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Purpose: To summarize the available maximal and submaximal aerobic exercise tests for 29 

wheelchair-dependent persons with a spinal cord injury and to identify useful applications for 30 

clinical rehabilitation.  31 

Method: The databases of PubMed, CINAHL®, EMBASE and PsycINFO® were searched for 32 

English-language studies published prior to March 2015. Two independent raters identified 33 

and examined studies that reported on laboratory-based aerobic exercise tests in persons with 34 

a spinal cord injury, according to the PRISMA statement.  35 

Results: The test protocols of maximal (n = 105) and submaximal (n = 28) exercise tests, 36 

covered by 95 included studies, were assessed. A large variety in patient characteristics, test 37 

objectives, test protocols, exercise modes and outcome parameters was reported. Few studies 38 

reported on adherence to recommendations, adverse events and peak outcome validation. 39 

Conclusion: An incremental test protocol with small, individualized, increments per stage 40 

seems preferable for testing maximal aerobic capacity, but additional validation of the 41 

available test modes is required to draw conclusions. Submaximal testing is relevant for 42 

assessing the performance at daily life intensities and for estimating VO2peak. Consensus 43 

regarding reporting test procedures and outcomes needs to be achieved to enhance 44 

comparability of rehabilitation results.   45 

 46 

Keywords: cardiopulmonary exercise test; rehabilitation outcome; wheelchair; upper 47 

extremity; spinal cord injuries. 48 

49 



3 
 

INTRODUCTION 50 

Individuals with a spinal cord injury (SCI) have difficulties to engage in physical activities 51 

since they experience poor accessibility and fewer opportunities to be physically active. As a 52 

result, these persons often show lower physical activity levels when compared with 53 

ambulatory individuals and, consequently, are at risk for the development of medical 54 

complications (1-3). Increasing the aerobic capacity of persons with a SCI during 55 

rehabilitation is essential for the prevention of low physical fitness levels (4). In order to 56 

monitor and optimize effects of rehabilitation training it is recommended to quantify changes 57 

in the aerobic capacity of patient with SCI during rehabilitation (5). To do so, it is important 58 

that the characteristics of the available aerobic exercise tests for individuals with a SCI are 59 

explored and judged on their applicability in the rehabilitation practice. The current review 60 

will therefore summarize the available maximal and submaximal exercise tests for 61 

wheelchair-dependent persons with a SCI.  62 

Over the past few decades, a variety of different upper-body exercise testing modes 63 

and protocols has been conducted in the SCI population. As indicated in the study of Valent et 64 

al. (2007), differences in exercise test designs to measure physical capacity might influence 65 

the test results. The validity of the reported improvements in peak oxygen uptake (VO2peak) 66 

and peak power output (POpeak) after training is therefore questionable (6). The VO2peak and 67 

POpeak parameters are, according to the American College of Sports Medicine (ACSM), 68 

considered to be the gold standard for indicating a persons’ peak physical capacity (7, 8). The 69 

disparity in testing protocols and outcomes hampers the process of interpreting findings, 70 

makes it difficult to compare trends across studies, and impedes generalization of the results 71 

to the larger SCI population (9). At the same time, the implementation of evidence-based 72 

practice in SCI health care has become increasingly important over the past ten years. 73 

Furthermore, as pointed out by De Groot et al. (2010), there is a strong basis for 74 
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implementing standardized tests in SCI rehabilitation centers, which emphasizes the practical 75 

possibilities of the development of a standardized aerobic exercise test (5). These findings 76 

emphasize the necessity of a thorough evaluation of the available aerobic exercise test for 77 

people with a SCI, as a first step towards the development of standardized testing.   78 

Regular testing a patient with SCI throughout the rehabilitation process with a 79 

standardized aerobic exercise test can provide very valuable information. It enables 80 

rehabilitation professionals to monitor and evaluate the patients’ progress and to make 81 

specific adjustments in the training program. This adequate training will support patients in 82 

the performance of daily life activities, which is an important goal for rehabilitation, and it 83 

would contribute to improve rehabilitation outcomes (4, 5). In order to develop evidence-84 

based exercise and fitness monitoring in rehabilitation practice, a first step is to explore the 85 

available aerobic testing protocols that have been applied in the SCI population. Therefore, 86 

the aims of this systematic review are to summarize the available maximal and submaximal 87 

aerobic exercise tests for wheelchair-dependent persons with a SCI (i) and to identify useful 88 

applications for clinical rehabilitation (ii).  89 

 90 

METHODS 91 

 92 

Search strategy 93 

This systematic review was conducted in accordance with the recommendations of PRISMA 94 

(Preferred Reporting Items for Systematic Reviews and Meta-analysis) (10). The electronic 95 

databases of PubMed, CINAHL®, EMBASE and PsycINFO® were systematically searched on 96 

studies published prior to May 2013. An updated search was performed in March 2015 and 97 

May 2016, by using the same search strategy. A comprehensive search strategy was built, 98 
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consisting of a combination of database-specific MeSH terms, free text, ‘wild cards’ (words 99 

truncated by using “*”) and Boolean operators (“AND”, “OR”, “NOT”). The search was 100 

structured into three parts, with the first part concerning population keywords (spinal cord 101 

injury, paraplegia, tetraplegia, wheelchair). The second part of the search strategy refers to 102 

studies about wheelchair propulsion-related aerobic exercise tests. The used keywords were 103 

exercise test, maximal, submaximal, physiologic fitness and training. For the third part of the 104 

search, that covered the possible outcome measures of exercise tests, keywords were i.e. 105 

oxygen consumption, power output and heart rate. All three parts of the search were 106 

combined using the Boolean operator “AND”. Retrieved papers (n = 1211) were combined in 107 

a single database and duplicates (n = 191) were removed.  108 

 109 

Study selection  110 

In order to be included in the current review, studies had to meet the following criteria: (1) 111 

>80% of the experimental study group has a SCI, (2) a laboratory-based aerobic exercise test 112 

is included, (3) and a description of the initial settings and stages of the testing protocol is 113 

provided. Exclusion of studies occurred if they only reflected on anaerobic testing, body 114 

weight support training, respiratory training, functional electrical stimulation, quality of life 115 

assessment, body temperature examination, activities of daily living, electromyography, 116 

electrocardiography, homeostatic processes or metabolic responses, since these outcomes 117 

were not directly related to physical capacity. Additionally, any other type of article than an 118 

experimental or observational research article was excluded, including a review of the 119 

literature or a comment to the editor.  120 

 121 

Screening 122 
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The flow diagram of literature searches and results is shown in figure 1. After removing 123 

duplicates, 1020 articles were identified. In the first and second screening stage, two authors 124 

(RD and SE) independently screened the titles and abstracts respectively, according to 125 

inclusion and exclusion criteria. In case of persisting disagreement during any of these two 126 

assessment phases, a third observer (FJH) gave a binding verdict. Agreement between the 127 

authors during the title- and abstract assessment phase, expressed with Cohens Kappa, was κ 128 

= 0.572 and  κ = 0.487 (p < 0.001) respectively. Full agreement (100%) was achieved during 129 

a consensus meeting that was held for each phase. Ninety-six articles were retained for full 130 

text assessment, but nine of these 96 articles were unavailable despite several attempts of the 131 

authors to retrieve them. In the second screening stage, 87 articles were read by RD and SE 132 

and were included when both reviewers felt they met all the inclusion criteria. Subsequently,  133 

24 were excluded based on these inclusion criteria. Respectively three and four more articles 134 

were included after the updated searched in March 2015 and May 2016. Additionally, 25 135 

eligible articles were found after checking the reference lists. A total of 95 articles were rated 136 

as eligible to be included for review.  137 

 138 

Insert figure 1. 139 

 140 

Data extraction 141 

The three authors together established a data extraction form. Author SE completed these data 142 

extraction forms for the included 95 studies accordingly. Relevant study characteristics were 143 

extracted and described: (i) population characteristics, (ii) the test protocol used to conduct 144 

the aerobic exercise test and termination guidelines referred to, (iii) the criteria used to 145 

determine maximal performance, (iv) adverse events during testing and (v) key measurement 146 
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outcomes reported, namely oxygen uptake, power output, respiratory exchange ratio and heart 147 

rate.  148 

 149 

RESULTS 150 

 151 

A total of 89 incremental maximal exercise tests, 14 intermittent maximal exercise tests, 2 152 

constant load maximal exercise tests and 28 submaximal exercise tests were conducted among 153 

the 95 included studies. The extracted study and population characteristics are shown in Table 154 

1. Table 2 and 3 present the protocol details and outcomes for the maximal aerobic tests and 155 

submaximal aerobic tests, respectively.  156 

 157 

Insert table 1.  158 

 159 

Patient characteristics 160 

Based on 95 articles, a total of 2,725 participants were included in the analysis. The number 161 

of participants included in a study ranged from 1 (33) to 185 (4). Mean age ranged from 24 162 

(33, 66) to 50.0 (50) years. Most studies included more men than women, but 46 studies 163 

included only men. Mean time since injury (TSI) ranged from 78 days (52) to 28.7 years (25) 164 

and lesion level ranged from C1 (82) to S2 (43, 45). Forty-four studies included only persons 165 

with a paraplegia, whereas 10 studies only included persons with a tetraplegia. Forty studies 166 

described both persons with a tetraplegia and paraplegia. One study did not report on the 167 

lesion level of the included participants. Completeness of the injury was assessed in 67 of the 168 

95 studies. A total of 46 of these 95 studies included both subjects with a complete and 169 

incomplete lesion, whereas 21 studies included solely persons with a complete lesion. The 170 
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reported fitness of the participants ranged from persons with a low physical fitness status 171 

(rehabilitants, sedentary, untrained and inactive people) to persons with a high physical fitness 172 

status (athletes, active, trained people).  173 

 174 

Study designs 175 

In the majority of the included studies, a single measure design was applied (n = 44). Twenty-176 

two studies were registered as a pre-post training design, whereas 17 studies conducted 177 

repeated measures. Nine studies applied a prospective cohort design, of which eight studies 178 

were the result of the cohort study titled ‘Physical strain, work capacity, and mechanisms of 179 

restoration of mobility in the rehabilitation of persons with spinal cord injuries’. Other study 180 

designs were registered as well, including a randomized controlled trial (n = 2) and a case 181 

study (n = 1). Sixteen of the included studies included a control group in the study design, 182 

which consisted of either persons with a SCI (n = 3) or able-bodied persons (n = 13). The 183 

remaining 79 studies did not include a control group.  184 

 185 

Test objectives 186 

The main test objectives identified for the aerobic exercise tests were to determine 187 

physiological responses (max: n = 48, submax: n = 8), to assess the effect of training or 188 

rehabilitation on physical capacity (max: n = 26, submax: 5) or to describe the relationship 189 

between two parameters (max: n = 13, submax: 4). Other identified objectives were to screen 190 

for contraindications for training (max: n = 1), to determine VO2peak for additional training or 191 

testing protocols (max: n = 2), to examine the reliability of the six-minute push test (max: n = 192 

1) and a graded submaximal test (submax: n = 1), to determine measurement properties of 193 

fitness measures (n = 1), to determine increments per stage for a subsequent maximal test 194 

(submax: n = 1) or to determine the a steady state submaximal performance submax: n = 1). 195 
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The test objective of seven submaximal tests was not reported.  196 

 197 

Exercise modes 198 

In 52 of the 105 performed maximal exercise tests, an arm crank ergometer was used to 199 

conduct the exercise test. The wheelchair ergometer was used in 44 tests and the hand cycle in 200 

6 tests. Other identified exercise modes were supine arm crank ergometry (n = 1), arm 201 

tracking, which is a dual action exercise ergometer, (n = 1) and seated double poling 202 

ergometry (n = 1). For conducting the 28 submaximal exercise tests, wheelchair ergometry (n 203 

= 13) and arm crank ergometry (n = 10) were used, as well as the hand cycle (n = 3), supine 204 

arm crank ergometry (n = 1) and seated double poling ergometry (n = 1).  205 

When relating the identified aerobic fitness indications to the used exercise modes, it 206 

appears that active or trained participants were involved in 35% of the studies that used 207 

wheelchair ergometry, rehabilitants in 30% of these studies, athletes in 21% and inactive or 208 

untrained participants in 5% of these studies. The aerobic fitness indication was not reported 209 

in 9% of the studies. For the arm crank ergometry, somewhat similar results were found, but 210 

fewer rehabilitants were involved in these studies (14%) and a higher number of studies did 211 

not reported on aerobic fitness indication (29%). For hand cycling studies, active participants 212 

(67%) and rehabilitants (33%) performed the exercise tests.  213 

 214 

Insert table 2.  215 

 216 

Test protocols 217 

A warm-up was performed prior to the actual test protocol in 42 maximal exercise tests and 218 

six submaximal exercise tests. The warm-ups had a duration of one to five minutes and were 219 
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performed at zero or low resistance loads. The reported propulsion speed ranged from 3 to 8.5 220 

km/h or 50-60 rpm.  221 

 For most maximal exercise test protocols, the time to exhaustion varied between six to 222 

15 minutes. The shortest time to exhaustion was found in the study of Lasko-McCarthy & 223 

Davis (1991), in which the tests was ended after 4.51 minutes (69). The study of McLean et 224 

al. (1995) reported the longest time to exhaustion of over 20 minutes (78). This study 225 

involved an intermittent maximal test protocol in which exercise periods were alternated with 226 

80 seconds rest periods.  227 

 Three different maximal test protocols was used, namely incremental, intermittent and 228 

constant load maximal exercise tests. These protocols will now be further described, as well 229 

as the test protocols of submaximal exercise tests.  230 

Incremental maximal exercise tests. Four different test protocols were described for the 89 231 

incremental tests. Most of these tests (n = 68) increased activity by increasing loads or 232 

resistance. The size of these increments ranged from 3 to 15W per 1 to 3 minutes for tests 233 

conducted with a wheelchair ergometer. For the tests using arm crank ergometry and hand 234 

cycling, step sizes ranged from 2W to 30W with step duration ranging from 1 to 3 minutes. 235 

Several studies used different incremental steps, depending on the participants’ lesion level 236 

(20, 50, 57, 67-69, 74, 81, 82, 84, 94, 98). Participants were instructed to keep up with a 237 

certain speed, which was set at 2-5 km/h for the majority of wheelchair ergometry test and at 238 

50-60 rpm for tests conducted with arm crank ergometry.  239 

 Other studies described a test protocol in which physical demands were increased by 240 

slope gradient inclination (n = 12). Most of these studies using such a protocol applied the 241 

protocol as described by Kilkens et al. (2004) (105). This protocol involves starting at a 242 

propulsion speed of 2, 3 or 4 km/h, depending on the lesion level, and increments in slope 243 

gradient of 0.36° per minute. Eight studies used a protocol similar to the protocol used in the 244 
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studies of Gass and colleagues (41-43). This protocol describes an increment in speed until a 245 

certain speed was reached. Subsequently, load was added or slope gradient was increased in 246 

order to increase the physical demands. One study used a speed-graded protocol (13). 247 

Intermittent maximal exercise tests. The physical demands in all 14 intermittent test protocols 248 

were increased by increments in load per stage. The increments were mostly between 2W and 249 

10W, but two studies reported on increments of 15W per stage (78, 86). The propulsion speed 250 

was comparable to the incremental test protocols, with 3-8 km/h for tests performed in a 251 

wheelchair ergometer or hand cycle and 50-70 rpm for tests that used arm crank ergometry. In 252 

all intermittent protocols, the period of exercise was longer (2-4 min) than the period of rest 253 

(30s - 3 min). The rest period allowed for blood lactate, blood pressure and RPE 254 

measurements (14, 31, 54, 86). Two studies applied an intermittent protocol because it 255 

prevents for arm fatigue and would therefore result in higher peak aerobic values (34, 35). 256 

Constant load maximal exercise tests. In the two studies that used wheelchair ergometry, no 257 

increments per stage were applied but participants had to propel at a maximal tolerated 258 

constant load, while keeping a speed of 4.5 or 5.5 km/h (66, 88). 259 

Submaximal exercise tests. Two types of submaximal test protocols were identified: those 260 

with increments in physical demands (20 tests) and those without increments (8 tests). The 261 

physical demands were increased by adding load (11 tests), increasing the slope gradient with 262 

0.36° (7 tests), or increasing heart rate with 15 bpm or 20%HRmax (2 tests). Load increments 263 

ranged from 5 to 30W, or were set at 20%POest, 30% of Maximal Tolerated Power (MTP) or 264 

75 kpm. The number of stages varied among the submaximal tests. The protocol of six tests 265 

consisted of one stage, 11 tests applied two stages of exercise in the test protocol, seven tests 266 

included three stages and four tests consisted of five or six stages. Stage duration ranged from 267 

2 to 7 minutes and these stages of exercise were alternated with periods of 1 to 12 minutes 268 

rest in 11 of the 28 submaximal protocols.  269 
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 270 

Insert table 3.  271 

 272 

Adherence to guidelines 273 

Pre-test screening procedures were reported by 35 studies. The screening was usually 274 

performed by a physician and involved medical examination, an ECG and spirometry. Other 275 

reported procedures were conducting a health questionnaire or obtaining a medical history. 276 

Five studies referred to the ACSM guidelines and one study referred to the American 277 

Thoracic Society for pre-test screening procedures (14, 21, 32, 65, 91). 278 

 There were two reasons identified to terminate a maximal exercise test: when a patient 279 

becomes symptomatic and when the patient has reached maximum effort. Nineteen tests 280 

applied symptom-limited test termination criteria of which ten referred to the ACSM 281 

guidelines. The other nine tests used ECG abnormalities, blood pressure drop, dysreflexia, or 282 

adverse symptoms as criteria. Maximal effort was reported in 81 tests as termination 283 

reference, with volitional exhaustion (n = 32), unable to maintain speed or load (n = 21) or 284 

both the latter (n = 28) as criteria. Five studies did not report on termination guidelines.  285 

 286 

Adverse events 287 

Of the nine studies that reported on clinical abnormalities during maximal testing, five 288 

reported no clinical abnormalities. Three studies reported on relevant abnormalities in three 289 

patients, which included a fall in systolic blood pressure during cooling down, inability to 290 

keep up with the speed and bradycardia and hypotension after testing (37, 76, 92). For one 291 

subject, POpeak could not be determined due to unknown reason (27). 292 
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 For submaximal testing, two studies reported on adverse events, which were the 293 

inability to maintain 3 minutes of propulsion (2 persons) and mild muscle spasms during 294 

cycling (4 persons) (53, 93). One study reported no adverse events (104). 295 

 296 

Peak outcomes 297 

Thirty studies described criteria for reaching a valid VO2peak. The criteria used included 298 

attainment of the age-predicted maximal heart rate (APMHR) (n = 16), RER above a certain 299 

level (>1.0-1.15) (n = 21), VO2 plateau despite an increase in work rate (n = 17) and blood 300 

lactate above a certain level (> 8-10 mmol/l) (n = 4). Four studies opted for a supra-maximal 301 

protocol in order to verify the attained peak VO2. Other criteria were similar to the previously 302 

described termination guidelines, including exhaustion or inability to maintain speed or load 303 

(n = 5). One study referred to the ACSM guidelines (71). 304 

 Approximately half of the studies (n = 16) also reported the number of people who 305 

met the predefined criteria. The number of participants reaching a VO2 plateau was reported 306 

by eight studies, with 60% to 100% reaching the plateau. Defined criteria related to RER, 307 

APMHR and blood lactate were met by 80% to 100% of the participants.  308 

 Varying outcomes in VO2peak were reported in the included studies. For tests 309 

performed in a wheelchair ergometer, the mean reported VO2peak of all included studies was 310 

24.2 ml/kg/min with ranging values from 7.5 to 40.4 ml/kg/min. Mean value (19.21 311 

ml/kg/min) and range (8.8-38.1 ml/kg/min) were comparable for tests using arm crank 312 

ergometry or hand cycling. The lowest values were found in untrained participants with 313 

cervical lesions (25, 106), whereas the highest values were found in trained participants with a 314 

paraplegia (19, 74). Some studies reported VO2peak in l/min, with values ranging from 0.55 to 315 

2.35 l/min (13, 24). 316 
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 The majority of POpeak outcomes was expressed in Watts with a mean POpeak of 56.4W 317 

(11-210W) for wheelchair ergometry tests and 66.5W (15-159W) for tests using arm crank 318 

ergometry or hand cycling. The lowest reported value was 11W, found in a group of 319 

participants with high cervical lesions (24). The highest reported POpeak was 210W, found in 320 

the same group of participants that reported the highest VO2peak value using wheelchair 321 

ergometry (74). Other reported outcome measures for POpeak were W/kg (0.15-1.11 W/kg), 322 

kgm/min (255-653 kgm/min) and kpm/min (141-761 kpm/min) (25, 34, 35, 61, 63, 98). The 323 

mean and ranging values for RER and HRpeak were 1.19 (0.92-1.44) and 155 bpm (96-198 324 

bpm), respectively.  325 

 326 

Submaximal outcomes 327 

Reported submaximal VO2 means ranged from 9.3-13.1 ml/kg/min and 0.74-1.90 l/min, with 328 

overall mean values of 11.2 ml/kg/min and 1.16 l/min respectively. Mean PO, RER and HR 329 

values were 46.0W (17.7-78.4W), 0.92 (0.88-0.96) and 116 bpm (97-166 bpm), respectively.  330 

  331 

DISCUSSION 332 

 333 

The aim of this systematic review was to summarize the available maximal and submaximal 334 

aerobic exercise tests for wheelchair-dependent persons with a SCI. The identified exercise 335 

tests showed a large variety in population characteristics, exercise modes, testing protocols 336 

and outcome measures. Limited studies reported on adherence to recommendations, adverse 337 

events and oxygen uptake validation. Possible useful applications of the available maximal 338 

and submaximal aerobic exercise tests for clinical SCI rehabilitation will be discussed. 339 

 340 
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Exercise mode 341 

Arm crank ergometry and wheelchair ergometry were the most commonly used exercise 342 

modes among the included studies. POpeak and VO2peak comparisons between both modalities 343 

showed no difference in VO2peak, but a somewhat higher POpeak for arm crank ergometry. This 344 

is in line with previous studies in which a group of persons with a paraplegia performed a 345 

maximal exercise test in both modes (76, 107). Additionally, two studies that only compared 346 

VO2peak outcomes for both modes reported no differences in VO2peak as well (44, 77). 347 

Although no adverse events of musculoskeletal problems were reported, previous literature 348 

indicated that wheelchair ergometry was usually more straining to the musculoskeletal system 349 

than arm crank ergometry and hand cycling. Wheelchair ergometry puts the participant to a 350 

higher risk for over-use problems of the upper-extremities (29, 76, 108, 109). On the contrary, 351 

wheelchair ergometry has excellent application opportunities for submaximal testing in SCI 352 

rehabilitation, since it provides relevant data of wheelchair performance and mobility in daily 353 

life (110). Exercise modes that are more suitable for maximal exercise testing in clinical 354 

rehabilitation are arm crank ergometry and hand cycling. Both modes allow for continuous 355 

force application and no peak loads occur during propulsion. The hand cycle mode was found 356 

to be highly relevant for training and testing the peak cardiovascular capacity and fitness 357 

during rehabilitation, and it was demonstrated that exercise intensities as prescribed by the 358 

ACSM guidelines could be attained (29, 92, 111). Notwithstanding, further research is 359 

necessary on how hand cycling can be optimally used for training and testing in the SCI 360 

rehabilitation setting (112, 113).  361 

The final choice of equipment depends on the goal of the test and of the participants’ 362 

ability. For example, when designing a test for rehabilitants, the arm crank ergometer and 363 

hand cycle are recommended for determining peak physical capacities during maximal 364 
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exercise testing, whereas the more task-specific hand-rim wheelchair propulsion has a higher 365 

relevance for submaximal testing and assessing daily life performance (110).  366 

 367 

Test protocols 368 

In order to attain the peak physical abilities during an aerobic maximal exercise test, it is 369 

important to determine the increments per stage carefully. This is especially true for those 370 

who are rehabilitating from a SCI, since these people are often vulnerable and sensitive to 371 

overuse problems (27, 114, 115). When large increments per stage are applied, the 372 

relationship between oxygen uptake and workload is usually weaker. Therefore, it is 373 

recommended to use small to modest individualized increments per stage, resulting in 374 

completion of the test between 8 and 12 minutes (7, 116). The results revealed two common 375 

ways of increasing the physical demands during incremental testing. One way is to add 376 

resistance each stage (5W-10W), with lower amounts of resistance increments for those with 377 

a high lesion level. Another option is to increase the slope gradient per stage (0.36°), while 378 

fixing the belt velocity at a certain speed (2 or 3 or 4 km/h) depending on the physical 379 

capacity of the patient. The duration of the stage should be between 60s and 120s. Both 380 

protocol types seem to be feasible and can be executed with any exercise mode. However, one 381 

should take into account that performing a maximal exercise test has some practical 382 

limitations for clinical rehabilitation. For example, if the slope gradient is getting too steep 383 

during testing, the patient could be forced to quit because of muscular failure rather than 384 

cardiovascular failure. A sudden termination of the test could cause the patient to roll 385 

backwards on the treadmill. When opting for increasing the resistance by using a pulley 386 

system, instead of increasing the slope gradient, these practical limitations do not apply. In 387 

fact, the posture of the patient does not change while using a pulley system to increase the 388 

physical demands and this system allows for a larger variety in increments per stage. Because 389 
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of these practical advantages, it would be preferred to opt for increasing the resistance by 390 

using a pulley system in a clinical rehabilitation setting, rather than increasing the slope 391 

gradient of the treadmill.   392 

 393 

Adherence to guidelines 394 

In previous review studies it was found that exercise testing in patient groups does not always 395 

comply with exercise testing guidelines (117, 118). This is line with the findings of the 396 

present review, in which only five studies referred to the common accepted ACSM guidelines 397 

for exercise testing. These guidelines recommend pre-test screening for identifying 398 

contraindications for maximal exercise and it is obvious that all participants should have a 399 

pre-test screening. A pre-test screening was, however, reported in only 35 of 95 of the 400 

included studies in the current review. In the future, inclusion- and exclusion criteria should 401 

be clearly described, pre-test screening should be performed and participants should be 402 

monitored during the test. Approval of the involved physician, responsible for the treatment, 403 

should be an additional criterion for SCI patients. Test termination criteria used in the 404 

included studies were all in accordance with ACSM guidelines.  405 

For participants who cannot sustain incremental exercise due to safety reasons of 406 

physical limitations, it is recommended to conduct an intermittent test protocol. Such a 407 

protocol allows for the prevention of muscle fatigue, but also for monitoring blood pressure 408 

measurement (14).  In case intermittent exercise is not feasible either, the maximal aerobic 409 

capacity can be estimated from submaximal testing outcomes (110). 410 

 411 

Reporting outcomes 412 
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The reported peak values are difficult to interpret, since 30 studies described criteria for 413 

reaching a valid peak oxygen uptake. Of these 30 studies, only 16 studies reported the number 414 

of participants who satisfied these criteria. The primary criterion for VO2peak is the 415 

achievement of a VO2 plateau despite an increase in work rate (7, 119). The use of this 416 

criterion is, however, questionable, since more than one plateau can be achieved during 417 

incremental exercise or the plateau cannot be found (119-121). In case a VO2 plateau could 418 

not be determined, Edvardsen et al. (2014) recommend the use of an RER cut-off value (>1.0-419 

1.15) as criterion for attaining VO2peak (119). This recommendation is in line with findings of 420 

the current review.  421 

Several studies used the attainment of the APMHR as a criterion for maximal effort, 422 

but the use of this criterion in the SCI population is questionable, since the sympathetic 423 

innervation of the heart derives from T1 to T4. Persons with a lesion at or above T4 might 424 

show a non-linear relation between HR and VO2 (84, 89). The attainment of APMHR is 425 

therefore not recommended as a criterion for attaining a valid VO2.  426 

There are currently no guidelines available for reporting outcomes of exercise testing 427 

for any clinical population (117). It is, however, recommended to report peak oxygen uptake 428 

and power output values, since these two parameters were identified as primary outcome 429 

measure in a previous literature study regarding persons with a SCI. Furthermore, it is 430 

recommended to report on VO2 plateau and mean RER measures (116, 118). Additionally, in 431 

order to enhance comparability of clinical rehabilitation outcomes, the criteria and reasons for 432 

test termination should be reported and results need to be compared with norm scores for 433 

persons with a paraplegia and tetraplegia.   434 

 435 

Implications for rehabilitation 436 
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• Regularly testing the cardiovascular capacity during SCI rehabilitation will enable us 437 

to monitor the impact of rehabilitation interventions on an individual level.  438 

• The incremental arm ergometry test with small increments per stage is most relevant 439 

for the assessment of the peak cardiovascular capacity.  440 

• For the assessment of daily life functioning, the submaximal wheelchair ergometer test 441 

is preferable. 442 

• Hand cycling is a promising exercise mode for both testing and training. 443 

• Systematically reporting on test termination, criteria for attaining valid peak outcomes 444 

and adverse events is necessary to enhance comparability of results. 445 

 446 

Limitations and recommendations 447 

A few limitations need to be taken into account when interpreting the results of the current 448 

review. First of all, it might be possible that some studies using an aerobic exercise test in the 449 

SCI population have been missed, even though a comprehensive search was conducted. We 450 

are however confident that the results and conclusions are representative, given the large 451 

number of 95 included studies. A disadvantageous effect of the broad inclusion strategy, 452 

however, is the wide diversity found regarding study methods and populations, which makes 453 

it more difficult to draw conclusion. At the same time, this latter issue is contradicted by the 454 

fact that persons with a SCI with all kinds of fitness levels, from rehabilitant to athlete, are 455 

represented in the current study.  456 

The current review provides some guidance for creating an evidence-based 457 

standardized aerobic exercise test, but it should be noted that measuring peak 458 

cardiorespiratory abilities is only one part of the total physical capacity when referring to the 459 

ACSM definition of physical fitness. The ACSM identified several components of physical 460 



20 
 

fitness in addition to cardiorespiratory fitness, namely body composition, flexibility, muscular 461 

strength and muscular endurance (7). In order to attain a full understanding of a patients’ 462 

physical capacity, it is necessary to measure these other components as well (6).  463 

An important factor for research in the context of using exercise testing as a means of 464 

evaluating training or active lifestyle interventions is the use of a control group in the study 465 

design. In only 12 of the 68 studies in the present review, of which two studies were a 466 

randomized controlled trial, a control group was included. Although establishing a control 467 

group is often complicated in SCI research due to the absence of an unlimited source of 468 

persons with a SCI and the existing heterogeneity in this population, it should be encouraged 469 

to establish larger subject groups, and thus statistical power, in future studies. A possibility 470 

could be conducting structured training and testing programs in able-bodied persons, since 471 

their physiological stress and strain appears to be comparable for those with a paraplegia 472 

(112). Furthermore, by introducing multicenter collaboration, outcomes of various training 473 

and testing procedures can be evaluated systematically in a homogeneous group as well (6). 474 

Another option is to perform a multilevel analysis to compare groups of patients with SCI. 475 

This statistical analysis technique, that was applied in a recent longitudinal cohort study on 476 

physical activity behavior in patients, allows for missing values and can correct for 477 

differences at the level of rehabilitation center (122).  478 

 The current review showed various opportunities for the application of exercise testing 479 

in SCI rehabilitation. However, the findings did not enable us to describe the most preferable 480 

test protocol for maximal and submaximal testing. Future research should therefore focus on 481 

validating the different exercise modes. Furthermore, practical limitations should be 482 

considered and consensus regarding reporting outcomes needs to be achieved.  483 

 484 

CONCLUSION 485 
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 486 

This systematic review can be seen as a first step in the development of a standardized aerobic 487 

exercise test for daily SCI rehabilitation practice. An extensive variety in population 488 

characteristics, exercise modes, testing protocols and outcome measures was revealed. 489 

Limited studies reported on adherence to recommendations, adverse events and oxygen 490 

uptake validation. An incremental test protocol with small, individualized increments per 491 

stage seems preferable, but additional validation of the exercise modes is required to draw 492 

definitive conclusions. Submaximal testing is relevant for assessing the performance at daily 493 

life intensities and for estimating VO2peak. Furthermore, consensus regarding reporting test 494 

procedures and outcomes needs to be achieved to enhance comparability of rehabilitation 495 

results.   496 

 497 

DECLARATION OF INTEREST 498 

 499 

We can confirm that there are no known conflicts of interest associated with this publication 500 

and there has been no significant financial support for this work that could have influenced 501 

this outcome. The manuscript has been read and approved by all named authors.  502 

 503 

REFERENCES 504 

 505 

1. Hjeltnes N, Jansen T. Physical endurance capacity, functional status and medical 506 

complications in spinal cord injured subjects with long-standing lesions. Paraplegia. 507 

1990;28(7):428-32. 508 

2. Buchholz AC, Pencharz PB. Energy expenditure in chronic spinal cord injury. Current 509 

Opinion in Clinical Nutrition and Metabolic Care. 2004;7(6):635-9. 510 

3. Buchholz AC, McGillivray CF, Pencharz PB. Physical activity levels are low in free-511 

living adults with chronic paraplegia. Obesity Research. 2003;11(4):563-70. 512 



22 
 

4. Haisma JA, Bussmann JB, Stam HJ, Sluis TA, Bergen MP, Dallmeijer AJ, et al. 513 

Changes in physical capacity during and after inpatient rehabilitation in subjects with a spinal 514 

cord injury. Archives of Physical Medicine and Rehabilitation. 2006;87(6):741-8. 515 

5. de Groot S, Bevers G, Post MW, Woldring FA, Mulder DG, van der Woude LH. 516 

Effect and process evaluation of implementing standardized tests to monitor patients in spinal 517 

cord injury rehabilitation. Disabil Rehabil. 2010;32(7):588-97. 518 

6. Valent LJ, Dallmeijer AJ, Houdijk H, Talsma E, van der Woude LH. The effects of 519 

upper body exercise on the physical capacity of people with a spinal cord injury: a systematic 520 

review. Clinical rehabilitation. 2007;21(4):315-30. 521 

7. American College of Sports M. ACSM's guidelines for exercise testing and 522 

prescription, 8th edition, Philadelphia: Lippincott Williams & Wilkins. 2010. 523 

8. Armstrong N, Welsman JR. Aerobic fitness: what are we measuring? Medicine and 524 

science in sports and exercise. 2007;50:5-25. 525 

9. Balemans AC, Fragala-Pinkham MA, Lennon N, Thorpe D, Boyd RN, O'Neil ME, et 526 

al. Systematic review of the clinimetric properties of laboratory- and field-based aerobic and 527 

anaerobic fitness measures in childres with cerebral palsy. Archives of Physical Medicine and 528 

Rehabilitation. 2013;94(2):287-301. 529 

10. Moher D, Liberati A, Tetzlaff J, Altman DG, Prisma G. Preferred reporting items for 530 

systematic reviews and meta-analyses: the PRIMSA statement. Physical Therapy. 531 

2009;89(9):873-80. 532 

11. Al-Rahamneh HQ, Eston RG. Prediction of peak oxygen consumption from the ratings 533 

of perceived exertion during a graded exercise test and ramp exercise test in able-bodied 534 

participants and paraplegic persons. Archives of Physical Medicine & Rehabilitation. 535 

2011;92(2):277-83. 536 

12. Ambridge S, Tepper S, Gilbert W. Reliability of submaximal graded exercise testing 537 

of male subjects with SCI using a wheelchair ergometer. Cardiopulmonary Physical Therapy 538 

Journal. 1996;7(1):3-8. 539 

13. Bernard PL, Mercier J, Varray A, Prefaut C. Influence of lesion level on the 540 

cardioventilatory adaptations in paraplegic wheelchair athletes during muscular exercise. 541 

Spinal cord. 2000;38(1):16-25. 542 

14. Borello-France D, Rosen S, Young AB, Wagner S, Gregg H, Hudak D, et al. The 543 

relationship between perceived exertion and heart rate during arm crank exercise in 544 

individuals with paraplegia. Neurology Report. 2000;24(3):94-100. 545 



23 
 

15. Bougenot MP, Tordi N, Betik AC, Martin X, Le Foll D, Parratte B, et al. Effects of a 546 

wheelchair ergometer training programme on spinal cord-injured persons. Spinal cord. 547 

2003;41(8):451-6. 548 

16. Burkett LN, Chisum J, Stone W, Fernhall B. Exercise capacity of untrained spinal 549 

cord injured individuals and the relationship of peak oxygen uptake to level of injury. 550 

Paraplegia. 1990;28(8):512-21. 551 

17. Campbell IG, Williams C, Lakomy HKA. Physiological responses of endurance-552 

trained male wheelchair athletes to a 10-kilometer treadmill time trial. Adapted Physical 553 

Activity Quarterly. 2002;19(4):496-508. 554 

18. Capodaglio P, Grilli C, Bazzini G. Tolerable exercise intensity in the early 555 

rehabilitation of paraplegic patients. A preliminary study. Spinal Cord. 1996;34(11):684-90. 556 

19. Cooper RA, Horvath SM, Bedi JF, Drechsler-Parks DM, Williams RE. Maximal 557 

exercise response of paraplegic wheelchair road racers. Paraplegia. 1992;30(8):573-81. 558 

20. Coutts KD, Stogryn JL. Aerobic and anaerobic power of Canadian wheelchair track 559 

athletes. Medicine & Science in Sports & Exercise. 1987;19(1):62-5. 560 

21. Cowan RE, Callahan MK, Nash MS. The 6-min push test is reliable and predicts low 561 

fitness in spinal cord injury. Medicine and Science in Sports and Exercise. 2012;44(10):1993-562 

2000. 563 

22. Cowan RE, Ginnity KL, Kressler J, Nash MS, Nash MS. Assessment of the talk test 564 

and rating of perceived exertion for exercise intensity prescription in persons with paraplegia. 565 

Topics in spinal cord injury rehabilitation. 2012;18(3):212-9. 566 

23. Currie KD, West CR, Hubli M, Gee C, Krassioukov AV. Peak heart rates and 567 

sympathetic function in tetraplegic nonathletes and athletes. Medicine and Science in Sports 568 

and Exercise. 2015;47(6):1259-64. 569 

24. Dallmeijer AJ, Lhv. Health related functional status in men with spinal cord injury: 570 

relationship with lesion level and endurance capacity. Spinal Cord. 2001;39(11):577-83. 571 

25. Dallmeijer AJ, Hopman MT, van As HH, van der Woude LH. Physical capacity and 572 

physical strain in persons with tetraplegia; the role of sport activity. Spinal Cord. 573 

1996;34(12):729-35. 574 

26. Dallmeijer AJ, Hopman MT, Angenot EL, van der Woude LH. Effect of training on 575 

physical capacity and physical strain in persons with tetraplegia. Scandinavian journal of 576 

rehabilitation medicine. 1997;29(3):181-6. 577 



24 
 

27. Dallmeijer AJ, Lhv, Hollander AP, van As HHJ. Physical performance during 578 

rehabilitation in persons with spinal cord injuries. Medicine & Science in Sports & Exercise. 579 

1999;31(9):1330-5. 580 

28. Dallmeijer AJ, Lhv, Hollander PAP, Angenot ELD. Physical performance in persons 581 

with spinal cord injuries after discharge from rehabilitation. Medicine & Science in Sports & 582 

Exercise. 1999;31(8):1111-7. 583 

29. Dallmeijer AJ, Zentgraaff ID, Zijp NI, van der Woude LH. Submaximal physical 584 

strain and peak performance in handcycling versus handrim wheelchair propulsion. Spinal 585 

Cord. 2004;42(2):91-8. 586 

30. Davis GM, Shephard RJ. Cardiorespiratory fitness in highly active versus inactive 587 

paraplegics. Medicine and Science in Sports and Exercise. 1988;20(5):463-8. 588 

31. de Groot PCE, Hjeltnes N, Heijboer AC, Stal W, Birkeland K. Effect of training 589 

intensity on physical capacity, lipid profile and insulin sensitivity in early rehabilitation of 590 

spinal cord injured individuals. Spinal Cord. 2003;41(12):673-9. 591 

32. de Groot S, Dallmeijer AJ, van Asbeck FW, Post MW, Bussmann JB, van der Woude 592 

LH. Mechanical Efficiency and Wheelchair Performance during and after Spinal Cord Injury 593 

Rehabilitation. Int J Sports Med. 2007;28(10):880-6. 594 

33. DiCarlo SE. Improved cardiopulmonary status after a two-month program of graded 595 

arm exercise in a patient with C6 quadriplegia. Physical Therapy. 1982;62:456-9. 596 

34. DiCarlo SE, Supp MD, Taylor HC. Effect of arm ergometry training on physical work 597 

capacity of individuals with spinal cord injuries. Physical Therapy. 1983;63(7):1104-7. 598 

35. DiCarlo SE. Effect of arm ergometry training on wheelchair propulsion endurance of 599 

individuals with quadriplegia. Physical Therapy. 1988;68(1):40-4. 600 

36. Dolbow DR, Miller J, Harnisch C, Poarch H, Gorgey A, Gater DR. Arm crank 601 

exercise increases VO2peak and reduces body fat mass in older adult with chronic paraplegia. 602 

Clinical Kinesiology (Online Edition). 2010;64(4):51-5. 603 

37. Durán FS, Lugo L, Ramírez L, Eusse E. Effects of an exercise program on the 604 

rehabilitation of patients with spinal cord injury. Archives of Physical Medicine & 605 

Rehabilitation. 2001;82(10):1349-54. 606 

38. Flandrois R, Grandmontagne M, Gerin H, Mayet MH, Jehl JL, Eyssette M. Aerobic 607 

performance capacity in paraplegic subjects. European journal of applied physiology and 608 

occupational physiology. 1986;55(6):604-9. 609 



25 
 

39. Fukuoka Y, Endo M, Kagawa H, Itoh M, Nakanishi R. Kinetics and steady-state of 610 

VO2 responses to arm exercise in trained spinal cord injury humans. Spinal Cord. 611 

2002;40(12):631-8. 612 

40. Fukuoka Y, Nakanishi R, Ueoka H, Kitano A, Takeshita K, Itoh M. Effects of 613 

wheelchair training on VO2 kinetics in the participants with spinal-cord injury. Disability and 614 

rehabilitation Assistive technology. 2006;1(3):167-74. 615 

41. Gass GC, Camp EM. Physiological characteristics of trained Australian paraplegic and 616 

tetraplegic subjects. Medicine and Science in Sports and Exercise. 1979;11(3):256-9. 617 

42. Gass GC, Camp EM, Davis HA, Eager D, Grout L. The effects of prolonged exercise 618 

on spinally injured subjects. Medicine & Science in Sports & Exercise. 1981;13(5):277-83. 619 

43. Gass GC, Camp EM. The maximum physiological responses during incremental 620 

wheelchair and arm cranking exercise in male paraplegics. Medicine and Science in Sports 621 

and Exercise. 1984;16(4):355-9. 622 

44. Gass EM, Harvey LA, Gass GC. Maximal physiological responses during arm 623 

cranking and treadmill wheelchair propulsion in T4-T6 paraplegic men. Paraplegia. 624 

1995;33(5):267-70. 625 

45. Goosey-Tolfrey VL, Batterham AM, Tolfrey K. Scaling behavior of VO2peak in 626 

trained wheelchair athletes. Medicine and science in sports and exercise. 2003;35(12):2106-627 

11. 628 

46. Goosey-Tolfrey V, Castle P, Webborn N, Abel T. Aerobic capacity and peak power 629 

output of elite quadriplegic games players. British journal of sports medicine. 630 

2006;40(8):684-7. 631 

47. Goosey-Tolfrey V, Lenton J, Goddard J, Oldfield V, Tolfrey K, Eston R. Regulating 632 

intensity using perceived exertion in spinal cord-injured participants. Medicine & Science in 633 

Sports & Exercise. 2010;42(3):608-13. 634 

48. Goosey-Tolfrey VL, Tolfrey K. The multi-stage fitness test as a predictor of endurance 635 

fitness in wheelchair athletes. Journal of Sports Sciences. 2008;26(5):511-7. 636 

49. Grange CC, Bougenot MP, Groslambert A, Tordi N, Rouillon JD. Perceived exertion 637 

and rehabilitation with wheelchair ergometer: comparison between patients with spinal cord 638 

injury and healthy subjects. Spinal Cord. 2002;40(10):513-8. 639 

50. Hayes AM, Myers JN, Ho M, Lee MY, Perkash I, Kiratli BJ. Heart rate as a predictor 640 

of energy expenditure in people with spinal cord injury. Journal of Rehabilitation Research & 641 

Development. 2005;42(5):617-23. 642 



26 
 

51. Hicks AL, Martin KA, Ditor DS, Latimer AE, Craven C, Bugaresti J, et al. Long-term 643 

exercise training in persons with spinal cord injury: effects on strength, arm ergometry 644 

performance and psychological well-being. Spinal Cord. 2003;41(1):34-43. 645 

52. Hjeltnes N, Wallberg-Henriksson H. Improved work capacity but unchanged peak 646 

oxygen uptake during primary rehabilitation in tetraplegic patients. Spinal Cord. 647 

1998;36(10):691-8. 648 

53. Hol AT, Eng JJ, Miller WC, Sproule S, Krassioukov AV. Reliability and validity of 649 

the six-minute arm test for the evaluation of cardiovascular fitness in people with spinal cord 650 

injury. Archives of Physical Medicine & Rehabilitation. 2007;88(4):489-95. 651 

54. Hooker SP, Wells CL. Effects of low- and moderate-intensity training in spinal cord-652 

injured persons. Medicine and Science In Sports and Exercise. 1989;21(1):18-22. 653 

55. Hooker SP, Wells CL. Aerobic power of competitive paraplegic road racers. 654 

Paraplegia. 1992;30(6):428-36. 655 

56. Hooker SP, Greenwood JD, Boyd LA, Hodges MR, McCune LD, McKenna GE. 656 

Influence of posture on arm exercise tolerance and physiologic responses in persons with 657 

spinal cord injured paraplegia. European journal of applied physiology and occupational 658 

physiology. 1993;67(6):563-6. 659 

57. Hooker SP, Greenwood JD, Hatae DT, Husson RP, Matthiesen TL, Waters AR. 660 

Oxygen uptake and heart rate relationship in persons with spinal cord injury. Medicine and 661 

Science in Sports and Exercise. 1993;25(10):1115-9. 662 

58. Hopman MT, Dallmeijer AJ, Snoek G, van der Woude LH. The effect of training on 663 

cardiovascular responses to arm exercise in individuals with tetraplegia. European journal of 664 

applied physiology and occupational physiology. 1996;74(1-2):172-9. 665 

59. Hostettler S, Leuthold L, Brechbühl J, Mueller G, Illi SK, Spengler CM. Maximal 666 

cardiac output during arm exercise in the sitting position after cervical spinal cord injury. 667 

Journal of Rehabilitation Medicine. 2012;44:131-6. 668 

60. Irizawa M, Yamasaki M, Muraki S, Komura T, Seki K, Kikuchi K. Relationship 669 

between heart rate and oxygen uptake during submaximal arm cranking in paraplegics and 670 

quadriplegics. The Annals of Physiological Anthropology. 1994;13(5):275-80. 671 

61. Jacobs PL, Nash MS, Rusinowski JW. Circuit training provides cardiorespiratory and 672 

strength benefits in persons with paraplegia. Medicine and science in sports and exercise. 673 

2001;33(5):711-7. 674 

62. Jacobs PL. Effects of resistance and endurance training in persons with paraplegia. 675 

Medicine and science in sports and exercise. 2009;41(5):992-7. 676 



27 
 

63. Janssen TWJ, van Oers CAJM, Hollander AP, Veeger DHEJ, van der Woude LHV. 677 

Isometric strength, sprint power and aerobic power in individuals with spinal cord injury. 678 

Medicine and Science in Sports and Exercise. 1993;25(7):863-70. 679 

64. Janssen TWJ, van Oers CAJM, Rozendaal EP, Willemsen EM, Hollander AP, van der 680 

Woude LHV. Changes in physical strain and physical capacity in men with spinal cord 681 

injuries. Medicine & Science in Sports & Exercise. 1996;28(5):551-9. 682 

65. Kilkens OJ, Dallmeijer AJ, Nene AV, Post MW, Lh. The longitudinal relation 683 

between physical capacity and wheelchair skill performance during inpatient rehabilitation of 684 

people with spinal cord injury. Archives of Physical Medicine & Rehabilitation. 685 

2005;86(8):1575-81. 686 

66. Lakomy HKA, Campbell I, Williams C. Treadmill performance and selected 687 

phsyiological characteristics of wheelchair athletes. British journal of sports medicine. 688 

1987;21(3):130-3. 689 

67. Lamont LS, Going A, Kievit J. A comparison of two arm exercises in patients with 690 

paraplegia. Cardiopulmonary Physical Therapy Journal. 1996;7(2):3-7. 691 

68. Lamont LS. A simple ergometer modification can expand the exercise options for 692 

wheelchair clients. Disability & Rehabilitation: Assistive Technology. 2011;6(2):176-8. 693 

69. P. L-M, Davis JA. Protocol dependency of VO2max during arm cycle ergometry in 694 

males with quadriplegia. Medicine and Science in Sports and Exercise. 1991;23(9):1097-101. 695 

70. Le Foll-de Moro D, Tordi N, Lonsdorfer E, Lonsdorfer J. Ventilation efficiency and 696 

pulmonary function after a wheelchair interval-training program in subjects with recent spinal 697 

cord injury. Archives of Physical Medicine and Rehabilitation. 2005;86(8):1582-6. 698 

71. Lewis JE, Nash MS, Hamm LF, Martins SC, Groah SL. The relationship between 699 

perceived exertion and physiologic indicators of stress during graded arm exercise in persons 700 

with spinal cord injuries. Archives of Physical Medicine and Rehabilitation. 2007;88(9):1205-701 

11. 702 

72. Lin K, Lai J, Kao M, Lien I. Anaerobic threshold and maximal oxygen consumption 703 

during arm cranking exercise in paraplegia. Archives of Physical Medicine & Rehabilitation. 704 

1993;74(5):515-20. 705 

73. Lindberg T, Arndt A, Norrbrink C, Wahman K, Bjerkefors A. Effects of seated 706 

double-poling ergometer training on aerobic and mechanical power in individuals with spinal 707 

cord injury. Journal of rehabilitation medicine. 2012;44(10):893-8. 708 



28 
 

74. Lovell D, Shields D, Beck B, Cuneo R, McLellan C. The aerobic performance of 709 

trained and untrained handcyclists with spinal cord injury. European journal of applied 710 

physiology. 2012;112(9):3431-7. 711 

75. Maki KC, Langbein WE, Reid-Lokos C. Energy cost and locomotive economy of 712 

handbike and rowcycle propulsion by persons with spinal cord injury. Journal of 713 

Rehabilitation Research & Development. 1995;32(2):170-8. 714 

76. Martel G, Noreau L, Jobin J. Physiological responses to maximal exercise on arm 715 

cranking and wheelchair ergometer with paraplegics. Paraplegia. 1991;29(7):447-56. 716 

77. McConnell TJ, Horvat MA, Beutel-Horvat TA, Golding LA. Arm crank versus 717 

wheelchair treadmill ergometry to evaluate the performance of paraplegics. Paraplegia. 718 

1989;27:307-13. 719 

78. McLean KP, Skinner JS. Effect of body training position on outcomes of an aerobic 720 

training study on individuals with quadriplegia. Archives of Physical Medicine and 721 

Rehabilitation. 1995;76(2):139-50. 722 

79. Nash MS, van de Ven I, van Elk N, Johnson BM. Effects of circuit resistance training 723 

on fitness attributes and upper-extremity pain in middle-aged men with paraplegia. Archives 724 

of Physical Medicine and Rehabilitation. 2007;88(1):70-5. 725 

80. Nooijen CF, van den Brand IL, ter Horst P, Wynants M, Valent LJ, Stam HJ, et al. 726 

Feasibility of Handcycle Training During Inpatient Rehabilitation in Persons With Spinal 727 

Cord Injury. Archives of Physical Medicine & Rehabilitation. 2015;96(9):1654-7. 728 

81. Pelletier CA, Jones G, Latimer-Cheung AE, Warburton DE, Hicks AL. Aerobic 729 

capacity, orthostatic tolerance, and exercise perceptions at discharge from inpatient spinal 730 

cord injury rehabilitation. Arch Phys Med Rehabil. 2013;94(10):2013-9. 731 

82. Pelletier CA, Totosy de Zepetnek JO, MacDonald MJ, Hicks AL. A 16-week 732 

randomized controlled trial evaluating the physical activity guidelines for adults with spinal 733 

cord injury. Spinal cord. 2014;53(5):1-5. 734 

83. Roy JL, Menear KS, Schmid MM, Hunter GR, Malone LA. Physiological responses of 735 

skilled players during a competitive wheelchair tennis match. Journal of strength and 736 

conditioning research. 2006;20(3):665-71. 737 

84. Schmid A, Huonker M, Barturen J, Stahl F, Schmidt-Trucksäss A, König D, et al. 738 

Catecholamines, heart rate, and oxygen uptake during exercise in persons with spinal cord 739 

injury. Journal of applied physiology. 1998;85(2):635-41. 740 



29 
 

85. Schneider DA, Sedlock DA, Gass EM, Gass GC. VO2peak and the gas-exchange 741 

anaerobic threshold during incremental arm cranking in able-bodied and paraplegic men. 742 

European journal of applied physiology. 1999;80:292-7. 743 

86. Stewart MW, Melton-Rogers SL, Morrison S, Figoni SF. The measurement properties 744 

of fitness measures and health status for persons with spinal cord injuries. Archives of 745 

Physical Medicine & Rehabilitation. 2000;81(4):394-400. 746 

87. Taylor AW, McDonell E, Brassard L. The effects of an arm ergometer training 747 

programme on wheelchair subjects. Paraplegia. 1986;24(2):105-14. 748 

88. Tordi N, Dugue B, Klupzinski D, Rasseneur L, Rouillon JD, Lonsdorfer J. Interval 749 

training program on a wheelchair ergometer for paraplegic subjects. Spinal cord. 750 

2001;39(10):532-7. 751 

89. Valent LJ, Dallmeijer AJ, Houdijk H, Slootman J, Janssen TW, Hollander AP, et al. 752 

The individual relationship between heart rate and oxygen uptake in people with a tetraplegia 753 

during exercise. Spinal cord. 2007;45(1):104-11. 754 

90. Valent LJ, Dallmeijer AJ, Houdijk H, Slootman HJ, Post MW, Lh. Influence of hand 755 

cycling on physical capacity in the rehabilitation of persons with a spinal cord injury: a 756 

longitudinal cohort study. Archives of Physical Medicine & Rehabilitation. 2008;89(6):1016-757 

22. 758 

91. Valent LJM, Dallmeijer AJ, Houdijk H, Slootman HJ, Janssen TW, Post MWM, et al. 759 

Effects of hand cycle training on physical capacity in individuals with tetraplegia: a clinical 760 

trial. Physical Therapy. 2009;89(10):1051-60. 761 

92. Valent LJ, Dallmeijer AJ, Houdijk H, Slootman HJ, Janssen TW, van der Woude LH. 762 

Effects of hand cycle training on wheelchair capacity during clinical rehabilitation in persons 763 

with a spinal cord injury. Disability and rehabilitation. 2010;32(26):2191-200. 764 

93. van der Scheer JW, de Groot S, Vegter RJ, Hartog J, Tepper M, Slootman H, et al. 765 

Low-Intensity Wheelchair Training in Inactive People with Long-Term Spinal Cord Injury: A 766 

Randomized Controlled Trial on Propulsion Technique. American journal of physical 767 

medicine & rehabilitation. 2015;94(11):975-86. 768 

94. van der Woude LHV, Bouten C, Veeger HEJ, Gwinn T. Aerobic work capacity in elite 769 

wheelchair athletes: a cross-sectional analysis. American Journal of Physical Medicine & 770 

Rehabilitation. 2002;81(4):261-71. 771 

95. van Koppenhagen CF, de Groot S, Post MW, Hoekstra T, van Asbeck FW, Bongers H, 772 

et al. Patterns of Changes in Wheelchair Exercise Capacity After Spinal Cord Injury. Arch 773 

Phys Med Rehabil. 2013;94(7):1260-7. 774 



30 
 

96. van Koppenhagen CF, de Groot S, Post MWM, van Asbeck FWA, Spijkerman D, 775 

Faber WXM, et al. Wheelchair exercise capacity in spinal cord injury up to five years after 776 

discharge from inpatient rehabilitation. Journal of Rehabilitation Medicine. 2013;45:646-52. 777 

97. van Koppenhagen CF, Post M, de Groot S, van Leeuwen C, van Asbeck F, Stolwijk-778 

Swüste J, et al. Longitudinal relationship between wheelchair exercise capacity and life 779 

satisfaction in patients with spinal cord injury: A cohort study in the Netherlands. J Spinal 780 

Cord Med. 2014;37(3):328-37. 781 

98. van Loan MD, McCluer S, Loftin M, Boileau RA. Comparison of physiological 782 

responses to maximal arm exercise among able-bodied, paraplegics and quadriplegics. 783 

Paraplegia. 1987;25:397-405. 784 

99. van Velzen JM, de Groot S, Post MWM, Slootman J, van Bennekom CAM, Lhv. 785 

Return to work after spinal cord injury: is it related to wheelchair capacity at discharge from 786 

clinical rehabilitation? American Journal of Physical Medicine & Rehabilitation. 787 

2009;88(1):47-56. 788 

100. Veeger HEJ, Yahmed MH, van der Woude LHV, Charpentier P. Peak oxygen uptake 789 

and maximal power output of Olympic wheelchair-dependent athletes. Medicine and Science 790 

in Sports and Exercise. 1991;23(10):1201-9. 791 

101. Vidal J, Medina J, Javierre C, Morales A, Barbany JR, Suarez A, et al. Response to 792 

exercise in paraplegics and able bodied subjects: a new formula to estimate the theoretical 793 

oxygen uptake. Journal of Sport Rehabilitation. 2006;15(3):228-36. 794 

102. Yamasaki M, Komura T, Tahara Y, Muraki S, Tsunawake N, Ehara Y, et al. 795 

Relationship between physical characteristics and physiological responses during maximal 796 

arm cranking in paraplegics. Spinal cord. 1998;36(8):579-83. 797 

103. Zoeller RF, Riechman SE, Dabayebeh IM, Goss FL, Robertson RJ, Jacobs PL. 798 

Relation between muscular strength and cardiorespiratory fitness in people with thoracic-level 799 

paraplegia. Archives of Physical Medicine and Rehabilitation. 2005;86(7):1441-6. 800 

104. Zwiren LD, Bar-Or O. Responses to exercise of paraplegics who differ in conditioning 801 

level. Medicine and Science in Sports and Exercise. 1975;7(2):94-8. 802 

105. Kilkens OJ, Dallmeijer AJ, De Witte LP, Van Der Woude LH, Post MW. The 803 

Wheelchair Circuit: construct validity and responsiveness of a test to assess manual 804 

wheelchair mobility in persons with spinal cord injury. Arch Phys Med Rehabil. 805 

2004;85(3):424-31. 806 



31 
 

106. Currie KD, West CR, Hubli M, Gee CM, Krassioukov AV. Peak Heart Rates and 807 

Sympathetic Function in Tetraplegic Nonathletes and Athletes. Medicine & Science in Sports 808 

& Exercise. 2015;47(6):1259-64. 809 

107. Tørhaug T, Burok B, Hoff J, Helgerud J, Leivseth G. Arm crank and wheelchair 810 

ergometry produce similar peak oxygen uptake but different work economy values in 811 

individuals with spinal cord injury. Biomed Res Int. 2016. 812 

108. Arnet U, van Drongelen S, Veeger DH, van der Woude LH. Force application during 813 

handcycling and handrim propulsion: an initial comparison. Journal of applied biomechanics. 814 

2013;29(6):687-95. 815 

109. van der Woude LH, Veeger HE, Dallmeijer AJ. Biomechanics and physiology in 816 

active manual wheelchair propulsion. Medical engineering & physics. 2001;23(10):713. 817 

110. Noonan V, Dean E. Submaximal exercise testing: clinical application and 818 

interpretation. Physical Therapy. 2000;80(8):782-807. 819 

111. Hettinga FJ, Valent L, Groen W, van Drongelen S, de Groot S, van der Woude LH. 820 

Hand-cycling: an active form of wheeled mobility, recreation, and sports. Phys Med Rehabil 821 

Clin N Am. 2010;21(1):127-40. 822 

112. Hettinga FJ, de Groot S, van Dijk F, Kerkhof F, Woldring F, van der Woude L. 823 

Physical strain of handcycling: an evaluation using training guidelines for a healthy lifestyle 824 

as defined by the American College of Sports Medicine. The Journal of Spinal Cord 825 

Medicine. 2013;36(4):376-82. 826 

113. Simmelink EK, Borgesius EC, Hettinga FJ, Geertzen JH, Dekker R, van der Woude 827 

LH. Gross mechanical efficiency of the combined arm-leg (Cruiser) ergometer: a comparison 828 

with the bicycle ergometer and handbike. Int J Rehabil Res. 2015;38(1):61-7. 829 

114. Hjeltnes N. Cardiorespiratory capacity in tetra- and paraplegia shortly after injury. 830 

Scand J Rehabil Med. 1986;18(2):65. 831 

115. Haisma JA, Lh, Stam HJ, Bergen MP, Sluis TA, Bussmann JB. Physical capacity in 832 

wheelchair-dependent persons with a spinal cord injury: a critical review of the literature. 833 

Spinal Cord. 2006;44(11):642-52. 834 

116. Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF. Clinician's guide to 835 

cardiopulmonary exercise testing in adults: a scientific statement from the American Heart 836 

Association. Circulation. 2010;122:191-225. 837 

117. Jones LW, Eves ND, Haykowsky M, Joy AA, Douglas PS. Cardiorespiratory exercise 838 

testing in clinical oncology research: systematic review and practice recommendations. 839 

Lancet Oncol. 2008;9:757. 840 



32 
 

118. van de Port IG, Kwakker G, Wiltink H. Systematic review of cardiopulmonary 841 

exercise testing post stroke: Are we adhering to practice recommendations? J Rehabil Med. 842 

2015;47(10):881-900. 843 

119. Edvardsen E, Hem E, Anderssen SA. End criteria for reaching maximal oxygen uptake 844 

must be strict and adjusted to sex and age: a cross-sectional study. PLoS One 845 

. 2014;9(1):e85276. 846 

120. Doherty M, Nobbs L, Noakes TD. Low frequency of the "plateau phenomenon" during 847 

maximal exercise in elite British athletes. Eur J Appl Physiol. 2003;200389(6):619-23. 848 

121. Yoon BK, Kravitz L, Robergs R. VO2max, protocol duration, and the VO2 plateau. 849 

Med Sci Sports Exerc. 2007;39(7):1186-92. 850 

122. Alingh RA, Hoekstra F, van der Schans CP, Hettinga FJ, Dekker R, van der Woude 851 

LH. Protocol of a longitudinal cohort study on physical activity behaviour in physically 852 

disabled patients participating in a rehabilitation counselling programme: ReSpAct. BMJ 853 

Open. 2015;5(1):1-5. 854 

 855 


