship in 5/5 for ERG, 2/5 in MWC and 1/5 in HC. A strong relationship for PE-VO, was observed in a higher proportion
of participants (versus HR-VO,) during MWC (9/14) and HC (2/4).

CONCLUSION: Within the same individual, the HR-VO, relationship varies across modes, despite exercising over similar ranges of
steady-state VO,. HR appears less able to predict VO, compared to PE. Based on these new findings, systematic investigation of the

HR-VO, relationship across modes of exercise in tetraplegia is warranted.
Spinal Cord (2021) 59:1247-1255; https://doi.org/10.1038/541393-021-00670-0

INTRODUCTION

Tetraplegia comprises 40-60% of the population with traumatic
spinal cord injury [1, 2]. Obesity, cardiovascular disease, and type |l
diabetes occur at much higher rates after spinal cord injury (SCI),
and those with tetraplegia are at even higher risk than those with
paraplegia [3-5]. Since these diseases are caused mainly by
inadequate activity of a sufficient intensity and are related to
obesity, many studies have attempted to determine the ‘sufficient’
level of exercise needed to confer a health benefit to persons
living with SCI.

Recently updated guidelines recommend 3-5 sessions per week
of 20-30min upper body aerobic exercise at ‘moderate to
vigorous intensity’ to improve cardiorespiratory fitness in indivi-
duals with SCI [6, 7]. However, these and other authors acknowl-
edge that the vast majority of exercise studies rely solely, or
mainly, on participants with paraplegia and have concluded there
is insufficient data to make tetraplegia-specific exercise recom-
mendations [6, 8]. Exercise intervention studies that do include
sufficient numbers of participants with tetraplegia show relatively
small improvements in body composition and non-significant
changes in vascular health [9]. It is unclear why participants with
tetraplegia demonstrate such relatively small improvements when

exercising at moderate to vigorous intensity. Moderate to vigorous
aerobic exercise intensity is defined as 60-65% peak oxygen
uptake (VO,) or 60-80% of peak heart rate (HR). However,
impairment of sympathetic nervous system function severely
limits exercise capacity and exercise response in persons with
complete tetraplegia such that peak HR is less than 130 bpm and
peak VO, is less than 20 mgkg "min~', even in paralympic
athletes [10-12]. Thus, exercise prescription at moderate to
vigorous intensity based on HR or VO, may not be appropriate
or sufficient in this population to confer a health benefit. Another
surrogate measure of exercise intensity (El) validated in the
general population is rating of perceived exertion (PE) [13]. In
addition to HR, VO, and PE, absolute measures of El such as speed
or power output (PO) should relate directly to VO,, but may not be
useful for El prescription as they do not account for the
physiological capacity of each individual or other external factors
(e.g., terrain, mechanical efficiency).

Positive and strongly predictive linear relationships between PE
and HR and VO, have been demonstrated and validated for the
active and sedentary general population [14, 15], and for those
with SCI below T6 [16, 17]. However, results on whether HR can be
used to reliably predict VO, in tetraplegia are mixed, and some
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authors suggest that a linear VO,-HR relationship is more likely in
those with lower-level tetraplegia [18-21]. Whether PE can be
used to predict PO or VO, in those with tetraplegia is unclear, with
some reporting strong reliability for predicting peak oxygen
uptake during manual wheeling, while others show it may only be
useful at relatively low levels of intensity or in trained athletes
[22-26]. Authors of a recent systematic review concluded that
there was insufficient research evidence of suitable quality to
provide a strong recommendation for using PE to assess aerobic
exercise intensity in the SClI population as a group [27].
Comparison of HR versus PE suggests PE may be a more reliable
indicator of absolute work effort during wheeling in trained
wheelchair athletes with para- or tetraplegia [28]. For these
reasons, we tested participants with a range of tetraplegia level
injury (C4/5-C8) across three different modes of steady-state
exercise and compared the reliability of HR and PE to assess
objective measures of exercise intensity (El). Thus our objectives
were to determine if either 1) HR or 2) PE can reliably predict
oxygen uptake (VO,) or absolute measures of El during different
modes of steady-state exercise in the same study participants.

PARTICIPANTS AND METHODS

Participant recruitment

Adults with tetraplegia (n = 25) of at least one-year duration were recruited
by word of mouth, from the Manitoba Wheelchair Sport Rugby Team, the
Manitoba Division of the Canadian Paraplegic Association and flyers
posted at the SCI outpatient clinic at the Health Sciences Centre in
Winnipeg. Participant characteristics were previously published and
consistent with historically reported features of persons with tetraplegia,
in terms of range(s) of injury level (C4/5-C8), gender (80% male) and injury
completeness [~25% incomplete and ambulatory [29]]. Measurements
took place over 2-4 visits at generally the same time of day. Participants
were advised not to engage in strenuous exercise the day preceding
testing.

Exercise modes and equipment

Steady-state exercises were performed based on participant capabilities
and using personal wheelchairs and hand-cycles (1 add-on; 3 touring, non-
recumbent). Arm crank ergometry was performed on a calibrated SCIFit
height adjustable arm ergometer, or a table-mounted calibrated Colorado
arm crank ergometer. Manual wheeling was performed on a large level
indoor cement track, and hand-cycling outdoors on a 400 m track or on the
University Campus streets. A bicycle odometer transmitter was placed on
each participant’s wheel for real-time monitoring of speed to maintain a
steady pace during each trial. The actual wheel rotations were
documented using a G-Link accelerometer mounted on a rear-wheel axis.
Measurement of each person’s wheel circumference allowed conversion of
rotations to distance and speed. Accelerometer data were downloaded
and files converted for subsequent analysis of rates using custom-
developed in-house Spinal Cord Research Centre software and Microsoft
Excel (2010, 2011Mac). Participants were monitored for symptoms of
autonomic dysreflexia, and the exercise protocol was stopped until the
symptoms subsided. Data collected during the episode were not analyzed
and testing resumed in the 3 participants once symptoms subsided.

Oxygen uptake measurement during sub-maximal multi-stage
exercise

Oxygen uptake and carbon dioxide production were measured using the
Jaeger Oxycon Mobile (Carefusion Respiratory Care, Yorba Linda, CA)
exercise testing system. Gas analysers were calibrated and the system
thermostated and compensated for barometric pressure and environ-
mental humidity variations before each test, according to the manufac-
turer's recommendations (Jaeger Oxycon User Manual). Heart rate was
monitored continuously with a Polar chest strap or Jaeger ear clip-based
sensor, based on user preference and occasionally when movement
artifact interfered with chest strap signals. Each person rested with the
equipment for at least three minutes before testing. Activities were
undertaken for a minimum of 3 min (after attaining a particular speed or
power output). Speeds and power outputs were self-selected to represent
the range of intensities normally undertaken with each activity based on a
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pre-test in which participants were tested to identify the highest level of
activity they could maintain for a minimum three-minute period, as
previously described [29]. The target was 3 sub-maximal stages, at a low,
medium, and high intensity of exercise for each mode. For example, if a
participant had a peak steady-state PO of 30 W during ERG, they would
perform exercise at 20, 25 and 30W for their three stages. Post-hoc
analysis revealed that most persons ‘low’ El for one mode of exercise was,
on average, within 16% of the ‘low’ El for any other mode of exercise
performed. In addition, some were only able to engage in one or two levels
of output, based on their injury and fitness level. Data is included only for
those who completed at least two stages (n = 22).

VO,, HR, and El were recorded every 5s and data averaged over 30 s
epochs for each steady-state trial. The coefficient of variation was
calculated for each steady-state trial. Data points with co-efficient of
variation <10% were included. PE was recorded at the end of each
steady-state trial (at the end of each intensity trial) and participants
monitored their absolute intensity to maintain the same output for the
duration of the trial. Accelerometers mounted on the ERG, MWC and HC
were analyzed later and confirmed a CV <5% was maintained during
each trial for each participant. For individual analyses, only participants
with at least 8 data points were included (n = 22 persons, 126 trials, 69
during ERG, 40 during MWC and 17 during HC). In grouped analysis, all
trials were pooled.

Ratings of perceived exertion

The 0-10 category ratio (CR) score of PE [13] was selected because it has
been used in this population previously [30] and it is more useful for
participants with tetraplegia due to lost sympathetic input and related
inability to increase HR beyond ~130 bpm. We presented each participant
with a laminated 8 x 10 paper copy of the 10-point visual scale and
explained the scale with consistent examples. Because they were masked,
we explained that they should respond by nodding their head when the
investigator's finger pointed to the correct number on the 10-point scale.
Each participant was asked to rank his or her PE at the end of each set of
steady-state exercise, for each intensity. We re-affirmed their selection by
stating the number back to them and asking them to nod if correct.

Statistical analysis

For our initial analysis we used grouped data and linear regression analysis
to examine the strength of relationships between the controlled variable
(PO or speed) and VO, and HR as described previously in this population
[19, 31]. Subsequently, we performed individual analyses of correlation
(Pearson or Spearman) to examine the strength of the relationship
between and HR and VO, and between RPE and VO, for each individual
during different modes of exercise[18, 20]. All statistical analyses were
performed using GraphPad Prism statistical software (version 7 or 8;
GraphPad Software, La Jolla, California, USA). The D’Agostino and Pearson
omnibus test determined whether data were normally distributed. Based
on the results from normality testing, results are reported as either r-values
for parametric Pearson correlations or as p-values for non-parametric
Spearman correlations with r or rho = 0.7, or R? = 0.49 considered as strong
[32]. The co-efficient of determination (r-squared, R?) is reported for linear
regression analyses; residuals were normally distributed unless otherwise
noted. Correlations with fewer than eight pairs are not reported, due to
their N being too small for normality testing.

RESULTS
Overall, 22 participants performed ERG, 14 performed ERG + MWC
and 5 performed ERG+ MWC + HC. Regression analysis of
grouped data showed a strong and significant relationship for
PO to predict VO, (Fig. 1A;-C;, bottom, all R? > 0.38) whereas R*
values describing the relationship between HR and PO or HR and
VO, were negative (HC) or showed a very poor and non-significant
relationship during each of ERG (R* = 0.049 for PO vs VO,; R* =
0.059 for VO, vs HR), MWC (R* = 0.0043 for speed vs VO,; R = 0.12
for VO, vs HR) and HC [(R* < 0 for speed vs VO,; R* =0.19 for VO,
vs HR); Fig. 1: A;—-C, top versus (vs.) A,—C,l. Thus, as a group VO,,
but not HR, was related to absolute measures of El (PO or speed)
during different modes of exercise.

To overcome the limitations of grouped regression analysis of
these relationships, we then assessed the individual correlation
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Fig. 1

Strong correlations between power output (PO) and oxygen uptake (VO,) were present during all modes of exercise, with only

weak correlations between VO, and heart rate (HR). A clear correlation between PO and VO, was present during arm ergometry
(A4, bottom, p <0.0001), wheeling (B; bottom, p = 0.0002), and hand cycling (C; bottom, p = 0.03), black circles, whereas less than 19% of
the variation in either PO or VO, was shared with heart rate variation during arm ergometry (A, top, A,) wheeling (B, top, B,), or hand-cycling
(C3), open triangles, all p > 0.05. Although 70% of variation in speed related to variation in heart rate during hand cycling, the relationship was
negative (C, top). Dotted lines show the 95% confidence interval. The residuals of regression analysis for oxygen uptake (VO,) vs. heart rate
during arm ergometry (A,), hand cycling (C;), and for speed vs. heart rate (B,) failed normality testing.

values between HR and VO, for each study participant for each
mode of exercise they completed (69 trials of ERG, 40 trials of
MWC and 17 trials HC). Comparison of intra-individual correla-
tion data in Fig. 2 showed a strong correlation [r or p = 0.7 [32]]
for HR vs. VO, in 16/22 persons during ERG (2A), 6/14 during
MWC (2B) and 1/5 during HC (2C). Thus the proportion of
persons with a strong HR vs. VO, correlation coefficient was
greater during ERG (73%) vs. MWC (43%) vs. HC (20%). Individual

Spinal Cord (2021) 59:1247 - 1255

correlation values can be found in Table 1 for ERG, Table 2 for
MWC and Table 3 for HC.

Correlation coefficients between PE and VO, [>0.7 (r or p)] were
observed in 15/21 during ERG; 9/14 during MWGC; and 2/4 during
HC (Fig. 2A-C, second column ‘vs. PE’). Thus, the proportion of
persons with a strong PE vs. VO, correlation coefficient was
greater during ERG (71%) vs. MWC (64%) vs. HC (50%). Further, the
reliability for either PE or HR to predict oxygen uptake were similar

SPRINGER NATURE
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during ERG (compare ‘vs. HR' (17/22) to ‘vs. PE' (15/21) in Fig. 2A)
while PE showed greater reliability than HR during MWC (compare
‘'vs. HR’ (6/14) to ‘vs. PE’ (9/14) in Fig. 2B). Numbers are too small to
comment regarding HC.

Figure 2 also summarizes the correlation coefficients for the
absolute El (watts or km/hr) vs. VO, for each trial. As expected,

SPRINGER NATURE

Fig.2 Strong correlations between VO, and exercise intensity (El)
observed more frequently than between either VO, and PE or VO,
and HR. Additionally, within the same group of participants, strong
correlations between either VO, and HR or between VO, and PE was
observed more often in ERG vs. MWC and in MWC vs. HC. Graphic
summaries of each Pearson or Spearman correlation co-efficient for
each of VO, vs. HR, BORG ratings of perceived exertion (PE) and El for
each of A. arm ergometry (ERG, n=22); B manual wheelchair
propulsion (MWC, n=14) and C hand cycling (HC, n=5). Line
indicates strong correlation values >0.70.

<
<

individual correlation values for PO/EI vs. VO, are highest during
indoor ERG (17/22) compared to MWC (12/14) or during HC
outdoors under different wind conditions (2/5, Fig. 2).

All three modes of exercise were performed in a sub-set of 5
participants, which allowed us to make more direct comparisons
of the correlations between HR vs. VO,, between PE and VO, and
between El and VO,. Figure 3 demonstrates that a strong
relationship between HR and VO, occurred in 5/5 during ERG, 2/
5 during MWC and 1/5 during HC. For PE, a strong relationship was
observed in 4/5 during ERG, 5/5 during MWC and 2/4 during HC
(Fig. 3A,—C,, solid lines). Examining the range of VO, values for
each participant in Fig. 3 demonstrates that the variability for HR
to predict VO, occurred despite exercising over similar ranges of
absolute oxygen uptake. For example, participant 23C5/6M (solid
triangles) had a VO, range of ~350-1200 ml/min during ERG
(Fig. 3A) vs. ~400-1200 ml/min during MWC (Fig. 3B;) yet had a
Pearson r=0.94 during ERG and a negative correlation of r=
—0.55 during MWC. This variability also occurred over similar
ranges of PE (compare PE of 4-9 during ERG (Fig. 3A;) to 1-9
during MWC (Fig. 3B,). Similar ranges in oxygen uptake and PE
were observed for the other 4 participants completing all 3 modes
of exercise (Fig. 3).

DISCUSSION

We investigated the relationships between VO,, HR, PE, and El
during ERG, MWC and HC in 22 persons living with tetraplegia. As
expected, absolute measures of El were correlated most strongly
with VO,. We observed that overall, PE showed greater ability to
predict VO, across different modes of exercise when compared to
HR. Further, we showed that the ability of PE and HR to predict
VO, varied within each person across different modes of exercise.
This finding was unexpected, and most evident for HR, such that
the ability for HR to predict VO, was greatest in persons during
ERG (73%) versus MWC (43%) and versus HC (20%), and suggests
that other factors, in addition to absent sympathetic innervation of
the heart, contribute to the relationship between HR and oxygen
uptake during different forms of exercise.

Several autonomic functions are impaired after tetraplegia that
limit exercise performance. With injury above the T1 spinal level,
sympathetic neural function is impaired and heat-mediated sweat
responses for cooling are typically absent [reviewed in [11]].
Increases in heart rate and cardiac output with increasing physical
workload are blunted [33]. Thus increases in heart rate are
mediated by removing basal parasympathetic drive, which allows
for a small increase in HR with activity that typically peaks at ~130
bpm. Sympathetic descending neural control of the adrenal
glands and other systems supporting energy substrate mobiliza-
tion and use by active tissues is also impaired, such that even after
prolonged exercise, athletes with motor complete tetraplegia do
not show increases in circulating catecholamines [34] or any
change in lipid metabolism [35]. Some have suggested the lack of
linear relation between HR and VO, is due to lower limb venous
pooling since supine arm cranking showed a better HR/VO,
relation than arm cranking while seated [36]. However, given that
exercising supine may also have allowed some back and arm
muscles to contribute more to cranking rather than providing

Spinal Cord (2021) 59:1247 - 1255
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Table 1. Participant characteristics and correlation analysis for arm ergometry.
ID # Age Injury duration Injury level Motor M/F VO, vs. HR VO, vs. PE VO, vs. PO

(@] rorp rorp rorp
1! 45 25 c8 C F 0.8498 0.7155 0.9615
2! 39 19 ce/7 C M 0.1710 0.6803 0.7259
3! 55 32 ce/7 C M 0.8641 0.8528 0.8953
6' 28 12 cé C M 0.7344 0.8640 0.8640
7' 33 L C5/6 C M 0.8732 0.9260 0.5964
8' 50 31 c6 C M 0.8368 0.8102 0.8102
9 53 16 c6 C F 0.8919 0.8088 0.8088
12 55 28 c7 C F 0.3594 05311 0.5311
16’ 42 21 LC7 C M 0.9596 0.7725 0.7725

R C6
18 42 23 Ce6/7 C M 0.7441 0.9632 0.9632
21" 40 21 c6 C M 0.7476 0.3565 0.8476
22! 57 43 c8 C F 0.7031 0.7325 0.7325
23! 38 20 C5/6 C M 0.9341 0.9219 0.9082
42 37 21 c5 C F 0.5102 NA 0.8203
52 48 17 L C5/6 C M 0.3809 0.7194 0.5062
R C5/6/7

10% 47 17 C4/5 C M 0.1300 -0.6299 0.6705
112 44 25 ce/7 C M 0.5851 0.6553 0.6416
15° 52 25 c8 | M 0.9401 0.8871 0.8991
172 24 4 c5 | M 0.8468 0.9501 0.9417
19° 48 5 c8 | M 0.9581 0.6187 0.8771
243 36 16 (@) | M 0.7592 0.8044 0.8232
25° 22 2 C7/8 [ M 0.9764 0.9331 09331
Count 17MC:5MI 5F:17M n=16/22 n=15/21 n=17/22
Mean 42.5 19.3 C4/5-C8 rorp=0.7 rorp=0.7 rorp=0.7
Range 22-57 1-43

Values shown are Pearson r for normally distributed data and as Spearman rho (E) when not normally distributed (Spearman values are underlined).
Correlations for oxygen uptake versus power output (PO), heart rate (HR), and Borg rating of perceived exertion (PE). # denotes one dataset where a CV of 13%,
rather than 10% as in all others, was accepted. Participants are numbered in the same order in each table and 'denotes lower level, higher functioning manual
chair users (C6, C7, C8 or combination); 2denotes higher level, lower functioning power chair users (C4/C5, C5, C5/C6 or C5/C6/C7); 3denotes those with motor
incomplete injury & able to ambulate short distances; and NA denotes trial where data was unavailable.

trunk support, it is possible that the stronger relationship between
HR and VO, may have been due in part to exercising at a lower
level of peak aerobic capacity while supine. Similar to other
studies in participants with tetraplegia our findings were mixed,
such that some, but not all, demonstrated a linear relationship
between HR and VO, during arm exercise [18, 20, 22]. Some
studies suggested that those with higher-level injury (C5-C6 vs.
C7-C8) were less likely to demonstrate a linear relationship [20],
whereas others have suggested a linear relationship was only
observed while exercising at very low intensity levels [22]. Valent
et al., reported that a large VO, range did not always correspond
to a linear HR-VO, relationship, but participants with a small VO,
range and low physical capacity always had a poor HR-VO,
relationship [20]. We did find that 4/6 participants with low ability
for HR to predict VO, during ERG were participants with higher-
level injuries (see Table 1). However, since we compared ability for
HR to predict VO, during different modes of exercise, we also
showed the HR-VO, relationship varied within individuals during
different modes of exercise, despite similar levels of oxygen
uptake and perceived exertion. It is possible that these relation-
ships may vary day to day, but this remains to be investigated.
It is unclear why the strength of the HR-VO, relationship varies
within individuals with tetraplegia and is greatest during ERG

Spinal Cord (2021) 59:1247 - 1255

compared to MWC or HC. It is possible that the frequency of the
exercise may contribute to the stronger relationship during ERG.
In particular, only 6 of the 14 able to perform MWC had r or p >
0.70, whereas 13/14 showed r or p>0.70 during ERG. These
differences occurred despite performing ERG and MWC over
similar ranges of VO, and PE. Further, in the 5 persons capable of
performing all 3 exercise modes, the strength of the HR-VO,
relationship decreased from 5/5 during ERG to 2/5 during MWC
to 1/5 during HC. Thus even within the same individuals, the
strength of the HR-VO, relationship was decreased during MWC
or HC exercise compared to ERG exercise. It is possible that the
strength of relationship between oxygen uptake and heart rate
deteriorates in situations where a greater muscular influence is
required and performed at lower frequencies, as in HC and MWC
compared to ERG. During ERG, cycling frequencies were typically
>60 rpm per arm, but were performed asynchronously correlat-
ing to a total of >120 arm rotations per minute (rpm). HC was
performed with synchronous arm cranking, between 30 and 70
rpom. MWC typically involved synchronous pushes at ~0.5Hz
(~30rpm). Animal research demonstrates that the strength of
the hindlimb muscle afferent-evoked pressor-reflex that med-
iates increases in HR and blood pressure varies depending upon
the muscle activated [37]. Given that pressor responses can also

SPRINGER NATURE
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Table 2. Correlation analysis for manual wheeling.

ID # VO, vs. HR VO, vs. PE VO, vs. El
r or g r or 2 r or B

1 —0.1210 0.8729 0.8729

2! 0.4579 HL 0.7369

3! 0.5591 —0.6928 0.6928

6' 0.8177 0.8931 0.8884

7' 0.5453 0.1434 0.9019

8! 0.8904 0.9314 0.9314

9' 0.3203 HL 0.8872

12!

16' 0.8554 0.8679 0.8896

18! 0.8201 0.8484 0.9679

21" 0.5432 0.9015 0.9015

22"

23! —0.5477 0.9129 0.8325

42

52

10?

112

153

17 0.6588 0.3479 0.3479

19°

243 0.9602 0.8656 0.9412

253 0.9316 0.9510 0.9360
n==6/14 n=9/14 n=12/14
rorp=0.7 rorp=0.7 rorp=0.7

Values shown are Pearson r for normally distributed data and as Spearman
rho (E) when not normally distributed (Spearman values are underlined).
Correlations for oxygen uptake versus exercise intensity (El), heart rate (HR),
and Borg rating of perceived exertion (PE). Horizontal line (HL) indicates all
PE scores were the same for each exercise intensity and # denotes one
dataset where a CV of 13%, rather than 10% as in all others, was accepted.
Participants are numbered in the same order in each table and 'denotes
lower level, higher functioning manual chair users (C6, C7, C8 or
combination); 2denotes higher level, lower functioning power chair users
(C4/C5, C5, C5/C6 or C5/C6/C7); *denotes those with motor incomplete
injury & able to ambulate short distances; and NA denotes trial where data
was unavailable.

be elicited from forelimb muscle afferents [38], it is possible that
differences exist in the degree to which pressor-reflexes are
elicited in humans during different rates and modes of exercise
as well. In the absence of the normal descending activation of
HR for persons injured above T1, these local spinal reflex
responses may play a relatively greater role in facilitating HR
responses during exercise. Thus it would be of interest in
future studies to systematically assess whether frequency-based
afferent feedback contributes to the ability of HR to increase
with increasing intensity of effort in persons with impaired
sympathetic innervation of the heart. Other factors such
as environmental temperature may also influence this relation-
ship [11].

Because of the limited ability to increase HR, and for HR to
correlate with absolute measures of El after tetraplegia as
demonstrated here and elsewhere, surrogate measures of El, such
as PE have been recommended [18]. Recent review of the
literature indicated that although further studies were required, PE
was cautiously suggested as an adequate measure of El in persons
with SCI, and shows some stability over time with repeated testing
when used by trained athletes or at low steady-state levels in non-
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Table 3. Correlation analysis for hand-cycling.

ID # VO, vs. HR VO, vs. PE VO, vs. El
rorp rorp rorp

1! —0.3900 NA 0.6478

21

31

61

71

8' 0.8285 0.8990 0.8990

91

12!

16'

18" 0.2032 0.4735 0.7665

21" —0.6184 HL 0.6712

22!

23" —0.5784 0.7244 0.8870
n=1/5 n=2/4 n=3/5
rorp=0.7 rorp=0.7 rorp=0.7

Values shown are Pearson r for normally distributed data and as Spearman
rho (B) when not normally distributed (Spearman values are underlined).
Horizontal line (HL) indicates all PE scores were the same at each exercise
intensity and # denotes one dataset where a CV of <13%, rather than 10%
as in all others, was accepted. Participants are numbered in the same order
in each table and 'denotes lower level, higher functioning manual chair
users (C6, C7, C8 or combination).

athletes [23, 24, 26, 27]. Overall we observed that PE was similar to,
or more reliable than, HR for correlating with VO, across modes of
exercise. The proportion of persons with PE reliability >0.7 was
similar during ERG (71% >0.7 for PE vs. 73% for HR) whereas PE
was more reliable (vs. HR) during MWC (64% for PE vs 43% for HR)
and during HC (50% for PE vs. 20% for HR). It is quite possible that
expertise with the exercise (e.g.,, MWC) and the ability to physically
sense and monitor the absolute intensity of the exercise
contributed to the stronger reliability of PE to predict VO,
compared to HR during MWC or HC. Our finding that PE can be
more reliable than HR to predict VO, is consistent with the
inability for PE to predict HR reported in other studies [24]. In
addition to limited sympathetic innervation of the heart, other
sympathetically regulated systems impaired with high-level SCI
may contribute to the intra-individual variability in PE reliability
with different forms of exercise [e.g., temperature regulation, fat
lipolysis, and mobilization: [11]]. Thus, in addition to absolute
intensity (or oxygen uptake) other factors, such as the environ-
mental conditions under which the different modes of exercise are
performed, or the frequency of muscle activation may contribute
to temperature changes or rates of energy substrate mobilization
which would influence each person’s rating of PE. In the future, it
would be of interest to systematically examine relationships
between sympathetically regulated metabolic and homeostatic
functions, such as temperature regulation or energy substrate
bioavailability, to investigate factors contributing to PE during
different forms of exercise in persons with tetraplegia. This
would identify strategies that reduce PE for a given absolute
intensity of exercise, with the ultimate goal to increase the
upper limit of exercise intensity and duration that can be
performed. Given that persons with tetraplegia show lower than
expected oxygen uptake levels (41-46% VO,peak) When asked to
exercise at ‘moderate to vigorous intensity’ (3-6 on the Borg 10-
point scale) in a study assessing user preferences regarding four
different exercise modes [39], identifying strategies to increase
exercise performance in this population would increase the
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Individual correlation data demonstrates that the reliability of either HR or PE to correlate with oxygen uptake varies across

modes of exercise within the same individual. HR showed a strong correlation with VO, most consistently during arm ergometry (in 5/5, A;)
whereas only 2/5 showed a strong correlation during MWC (B,) and 1/5 during HC (C;). Strong correlations between PE and VO, were present
in 4/5 during arm ergometry (A,), 5/5 during MWC (B4) and in 2/4 during HC (C,).

potential health benefit of exercise. As our results were
unanticipated, we did not perform peak testing and have each
participant exercise at a given percent of his/her VO,pea, Which
is a limitation of our current study. In the future, it would be of
interest to examine the relationship between HR and VO, for a
given % peak VO, across different modes of exercise, employing
repeated-measures correlation to increase the statistical power
of the observations.

Spinal Cord (2021) 59:1247 - 1255

CONCLUSION

We demonstrated that 1) although absolute El was correlated with
VO, during different modes of exercise, 2) HR was inconsistent;
and 3) PE correlated with VO, more often than HR during different
modes of exercise. An unexpected finding of the present study
was that the correlation between HR and VO, varied across
exercise modes, within the same individual. Given the lack of
stable markers of relative exercise intensity (either HR or PE),
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exercise prescription for those with tetraplegia may be better
based on absolute measures of intensity such as power output or
speed [e.g., [29, 40]]. However, if using absolute intensity it is
important to work at an intensity level that attains the highest
weekly volume of activity-based energy expenditure safely
possible without increasing risk for over-use injuries.
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