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Abstract
Purpose This study assessed the effects of upper-body rowing exercise on cardiorespiratory fitness, traditional cardiometa-
bolic risk factors, and vascular health in individuals with spinal cord injury (SCI).
Methods Seventeen male and female adults with chronic (> 1 yr) motor-complete and incomplete SCI (level of injury: 
C4-L3) were randomized to control (CON, n = 9) or exercise (UBROW, n = 8). Participants in UBROW performed 12-week, 
3 weekly sessions of 30-min upper-body ergometer rowing exercise, complying with current exercise guidelines for SCI. 
Cardiorespiratory fitness ( V̇O2peak), traditional risk factors (lipid profile, glycemic control) as well as inflammatory and 
vascular endothelium-derived biomarkers (derived from fasting blood samples) were measured before and after 6 (6W) 
and 12 weeks (12W). Brachial artery resting diameter and flow-mediated dilation (FMD) were determined by ultrasound as 
exploratory outcomes.
Results UBROW increased V̇O2peak from baseline (15.1 ± 5.1 mL/kg/min; mean ± SD) to 6W (16.5 ± 5.3; P < 0.01) and 
12W (17.5 ± 6.1; P < 0.01). UBROW increased resting brachial artery diameter from baseline (4.80 ± 0.72 mm) to 12W 
(5.08 ± 0.91; P < 0.01), with no changes at 6W (4.96 ± 0.91), and no changes in CON. There were no significant time-by-
group interactions in traditional cardiometabolic blood biomarkers, or in unadjusted or baseline diameter corrected FMD. 
Explorative analyses revealed inverse correlations between changes (∆12W-baseline) in endothelin-1 and changes in resting 
diameter (r = − 0.56) and FMD% (r = − 0.60), both P < 0.05.
Conclusion These results demonstrate that 12 weeks of upper-body rowing complying with current exercise guidelines for 
SCI improves cardiorespiratory fitness and increases resting brachial artery diameter. In contrast, the exercise intervention 
had no or only modest effects on traditional cardiometabolic risk factors. The study was registered at Clinicaltrials.gov 
(N-20190053, May 15, 2020).

Keywords Cardiorespiratory fitness · Exercise training · Spinal cord injury · Metabolic health · Vascular function · Flow-
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Abbreviations
AIS  American Spinal Injury Association 

Impairment Scale
CON  Control
CRP  C-reactive protein
CVD  Cardiovascular disease
DBP  Diastolic blood pressure
ET-1  Endothelin-1
FMD  Flow-mediated dilation
GTX  Graded exercise test to exhaustion
HbA1c  Glycated hemoglobin
HDL-C  High-density lipoprotein cholesterol
HOMA2-β  Homeostasis model assessment 2 of pancre-

atic β-cell function
HOMA2-IR  Homeostasis model assessment 2 of insulin 

resistance
HOMA2-S  Homeostasis model assessment 2 of insulin 

sensitivity
HRpeak  Heart rate peak
LDL-C  Low-density lipoprotein cholesterol
NLI  Neurological level of injury
RPE  Rating of perceived exertion
POpeak  Peak power output
SBP  Systolic blood pressure
SCI  Spinal cord injury
sICAM-1  Soluble intercellular adhesion molecule-1
sVCAM-1  Soluble vascular cell adhesion molecule-1
TG  Triglycerides
TNF-α  Tumor necrosis factor alpha
UBROW  Upper-body rowing
V̇O2peak  Peak rate of oxygen consumption
WC  Waist circumference

Introduction

Evidence from large epidemiological studies suggests that 
individuals with spinal cord injury (SCI) are at an approxi-
mately two- to threefold higher risk of type 2 diabetes mel-
litus (Cragg et al. 2013a) and atherosclerotic cardiovascular 
disease (CVD) (Cragg et al. 2013b), collectively referred 
to as cardiometabolic diseases. Compared with able-bodied 
individuals, several studies have reported an elevated prev-
alence of ‘traditional’ risk factors associated with cardio-
metabolic diseases in SCI, including reduced high-density 
lipoprotein cholesterol (HDL-C) (Gilbert et al. 2014), cen-
tral adiposity (Edwards et al. 2008), and insulin resistance 
(Bauman and Spungen 1994), a hallmark of the metabolic 
syndrome (Grundy et al. 2005). However, not all studies 
show higher prevalence of traditional risk factors such as 
elevated arterial blood pressure, triglycerides (TG), fasting 
glucose, and low-density lipoprotein cholesterol (LDL-C) 
in individuals with SCI, compared with able-bodied (Krum 

et al. 1992; Liang et al. 2007; Finnie et al. 2008). These find-
ings are supported by a recent study demonstrating that CVD 
risk, estimated via the Framingham risk score, underesti-
mates true, 5-year occurrence of CVD events in SCI (Bar-
ton et al. 2021). Other risk factors than those traditionally 
associated with cardiometabolic diseases may therefore con-
tribute to the exaggerated CVD risk observed in individuals 
with SCI including cardiorespiratory fitness, vascular func-
tion, and novel biomarkers of cardiovascular risk.

It is well established that regular whole-body exercise 
reduces the risk for atherosclerotic CVD in able-bodied 
(Thompson et al. 2003), partly mediated through reduction 
in traditional cardiometabolic risk factors (Mora et al. 2007). 
Benefits of exercise may also be related to improvements in 
cardiorespiratory fitness and novel biomarkers of cardiovas-
cular risk (Green et al. 2017). Furthermore, hemodynamic 
stimuli during exercise evoke anti-atherogenic adaptations 
in the vasculature, providing a plausible contribution to 
some of the unexplained CVD risk reduction with exercise 
(Green et al. 2013a). A 16-week randomized controlled 
trial, adopting the 2011 exercise guidelines for adults with 
SCI (Ginis et al. 2011) (i.e. 2 × 20-min/week moderate-to-
vigorous intensity aerobic exercise plus muscle strengthen-
ing), was effective in improving cardiorespiratory fitness and 
muscle strength (Pelletier et al. 2015). However, Zepetnek 
et al. (2015) demonstrated that this same exercise paradigm 
was insufficient for improving traditional cardiometabolic 
risk factors and vascular health (including brachial artery 
flow-mediated dilation, FMD). In 2018, exercise guidelines 
for adults with SCI was updated (Ginis et al. 2011, 2018), 
proposing that a larger volume of moderate-to-vigorous 
intensity aerobic exercise (i.e., ≥ 30-min, 3 days/week) are 
required for improvement in cardiometabolic risk factors. 
However, to date, there is limited knowledge about the effi-
cacy of these new exercise guidelines on cardiometabolic 
health and vascular adaptations.

Upper-body aerobic exercise is typically performed 
using a limited number of exercise modalities such as arm-
cranking, handcycling, or wheelchair ergometry/propulsion 
(Eitivipart et al. 2019). Recently, upper-body (i.e., arms-
only) ergometer rowing adapted for wheelchair users has 
shown to be a feasible and acceptable exercise modality that 
is able to evoke moderate-to-vigorous intensity exercise for 
individuals with SCI (Sawatzky et al. 2022; Hansen et al. 
2022). The primary aims of this study were to assess the 
impact of 12-week upper-body ergometer rowing (follow-
ing the 2018 exercise guidelines for individuals with SCI) 
on cardiorespiratory fitness and traditional cardiometabolic 
risk factors (fasting insulin and glucose, lipid profile, blood 
pressure, body mass, and visceral obesity). Additionally, 
we explored effects of the exercise intervention on upper-
extremity conduit artery adaptations by measuring brachial 
artery resting diameter and FMD. To anticipate for potential 
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time-dependent adaptations, we evaluated the effects on all 
outcomes after 6 and 12 weeks of exercise. We hypothesized 
that upper-body rowing exercise would improve cardiores-
piratory fitness, and biomarkers of cardiometabolic health.

Methods

This randomized controlled study was approved by the Eth-
ics Committee of North Denmark (N-20190053) and con-
ducted in accordance with the Declaration of Helsinki. After 
having received oral and written information about the study, 
all participants provided written informed consent.

Participants

Community-dwelling participants eligible for inclusion 
had to have a chronic (≥ 1 year since injury) traumatic or 
non-traumatic SCI; having sufficient arm flexor function 
to participate in upper-body rowing; and using a manual 
wheelchair for mobility (≥ 75% of the waking day). Both 
males and females were included. Potential participants were 
excluded if they had received a cortisone injection in the 
shoulder within the last 4 months; known medical issues 
(urinary tract infections and pressure sores at the time of 
enrollment, cardiovascular contraindications for exercise 
testing); diagnosed diabetes or any disease that restricted 
the ability to exercise.

Neurological level of injury (NLI), and American Spinal 
Injury Association Impairment Scale (AIS) classification 
were assessed according to the International Standards for 
Neurological Classification of Spinal Cord Injury (ISNC-
SCI) (Kirshblum et al. 2011).

After baseline laboratory assessment, and consistent with 
the study protocol proposing to include 30 participants, par-
ticipants were stratified based on sex, age (≥ vs. < 50 years), 
level of injury (cervical vs. thoracic, lumbar) and baseline 
cardiorespiratory fitness level (i.e., peak rate of oxygen 
consumption ( V̇O2peak) > vs. ≤ 16 mL/kg/min), and then 
randomly assigned to either control (CON) or upper-body 
exercise training performed on a rowing ergometer adapted 
to wheelchair users (UBROW) (Hansen et al. 2020). Impor-
tantly, even though the different strata were small, it was 
possible to randomize participants within each stratum so 
that the group allocation remained unpredictable. In two 
cases, we pooled two strata, by eliminating one of the four 
stratification variables (age), so that we could maintain a 
strata size of minimum two participants. Participants rand-
omized to CON were asked to maintain their normal lifestyle 
throughout the 12 weeks.

Exercise training intervention

Participants randomized to UBROW performed three weekly 
sessions of 30 min of moderate-to-vigorous intensity exer-
cise on a rowing ergometer modified for wheelchair users. 
The target of 30 min of moderate-to-vigorous intensity was 
reached through individualized progression of session dura-
tion and workload (Tweedy et al. 2017). A commercially 
available rowing ergometer (Concept 2, RowErg D PM5, 
Morrisville, Vermont, USA) was adapted to wheelchair 
users by using an Adapt2row unit, as previously described 
(Hansen et al. 2020).

Details about the ergometer rowing exercise, including 
how the exercise was adapted to participants with varying 
injury levels, are reported previously (Hansen et al. 2022). 
Briefly, while seated in their wheelchair, participants per-
formed dynamic upper-body exercise by repetitively pulling 
the handle of the rowing ergometer toward the ribcage. This 
dynamic movement occurred either with or without assistive 
equipment for stabilization of the torso (i.e., trunk vest and/
or Velcro strap), depending on the participants’ level and 
severity of SCI (Hansen et al. 2022).

Exercise intensity was prescribed based on rating of per-
ceived exertion (RPE), aiming at intensities from moderate 
(RPE: 12–13) to vigorous (RPE: 14–17) (Riebe et al. 2018) 
using the Borg 6–20 RPE scale (Borg 1970). The use of RPE 
to control moderate and vigorous intensity has been vali-
dated in individuals with SCI (Goosey-Tolfrey et al. 2010). 
Additionally, participants were equipped with a heart rate 
belt (Suunto, iQniter, Aalborg, Denmark) for continuous 
recording of heart rate. All exercise sessions were super-
vised by health professionals with knowledge about exercise 
considerations for individuals with SCI.

Adherence to the intervention (number of sessions par-
ticipated out of the total 288 sessions (36 sessions per par-
ticipant) was recorded and presented as adherence rate (% 
participation).

Main study day protocol

All training sessions and experimental procedures were 
performed at the sports laboratory, Aalborg University, 
whereas blood sampling and analyses were conducted at 
Aalborg University Hospital. The experimental procedures 
were performed at baseline and after 6 (6W) and 12 weeks 
(12W). Participants were asked not to change current dietary 
habits during the 12-week intervention period.

To minimize circadian influence on vascular function, 
if any (ter Avest et al. 2005), time of day for the experi-
mental procedures were standardized for each partici-
pant (± 1 h:39 min). Before each visit, participants were 
instructed to refrain from a) any vigorous intensity exercise 
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(< 24 h), b) caffeine, polyphenols, alcohol, and vitamin C 
(< 12 h), and c) food (< 3 h). Participants were encouraged 
to withdraw from any medication < 24 h before each visit, 
and if not possible, they were instructed to keep medication 
intake constant across visits.

Outcomes

At the beginning of the laboratory visit, participants self-
reported information about age, smoking status, and for 
the females, their current phase of the menstrual cycle, if 
premenopausal.

Resting systolic and diastolic blood pressure

After at least 10 min of rest, systolic blood pressure (SBP) 
and diastolic blood pressure (DBP) were measured with the 
participants seated in their wheelchair using an automated 
monitoring device (OMRON M3, OMRON Healthcare, 
Hoofddorp, The Netherlands) (Hansen et al. 2020).

Anthropometric measurements

Using a platform wheelchair scale (KERN EOB 300K100L, 
Balingen, Germany), body mass was measured with the par-
ticipant seated in their wheelchair and wearing light cloth-
ing. Body mass was then calculated by subtracting the mass 
of the wheelchair from the total mass of the wheelchair 
and participant. Waist circumference (WC) was measured 
in duplicate with non-elastic tape applied directly on the 
skin immediately below the lowest rib following a normal 
expiration, with participants in the supine position and arms 
by the side (Hansen et al. 2020). The same investigator per-
formed all measurement, blinded to the results obtained at 
the earlier visits.

Brachial artery resting diameter and FMD

Brachial artery FMD was assessed as recommended (Thijs-
sen et al. 2019), with all measurements performed by the 
same experienced operator.

Participants rested in the supine position for 10–15 min in 
a quiet, temperature-controlled room (range: 22.1–24.2 °C) 
before brachial artery examination was performed with the 
participant’s right arm extended and comfortably positioned 
at an angle of ~ 80° from the torso on an adjustable table. A 
rapid inflation and deflation (5 cm) pneumatic cuff (E20. 
Hokanson Inc., Bellevue, WA, USA) was placed on the right 
forearm immediately distal to the olecranon process to pro-
vide a stimulus to forearm ischaemia.

A 10 MHz multifrequency linear array ultrasound probe 
coupled to a high-resolution ultrasound machine (LOGIQ S8 
XDclear, GE Healthcare) was used to insonate the brachial 
artery in the distal one-third of the upper arm, with the ultra-
sound parameters set to optimize the longitudinal, B-mode 
images of the arterial wall-lumen interface. Baseline diame-
ter was recorded for ≥ 30 s prior to inflation of the pneumatic 
cuff. The cuff was then inflated for 5 min to ≥ 200 mmHg (at 
least 50 mmHg > systolic pressure to prevent arterial inflow). 
Immediately prior to deflation, diameter recordings resumed 
and continued for additional 3 min following cuff deflation. 
Insonation settings and occlusion pressures were kept con-
stant within participants across study visits.

Brachial artery lumen diameter was analyzed offline 
frame-by-frame using semi-automated edge-detecting and 
wall-tracking software (Medical Imaging Applications, 
LLC, Coralville, IA, USA), which is largely independent 
of investigator bias. Peak diameter following cuff release 
was automatically detected based on a 3-s rolling average. 
Baseline resting diameter was calculated as the mean of the 
30-s resting period. FMD was calculated as the absolute 
(mm) and relative (%) difference between peak and baseline 
diameter. In addition, an allometrically scaled FMD was cal-
culated to adjust for differences in resting baseline diameter 
(corrected FMD%) (Atkinson and Batterham 2013).

Cardiorespiratory fitness

Participants performed a graded exercise test to exhaustion 
(GTX) on an arm-crank ergometer (Monark 881E, Vans-
bro, Sweden) for determination of V̇O2peak using an open-
circuit metabolic cart (JAEGER, Vyntus CPX, Carefusion), 
as described in detail in the study protocol (Hansen et al. 
2020). After a brief warm-up with zero resistance, the test 
began at an individualized starting load (0–50 W) performed 
for 1 min, followed by an increase in workload every min 
(3.5 or 7 W/min) until volitional exhaustion (Eerden et al. 
2018). Starting load and magnitude of increment were kept 
constant within participants across study visits.

Heart rate and breath-by-breath V̇O2, carbon dioxide pro-
duction and minute ventilation were measured continuously 
throughout the test, with RPE noted at the end of each min. 
Gas exchange parameters were exported for offline analy-
sis, with the highest 30 s average reported as V̇O2peak and 
the highest power output that could be sustained for ≥ 30 s 
reported as  POpeak (Hansen et al. 2020).

Cardiometabolic blood biomarkers

After an overnight fast (≥ 10 h), approximately 50 mL of 
blood was drawn from the antecubital vein. Blood samples 
were aliquoted and stored at − 80 °C until analyses. For some 
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participants, blood sampling was performed on a separate 
day than the university laboratory visit (with a maximum 
of 4 days in between blood sampling and laboratory visit), 
whereas for others, blood sampling was performed immedi-
ately before arriving at the laboratory. Notably, each partici-
pants used the same procedure for all three (baseline, 6W, 
12W) visits. For participants allocated to UBROW, blood 
sampling was performed between 36 and 60 h after the last 
exercise session (both at 6W and 12W) to reduce any acute 
effects from the last exercise session on blood biomarkers.

Fasting levels of total cholesterol, HDL-C, TG, C-reactive 
protein (CRP), glucose, insulin, and glycated hemoglobin 
(HbA1c) were measured in a routine hospital laboratory 
accredited according to the DS/EN ISO 15189, and LDL-C 
was calculated using the Friedewaldt equation. The homeo-
stasis model assessment 2 of insulin resistance (HOMA2-
IR), pancreatic β-cell function (HOMA2-β), and insulin 
sensitivity (HOMA2-S) were calculated using the HOMA2 
calculator https:// www. dtu. ox. ac. uk/ homac alcul ator/.

Levels of tumor necrosis factor alpha (TNF-α) (V-PLEX 
kit K151A9H-1/K0081839) as well as soluble intercellular 
adhesion molecule-1 (sICAM-1) and soluble vascular cell 
adhesion molecule-1 (sVCAM-1) (V-PLEX kit K151A9H-1/
K0081821) were measured in plasma samples using chemi-
luminescence-based assays from Meso Scale Discovery 
(MSD, Gaithersburg, MD, USA) on EDTA plasma. Samples 
were run in singlets in two experiments, and analysis was 
done using a QuickPlex SQ 120MM instrument (MSD) and 
the DISCOVERY WORKBENCH® 4.0 software.

Endothelin-1 (ET-1) was analyzed using the Quantikine 
ELISA Endothelin-1 immune-assay (R&D, Abingdon, UK). 
EDTA plasma samples were run undiluted in singlets essen-
tially as described by the manufacturer. Assay controls were 
run in three levels (R&D, Abingdon, UK). According to the 
manufacturer, intra-assay CVs are 1.9–4% and inter-assay 
CVs are 5.3–7.6%. In our laboratory, we found inter-assay 
CVs of 1.5–3.5% (low and medium controls).

Statistics

Linear mixed model analyses were used to determine main 
effects of ‘time’ (baseline, 6W and 12W) and ‘time-by-
group’ interactions. Time, group, and the interaction were 
used as fixed factors for the model. Bonferroni-corrected 
post hoc tests were performed to account for multiple com-
parisons where appropriate. For the allometrically scaled 
FMD, the logarithmically transformed baseline and peak 
diameters were used to derive the diameter changes on 
the logged scale, which then were entered into a two-way 
ANCOVA, with ‘time’ and ‘group’, as fixed factors, and the 
logarithmically transformed baseline diameter as covariate. 

Corrected FMD values and SD were then back calculated 
from the estimated means and SE values, as recommended 
(Atkinson and Batterham 2013). Normal distribution of par-
ticipant characteristics (continuous data) was tested with the 
Shapiro–Wilk test. Chi-square, and independent t-tests (or 
Mann–Whitney U tests for non-normal data) were performed 
to determine group differences in categorical and continu-
ous baseline characteristics, respectively. Standardized effect 
sizes (Hedges’s g) for absolute change scores (12W-baseline) 
were calculated to determine the magnitude of difference in 
responses between groups, with the following thresholds: 
trivial (< 0.2), small (> 0.2), moderate (> 0.5), and large 
(> 0.8). Positive values of Hedges’s g indicate a favor of 
UBROW, while negative values suggest a favor of CON. 
Pearson’s correlations were used to explore potential asso-
ciations between changes (from baseline to 12 W) in circula-
tory endothelium-derived (sICAM-1, sVCAM-1, ET-1) and 
inflammatory (TNF-α, CRP) markers, and changes (from 
baseline to 12 W) in resting lumen diameter and FMD.

Statistical analyses were performed using SPSS (version 
27; IBM, Armonk, New York). Statistical significance was 
accepted at α < 0.05. In text and tables, values are means 
with SD, unless otherwise stated, with effects from baseline 
to 12W expressed as change scores (∆) and 95% confidence 
intervals (CI).

Results

This study was conducted during the COVID-19 pandemic, 
with national restrictions limiting the number of participants 
we were able to include. Accordingly, 15 out of 17 included 
participants at baseline completed the study (Fig. 1) and were 
characterized as shown in Table 1. All participants in UBROW 
(n = 8) completed the study, with an exercise session adherence 
rate of 92 ± 13%, with four out of eight participants complet-
ing all 36 sessions. Over the 12 weeks, the eight participants 
rowed an average of 28:42 ± 02:07 min per session, with an 
average distance of 4.1 ± 1.2 km per session. Power output 
and RPE averaged 42 ± 21 W and 15.8 ± 0.7, respectively, 
across all sessions. The average heart rate during the exercise 
(n = 7) reached 130 ± 12 bpm, corresponding to 83 ± 3% of 
participant’s individual peak heart rate  (HRpeak). For one par-
ticipant (AIS: B, NLI: C6), heart rate did not increase above 
100–115 bpm during either the GTX or the first rowing ses-
sions. Thus, exercise intensity was solely quantified based on 
RPE for this participant.

There were no differences between groups at baseline 
(P ≥ 0.079; Table 1). There were no smokers in any of the 
groups, and all female participants were menopausal or post-
menopausal at the time of enrollment.

https://www.dtu.ox.ac.uk/homacalculator/
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V̇O2peak and POpeak

For absolute V̇O2peak (P < 0.001) and relative V̇O2peak 
(P < 0.001), we found significant time-by-group interactions. 
Post hoc tests revealed that absolute V̇O2peak increased from 
baseline to 6W (P = 0.011) and 12W (P < 0.001; ∆186 mL/
min; 95% CI 79–292 mL/min; g = 2.04) in UBROW, with no 
changes in CON. Relative V̇O2peak increased from baseline to 
6W (P < 0.001) and 12W (P < 0.001; ∆2.4 mL/kg/min; 95% CI 
0.9–3.9 mL/kg/min; g = 2.03) in UBROW, whereas CON had 
a significant reduction from baseline to 6W (P = 0.041), but 
not at 12W (Fig. 2a, b). There was a significant time-by-group 
interaction for  POpeak (P < 0.001). Post hoc tests showed that 
 POpeak increased from baseline to 6W (P < 0.001) and 12W 
(P < 0.001; ∆17 W; 95% CI 10–24 W; g = 2.44) in UBROW, 
with no changes in CON (Fig. 2c, d).

Anthropometrics and arterial blood pressure

Body mass, SBP, or DBP revealed no time-by-group interac-
tions or main effect of time (Table 3). There was a tendency 

Fig. 1  Consolidated Standards 
of Reporting Trials (CON-
SORT) flow diagram. UBROW 
upper-body rowing exercise, 
CON control, 6W 6-week, 12W 
12-week

Table 1  Baseline characteristics of participants who completed the 
study

Values are n, or mean ± SD
CON Control, UBROW Upper-body rowing exercise, M Male, F 
Female, BMI Body mass index, AIS American Spinal Injury Associa-
tion Impairment Scale, NLI Neurological level of injury

CON (n = 7) UBROW (n = 8)

Sex, M/F 3/4 5/3
Age, yr 50 ± 13 50 ± 4
Height, m 1.74 ± 0.10 1.75 ± 0.15
Body mass, kg 77.1 ± 18.8 86.7 ± 12.5
BMI, kg/m2 25.6 ± 6.6 28.6 ± 5.7
V̇O2peak, mL/kg/min 16.8 ± 6.1 15.1 ± 5.1
Injury
 AIS A-B 4 4
 AIS C-D 3 4
 NLI C4-L3 C6-L2
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for a time-by-group interaction (P = 0.061) for WC, with no 
main effect of time (Table 3).

Blood biomarkers

For sICAM-1, we found a significant main effect of time 
(P < 0.001), with no time-by-group interaction (Table 2), 
whereas ET-1 levels revealed a tendency for a time-by-
group interaction (P = 0.078), with no main effect of time. 
There were no time-by-group interactions or main effects 
of time for the other vascular injury or inflammatory risk 
markers (sVCAM-1, CRP, TNF-α) (Table 2). HOMA2-β 
levels showed a significant time-by-group interaction 
(P = 0.04) (Table  3), and post hoc tests revealed that 
HOMA2-β increased from baseline to 6W (P = 0.012) and 
12W (P = 0.017) in CON, with no changes in UBROW. 
There was a significant main effect of time for fasting 
glucose (P = 0.018), with no time-by-group interaction, 
while no time-by-group interactions or main effects of 
time were observed for the other cardiometabolic risk 
markers (Table 3). Due to a missing blood sample from 
one participant, results of some biomarkers (Table 3) are 
from n = 6 in CON.

Brachial artery resting diameter and FMD

Due to technical issues with the ultrasound machine, there 
are missing recordings of post-deflation diameter (and thus 
FMD) at baseline for two participants in CON and one partici-
pant in UBROW (Fig. 3 and Table 2). There was a significant 

time-by-group interaction for resting brachial artery lumen 
diameter (P = 0.016). Post hoc tests revealed increased rest-
ing diameter from baseline to 12W (P = 0.005; ∆0.28 mm; 
95% CI 0.05–0.53 mm; g = 1.34) in UBROW, with no changes 
at 6W, and no changes in CON, Fig. 3a, b. There were no 
time-by-group interactions or main effects of time for absolute 
(Table 2) and relative FMD (Fig. 3c, d), or corrected FMD% 
(Table 2).

Associations between resting diameter 
and FMD, and inflammatory and vascular 
endothelium‑derived blood biomarkers

We found a significant inverse correlation (r = − 0.56, 
P = 0.036, n = 14) between the changes in ET-1 from baseline 
to 12W (∆12W-baseline) and the changes (∆12W-baseline) 
in resting brachial artery lumen diameter. There was a sig-
nificant, inverse correlation (r = − 0.60, P = 0.049, n = 11) 
between the ∆12W-baseline in ET-1 and the ∆12W-baseline 
in FMD%. There were no correlations between the changes in 
resting lumen diameter or FMD% and the changes in sICAM-
1, sVCAM-1, TNF-α, and CRP (P ≥ 0.238).

Discussion

In this study, we demonstrate that 12 weeks of upper-body 
ergometer rowing exercise increases cardiorespiratory fit-
ness and resting brachial artery lumen diameter, with no, 
or only modest, effects on traditional cardiometabolic risk 

Fig. 2  Group mean and individ-
ual data on V̇Ȯ2peak and  POpeak 
in CON (a, c) and UBROW (b, 
d), at baseline (BL) and at 6W 
and 12W. *Significantly differ-
ent from baseline (P < 0.05). 
#Significantly different from 
baseline (P ≤ 0.001)
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factors. Notably, whilst aerobic fitness  (POpeak and V̇O2peak) 
improved within the first 6 weeks, our findings also indicate 
that 12 weeks of moderate-to-vigorous intensity upper-body 
rowing exercise, complying with the current exercise guide-
lines, are required for increasing diameter of the brachial 
artery supplying the active limbs of wheelchair users with 
SCI.

Cardiorespiratory fitness

The increase in aerobic fitness, as reflected by enhanced V̇
O2peak and  POpeak, in UBROW aligns with the current evi-
dence suggesting that upper-body exercise training improves 
aerobic fitness level in individuals with SCI (Eitivipart et al. 
2019). At 12W, V̇O2peak and  POpeak were increased relative 
to baseline in UBROW by 16 and 27%, respectively. Such 
improvements in aerobic fitness are larger than reported 
(~ 10%) by other studies, in individuals with SCI, using a 
similar duration (12 weeks) and weekly volume (90 min) 
of moderate-to-vigorous intensity arm-cranking exer-
cise (Rosety-Rodriguez et al. 2014; El-Sayed and Youne-
sian 2005). Possibly, the involvement of a relatively large 
muscle mass of the upper-body when rowing (Troy 2011) 
may have imposed a cardiovascular challenge that stimu-
lated greater adaptations in cardiorespiratory fitness. As a 
novel contribution, we demonstrated an approximately 10% 
improvement in V̇O2peak within the first 6 weeks, which 
provide new information about the time-dependent adap-
tations in cardiorespiratory fitness among individuals with 
SCI. Although cardiorespiratory fitness is not considered a 
traditional risk factor for cardiometabolic diseases (Wilson 
et al. 1998; Grundy et al. 2005), there is a strong inverse 

association between V̇O2peak and all-cause mortality in able-
bodied (Blair et al. 1989). Therefore, the improvements in 
V̇O2peak in this study may have led to substantial CVD risk 
reduction that was not accounted for via the traditional risk 
factors. According to the principle of specific adaptations 
to imposed demands, improvement in V̇O2peak would likely 
have exceeded the reported 16% increase if the GTX had 
been performed on the rowing ergometer. However, the arm-
crank ergometer (unspecific exercise modality) was chosen 
for the GTX to ensure that both groups were equally famil-
iarized with the test modality. This approach allows us to 
interpret the increases in  POpeak and V̇O2peak in UBROW 
as improvements in exercise capacity and cardiorespiratory 
fitness, respectively, due to physiological adaptations, and 
not merely due to a ‘learning’ effect.

Traditional cardiometabolic risk factors

Consistent with the existing literature (Farrow et al. 2020; 
Nightingale et al. 2017a; Zepetnek et al. 2015), we did not 
observe any improvements in traditional cardiometabolic 
blood biomarkers (e.g., lipid profile, glycemic control), 
body mass, or resting arterial blood pressure following the 
12-week exercise intervention. Due to the lack of involve-
ment of the large muscle groups in the lower extremi-
ties when performing isolated upper-body exercise, it is 
possible that the absolute energy expenditure during the 
exercise sessions was insufficient in creating a negative 
energy balance eliciting meaningful reductions in body 
mass (Donnelly et al. 2009) and blood biomarkers, such 
as lipid profile (Mann et al. 2014). One solution could 
be to raise the rate of energy expenditure (i.e., exercise 

Fig. 3  Group mean and indi-
vidual data on resting brachial 
artery lumen diameter and the 
unadjusted relative change in 
brachial artery diameter from 
baseline (FMD%) in response 
to 5 min ischemia in CON (a, c) 
and UBROW (b, d), at baseline 
(BL) and at 6W and 12W. 
#Significantly different from 
baseline (P ≤ 0.01). Note that 
for FMD%, n = 5 in CON and 
n = 7 in UBROW
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intensity) (Nightingale et al. 2017b) compared with the 
currently recommended ‘moderate-to-vigorous’ inten-
sity (Ginis et al. 2018). However, the average RPE and 
%HRpeak across the 12 weeks confirmed that participants 
in this study exercised with ‘vigorous’ intensity according 
to SCI-specific intensity classifications (Hutchinson and 
Goosey-Tolfrey 2022). Hence, a longer duration and/or 
larger volume of moderate-to-vigorous intensity exercise 
than recommended (Ginis et al. 2018) may be required for 
providing a sufficient stimulus for meaningful changes in 
traditional risk factors. Alternatively, the lack of effect of 
upper-body rowing on traditional risk factors may simply 
be a consequence of the relatively healthy cohort partici-
pating in this study. According to criteria of The Ameri-
can Heart Association (AHA)/National Heart, Lung, and 
Blood Institute (NHLBI) (Grundy et al. 2005), and SCI-
specific criteria for abdominal obesity (WC) (Ravensber-
gen et al. 2014), only two of our participants (both from 
UBROW) met the clinically classification for the meta-
bolic syndrome at baseline, thereby limiting the ‘window’ 
for improvement. Future studies may consider including 
a homogenous group of participants with the metabolic 
syndrome to elucidate the potential of upper-body rowing 
on lowering cardiometabolic risk in this population.

Notwithstanding the lack of effects of upper-body rowing 
on traditional risk factors, we did, however, find a tendency 
for a time-by-group interaction for the cardiometabolic risk 
factor, WC. The absolute change in WC (∆ − 5.7 cm) and 
large effect size (g = − 0.86) indicate that upper-body rowing 
evoked a clinically relevant reduction in abdominal adipos-
ity. This finding is consistent with current evidence sug-
gesting that upper-body aerobic exercise elicits reductions 
in WC (Farrow et al. 2020). Considering the clinically rel-
evant reduction in abdominal adiposity, despite only a mod-
est reduction in body mass (∆ − 1.2 kg, g = − 0.59), could 
indicate that upper-body rowing may have led to changes in 
body composition through accretion in lean mass. However, 
direct measurements of body composition via dual energy 
X-ray absorptiometry scans or magnetic resonance imaging 
are required to test this hypothesis.

Brachial artery resting diameter and FMD

Cross-sectional studies in wheelchair athletes and able-
bodied controls have provided indirect evidence suggesting 
that regularly performed upper-body exercise is associated 
with localized increases in resting conduit artery diameter 
of the upper-extremities (Rowley et al. 2012; Huonker et al. 
2013; Stoner et al. 2006). Complying with the previous exer-
cise guidelines (2011) for individuals with SCI, Zepetnek 
(2015) reported that 16 weeks of 40 min/week of moderate-
to-vigorous intensity aerobic exercise did not induce changes 
in brachial artery function (FMD) or structure (resting 

diameter). Results from the current study therefore extends 
the existing literature by demonstrating that 12 weeks of 
upper-body rowing exercise, complying with the current 
(2018) guidelines, increases resting brachial artery diameter.

Taken together, these results provide evidence for a criti-
cal role of exercise dose for vascular adaptations and imply 
that 90 min of moderate-to-vigorous intensity upper-body 
exercise weekly provides an adequate exercise stimulus for 
adaptations in the vasculature of the active upper-limbs in 
individuals with SCI.

A strength of this study is that we assessed the effects 
of the exercise intervention after 6 weeks allowing us to 
describe the time course of adaptations. This may be par-
ticularly important for vascular adaptations, as changes in 
vascular function may be rapid and short-lived (Green et al. 
2017). However, we did not observe changes in vascular 
function at either 6W or 12W, neither when expressed as 
unadjusted FMD or when corrected for the potentially con-
founding influence of resting diameter (corrected FMD%). 
As initial improvements in vascular dilator function is 
thought to precede structural adaptations (Laughlin 1995), 
it raises the question whether early increases in FMD may 
have occurred, but remained undetected at the 6W and 12W 
time points. In support, Tinken et al. (2008) demonstrated 
different time courses for adaptations to vasodilator function 
and structure in response to 8 weeks of exercise training in 
able-bodied. In their study (Tinken et al. 2008), brachial 
artery FMD increased from baseline to week 2 and week 
4, whereas FMD returned toward baseline levels again by 
week 6 and 8 when structural adaptations started to occur. 
As we assessed FMD in the already well-conditioned upper-
limbs resulting from years of wheelchair use, it may also be 
that vascular function was already enhanced in our cohort of 
individuals with SCI, consistent with reports of comparable 
or even decreased FMD of able-bodied elite athletes, relative 
to sedentary controls (Green et al. 2013b). Alternatively, 
the absence of adaptation in brachial artery function may 
relate to the vigorous intensity performed throughout the 
intervention. While moderate intensity exercise might confer 
acute improvements in NO-mediated endothelial function 
and reductions in oxidative stress (Goto et al. 2003; Daw-
son et al. 2013), high intensity exercise has been associated 
with heightened levels of reactive oxygen species (Johnson 
et al. 2012; Goto et al. 2007) that potentially may blunt some 
of the vascular benefits of exercise, including FMD (Green 
et al. 2017; Dawson et al. 2013). Such an effect of vigor-
ous intensity exercise on the vascular wall may also help 
explain why upper-body rowing did not elicit improvements 
in inflammatory or vascular adhesive molecules.

We observed a tendency for the vasoconstrictor ET-1 to 
increase throughout the intervention in CON. In addition to 
the effects on vascular tone, ET-1 is implicated in the devel-
opment of atherosclerosis through stimulation of vascular 
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smooth muscle cell proliferation (Komuro et al. 1988). Nota-
bly, exercise training has been shown to decrease plasma lev-
els of ET-1 in healthy able-bodied individuals (Maeda et al. 
2001; Nyberg et al. 2014), and oppose the age-related eleva-
tion in plasma ET-1 and normalize plasma levels of ET-1 in 
individuals with essential hypertension (Nyberg et al. 2013). 
Therefore, attenuation of ET-1 through exercise training may 
be a candidate to explain part of the cardioprotective effects 
of exercise that is not accounted for by modifications of tra-
ditional risk factors in individuals with SCI.

There were significant, inverse associations between the 
changes in plasma levels of ET-1, and the changes in FMD 
and resting diameter. While structural (outward) remode-
ling of the brachial artery may explain part of the increase 
in resting diameter, the significant inverse association 
between changes in resting brachial artery lumen diameter 
and changes in circulating ET-1 suggests that altered vaso-
constrictor activity may also contribute to increased resting 
brachial artery diameter following exercise in individuals 
with SCI.

Finally, given that a change in autonomic nervous system 
function has been proposed as a candidate to explain some 
of the excess beneficial effects of exercise (Joyner & Green 
2009), it is possible that the intervention may have induced 
additional cardioprotective effects that were not captured 
in the present study. Future exercise studies in individuals 
with SCI should therefore consider including an assessment 
of autonomic nervous system function, such as heart rate 
variability or baroreflex sensitivity (Joyner and Green 2009), 
and quantify such neural effects according to varying levels 
of neurological injury.

Methodological considerations

Increased resting conduit artery diameter has been inter-
preted as indicative of structural remodeling (Dinenno et al. 
2001; Rowley et al. 2012). A limitation of this interpreta-
tion is that resting arterial diameter is susceptible to factors 
that may influence vascular tone, such as sympathetic activ-
ity and local endothelium-dependent vasoconstrictors and 
vasodilators. To minimize the potential influence of some 
of these confounders, we followed expert recommenda-
tions (Thijssen et al. 2019) about standardizing participant 
preparation (e.g., avoiding caffeine, no prior exercise, and 
a certain period of rest) and protocol (e.g., cuff position, 
inflation pressure, and ischemic period). Nevertheless, it is 
a limitation that we did not include a measure of sympa-
thetic nerve activity, such as the skin sympathetic response 
to nerve stimulation.

In this study, brachial artery FMD was included as an 
explorative outcome. Nonetheless, the lack of measurement 
of red blood cell velocity required for shear rate calculation 
presents a limitation, as shear rate (or shear stress) represents 

the stimulus for post-deflation vasodilation (Pyke and Tscha-
kovsky 2007).

To delineate any contribution from endothelium-depend-
ent vasoconstrictors to vascular tone, and thus resting diam-
eter, we measured plasma levels of ET-1 and found a ten-
dency for a time-by-group interaction for ET-1. Accordingly, 
we cannot exclude that elevated levels of ET-1 may have 
contributed to increased vascular tone in CON and thus 
influenced resting artery diameter, which is supported by 
the inverse association between changes in resting brachial 
artery lumen diameter and changes in circulating ET-1. 
Moreover, it is possible that other endothelium-derived con-
stricting factors, such as angiotensin II, may have influenced 
vascular tone (Thijssen et al. 2008).

The relatively small, heterogeneous group of individuals 
with SCI presents a limitation, which may have increased 
the risk for type II errors. Even though there were significant 
changes in V̇O2peak,  POpeak, and resting brachial artery diam-
eter, it is possible that the study was underpowered to detect 
changes in outcomes with smaller magnitude of change. 
However, only trivial to moderate effect sizes were evident 
between groups for the majority of cardiometabolic blood 
biomarkers, suggesting that the conclusion likely would 
not be substantially different with inclusion of additional 
participants. Despite the relatively small sample size, the 
inclusion of the control group is a considerable strength, as 
this allowed discriminating a ‘true effect’ of the intervention 
from any inherent variability in outcome measures and natu-
ral time course changes over 12 weeks in this population.

Despite challenges with logistics of conducting a 
12-week, supervised exercise intervention during COVID-
19 (e.g., that group training was not allowed), participant 
retention was high. In fact, 15 out of the 17 participants 
included at baseline completed the study. Notably, all par-
ticipants in UBROW completed the study, which is remark-
able considering the completion rates reported in previous 
exercise training studies in this population (Ginis and Hicks 
2005). In addition, the exercise adherence rate was high, 
which constitutes an important finding when evaluating the 
feasibility of upper-body rowing as an alternative to existing 
upper-body exercise modalities (arm-cranking, wheelchair 
propulsion, handcycling).

Conclusions

This randomized controlled study provides new evidence 
that 12 weeks of upper-body ergometer rowing exercise, 
complying with the current exercise guidelines, improves 
cardiorespiratory fitness and increases resting brachial artery 
diameter, in individuals with SCI. In contrast, there were 
no, or only modest, effects of the exercise training on risk 
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factors traditionally associated with cardiometabolic dis-
eases. Finally, considering the associations between changes 
in plasma levels of ET-1 and changes in brachial artery rest-
ing diameter and FMD, further studies are needed to inves-
tigate the potential cardioprotective role of exercise through 
attenuation of ET-1 in individuals with SCI.
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