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Purpose: To summarize the available maximal and submaximailac exercise tests for
wheelchair-dependent persons with a spinal cotdyrand to identify useful applications for
clinical rehabilitation.

Method: The databases of PubMed, CINABLEMBASE and PsycINF®were searched for
English-language studies published prior to Ma@h52 Two independent raters identified
and examined studies that reported on laboratosgcaerobic exercise tests in persons with

a spinal cord injury, according to the PRISMA sta¢at.

Results: The test protocols of maximal (n = 105) and submaxi(n = 28) exercise tests,
covered by 95 included studies, were assessedg@ \ariety in patient characteristics, test
objectives, test protocols, exercise modes ancdawtqarameters was reported. Few studies

reported on adherence to recommendations, adveeséseand peak outcome validation.

Conclusion: An incremental test protocol with small, individizald, increments per stage
seems preferable for testing maximal aerobic capdmit additional validation of the
available test modes is required to draw conclissiSubmaximal testing is relevant for
assessing the performance at daily life intenséres for estimating V&eak Consensus
regarding reporting test procedures and outcomegdsn® be achieved to enhance

comparability of rehabilitation results.

Keywords: cardiopulmonary exercise test; rehabilitation oate; wheelchair; upper

extremity; spinal cord injuries.
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INTRODUCTION

Individuals with a spinal cord injury (SCI) havdfaulties to engage in physical activities
since they experience poor accessibility and feypgortunities to be physically active. As a
result, these persons often show lower physicaligctevels when compared with
ambulatory individuals and, consequently, aresit for the development of medical
complications (1-3)Increasing the aerobic capacity of persons witiCadsiring

rehabilitation is essential for the preventionaIphysical fitness levels (4). In order to
monitor and optimize effects of rehabilitation tiaig it is recommended to quantify changes
in the aerobic capacity of patient with SCI durnegabilitation (5). To do so, it is important
that the characteristics of the available aeroker@se tests for individuals with a SCI are
explored and judged on their applicability in te@abilitation practice. The current review
will therefore summarize the available maximal andmaximal exercise tests for

wheelchair-dependent persons with a SCI.

Over the past few decades, a variety of differg@men-body exercise testing modes
and protocols has been conducted in the SCI popnlgs indicated in the study of Valent et
al. (2007), differences in exercise test desigmadasure physical capacity might influence
the test results. The validity of the reported ioy@ments in peak oxygen uptake (346
and peak power output (IB&y after training is therefore questionable (6). M@>peakand
POyeakparameters are, according to the American Colé@ports Medicine (ACSM),
considered to be the gold standard for indicatipgrdons’ peak physical capacity (7, 8). The
disparity in testing protocols and outcomes hamtfexrrocess of interpreting findings,
makes it difficult to compare trends across studiesl impedes generalization of the results
to the larger SCI population (9). At the same tithe,implementation of evidence-based
practice in SCI health care has become increasingigrtant over the past ten years.

Furthermore, as pointed out by De Groot et al. (30there is a strong basis for
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implementing standardized tests in SCI rehabititatienters, which emphasizes the practical

possibilities of the development of a standardaebbic exercise test (5). These findings
emphasize the necessity of a thorough evaluatitineodvailable aerobic exercise test for

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

Regular testing a patient with SCI throughout #leabilitation process with a
standardized aerobic exercise test can providewanable information. It enables
rehabilitation professionals to monitor and evaduae patients’ progress and to make
specific adjustments in the training program. Tddequate training will support patients in
the performance of daily life activities, whichaie important goal for rehabilitation, and it
would contribute to improve rehabilitation outconfés5). In order to develop evidence-
based exercise and fithess monitoring in rehabditepractice, a first step is to explore the
available aerobic testing protocols that have laggiied in the SCI population. Therefore,
the aims of this systematic review are to summaheevailable maximal and submaximal
aerobic exercise tests for wheelchair-dependesbpsrwith a SCI (i) and to identify useful

applications for clinical rehabilitation (ii).

METHODS

Sear ch strategy

This systematic review was conducted in accordanitethe recommendations of PRISMA
(Preferred Reporting Items for Systematic Reviemd ldeta-analysis) (10). The electronic
databases of PubMed, CINABLEMBASE and PsycINFOwere systematically searched on
studies published prior to May 2013. An updateddewas performed in March 2015 and

May 2016, by using the same search strategy. A celmepsive search strategy was built,
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consisting of a combination of database-specifiSMaerms, free text, ‘wild cards’ (words
truncated by using “*”) and Boolean operators (“ANBOR”, “NOT"). The search was
structured into three parts, with the first pamoerning population keywords (spinal cord
injury, paraplegia, tetraplegia, wheelchair). Theamd part of the search strategy refers to
studies about wheelchair propulsion-related aerekércise tests. The used keywords were
exercise test, maximal, submaximal, physiologitefds and training. For the third part of the
search, that covered the possible outcome meastesgrcise tests, keywords were i.e.
oxygen consumption, power output and heart ratethfde parts of the search were
combined using the Boolean operator “AND”. Retrgty@apers (n = 1211) were combined in

a single database and duplicates (n = 191) werevedn

Study selection

In order to be included in the current review, g#gchad to meet the following criteria: (1)
>80% of the experimental study group has a SCla(2poratory-based aerobic exercise test
is included, (3) and a description of the initiettsigs and stages of the testing protocol is
provided. Exclusion of studies occurred if theyyordflected on anaerobic testing, body
weight support training, respiratory training, ftinoal electrical stimulation, quality of life
assessment, body temperature examination, acsifidaily living, electromyography,
electrocardiography, homeostatic processes or mlatalesponses, since these outcomes
were not directly related to physical capacity. Aiddally, any other type of article than an
experimental or observational research article exatuded, including a review of the

literature or a comment to the editor.

Screening
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The flow diagram of literature searches and ressishown in figure 1. After removing
duplicates, 1020 articles were identified. In tinstfand second screening stage, two authors
(RD and SE) independently screened the titles bettacts respectively, according to
inclusion and exclusion criteria. In case of pensgsdisagreement during any of these two
assessment phases, a third observer (FJH) gaweliadpiverdict. Agreement between the
authors during the title- and abstract assessnierde) expressed with Cohens Kappa, was
= 0.572 andk = 0.487 (p < 0.001) respectively. Full agreement ¢aP@as achieved during

a consensus meeting that was held for each phasetyPs$ix articles were retained for full
text assessment, but nine of these 96 articles wexeailable despite several attempts of the
authors to retrieve them. In the second screenages87 articles were read by RD and SE
and were included when both reviewers felt they atlghe inclusion criteria. Subsequently,
24 were excluded based on these inclusion critBeapectively three and four more articles
were included after the updated searched in Ma@dd 2nd May 2016. Additionally, 25
eligible articles were found after checking theerefice lists. A total of 95 articles were rated

as eligible to be included for review.

Insert figure 1.

Data extraction

The three authors together established a datacértidorm. Author SE completed these data
extraction forms for the included 95 studies actwly. Relevant study characteristics were
extracted and described: (i) population charadtesis(ii) the test protocol used to conduct
the aerobic exercise test and termination guidgelieéerred to, (iii) the criteria used to

determine maximal performance, (iv) adverse eveuatsg testing and (v) key measurement
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outcomes reported, namely oxygen uptake, powemputpspiratory exchange ratio and heart

rate.

RESULTS

A total of 89 incremental maximal exercise testsirtermittent maximal exercise tests, 2
constant load maximal exercise tests and 28 sultnaeaxercise tests were conducted among
the 95 included studies. The extracted study ampdilption characteristics are shown in Table
1. Table 2 and 3 present the protocol details andoones for the maximal aerobic tests and

submaximal aerobic tests, respectively.

Insert table 1.

Patient characteristics

Based on 95 articles, a total of 2,725 participavese included in the analysis. The number
of participants included in a study ranged fron33) (o 185 (4). Mean age ranged from 24
(33, 66) to 50.0 (50) years. Most studies includede men than women, but 46 studies
included only men. Mean time since injury (TSI)gead from 78 days (52) to 28.7 years (25)
and lesion level ranged from C1 (82) to S2 (43, Eb)ty-four studies included only persons
with a paraplegia, whereas 10 studies only inclyzkrdons with a tetraplegia. Forty studies
described both persons with a tetraplegia and peg&p One study did not report on the
lesion level of the included participants. Compheigs of the injury was assessed in 67 of the
95 studies. A total of 46 of these 95 studies idetliboth subjects with a complete and

incomplete lesion, whereas 21 studies includedyspkrsons with a complete lesion. The
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reported fitness of the participants ranged fromsges with a low physical fithess status
(rehabilitants, sedentary, untrained and inacteepte) to persons with a high physical fitness

status (athletes, active, trained people).

Study designs

In the majority of the included studies, a singleasure design was applied (n = 44). Twenty-
two studies were registered as a pre-post traidé@sign, whereas 17 studies conducted
repeated measures. Nine studies applied a progpectort design, of which eight studies
were the result of the cohort study titled ‘Phybkgtaain, work capacity, and mechanisms of
restoration of mobility in the rehabilitation ofrgens with spinal cord injuries’. Other study
designs were registered as well, including a randedncontrolled trial (n = 2) and a case
study (n = 1). Sixteen of the included studiesudeld a control group in the study design,
which consisted of either persons with a SCI (r) er&able-bodied persons (n = 13). The

remaining 79 studies did not include a control grou

Test objectives

The main test objectives identified for the aerabiercise tests were to determine
physiological responses (max: n = 48, submax: h to&assess the effect of training or
rehabilitation on physical capacity (max: n = 2@max: 5) or to describe the relationship
between two parameters (max: n = 13, submax: derQdentified objectives were to screen
for contraindications for training (max: n = 1),determine V@eakfor additional training or
testing protocols (max: n = 2), to examine theafality of the six-minute push test (max: n =
1) and a graded submaximal test (submax: n = Hetermine measurement properties of
fithess measures (n = 1), to determine incremegitstage for a subsequent maximal test

(submax: n = 1) or to determine the a steady statenaximal performance submax: n = 1).

8



196 The test objective of seven submaximal tests wasaported.

197
198 Exercise modes

199 In 52 of the 105 performed maximal exercise tesisarm crank ergometer was used to

200 conduct the exercise test. The wheelchair ergomeerused in 44 tests and the hand cycle in
201 6 tests. Other identified exercise modes were sugim crank ergometry (n = 1), arm

202 tracking, which is a dual action exercise ergomédter 1) and seated double poling

203 ergometry (n = 1). For conducting the 28 submaxiexalrcise tests, wheelchair ergometry (n
204 =13) and arm crank ergometry (n = 10) were usedval as the hand cycle (n = 3), supine

205 arm crank ergometry (n = 1) and seated double g@rmgometry (n = 1).

206 When relating the identified aerobic fitness intiimas to the used exercise modes, it
207 appears that active or trained participants werelired in 35% of the studies that used

208 wheelchair ergometry, rehabilitants in 30% of thelselies, athletes in 21% and inactive or
209 untrained participants in 5% of these studies. 8d¢m®bic fitness indication was not reported
210 in 9% of the studies. For the arm crank ergometoypewhat similar results were found, but
211 fewer rehabilitants were involved in these studie®¥b) and a higher number of studies did
212 not reported on aerobic fitness indication (29%y. lkand cycling studies, active participants

213 (67%) and rehabilitants (33%) performed the exertests.
214

215 Insert table 2.

216

217 Test protocols

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

219 six submaximal exercise tests. The warm-ups hadaidn of one to five minutes and were



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

performed at zero or low resistance loads. Therteggropulsion speed ranged from 3 to 8.5

km/h or 50-60 rpm.

For most maximal exercise test protocols, the tonexhaustion varied between six to
15 minutes. The shortest time to exhaustion wasdon the study of Lasko-McCarthy &
Davis (1991), in which the tests was ended aftet minutes (69). The study of McLean et
al. (1995) reported the longest time to exhaustioover 20 minutes (78). This study
involved an intermittent maximal test protocol ihiah exercise periods were alternated with

80 seconds rest periods.

Three different maximal test protocols was usedn@ly incremental, intermittent and
constant load maximal exercise tests. These prist@ath now be further described, as well

as the test protocols of submaximal exercise tests.

Incremental maximal exercisetests. Four different test protocols were described fer&0
incremental tests. Most of these tests (n = 68eamed activity by increasing loads or
resistance. The size of these increments ranged3rto 15W per 1 to 3 minutes for tests
conducted with a wheelchair ergometer. For thes tesing arm crank ergometry and hand
cycling, step sizes ranged from 2W to 30W with stepation ranging from 1 to 3 minutes.
Several studies used different incremental steggseding on the participants’ lesion level
(20, 50, 57, 67-69, 74, 81, 82, 84, 94, 98). Pipditts were instructed to keep up with a
certain speed, which was set at 2-5 km/h for thpnty of wheelchair ergometry test and at

50-60 rpm for tests conducted with arm crank ergome

Other studies described a test protocol in whityscal demands were increased by
slope gradient inclination (n = 12). Most of thesedies using such a protocol applied the
protocol as described by Kilkens et al. (2004) §10%is protocol involves starting at a
propulsion speed of 2, 3 or 4 km/h, depending erlékion level, and increments in slope

gradient of 0.36° per minute. Eight studies usedotocol similar to the protocol used in the

10



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

studies of Gass and colleagues (41-43). This pobtiescribes an increment in speed until a
certain speed was reached. Subsequently, loadddas @r slope gradient was increased in

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

Intermittent maximal exercise tests. The physical demands in all 14 intermittent testgeols
were increased by increments in load per stageinkdnements were mostly between 2W and
10W, but two studies reported on increments of J®Nstage (78, 86). The propulsion speed
was comparable to the incremental test protocat, 3v8 km/h for tests performed in a
wheelchair ergometer or hand cycle and 50-70 rpntefds that used arm crank ergometry. In
all intermittent protocols, the period of exercigas longer (2-4 min) than the period of rest
(30s - 3 min). The rest period allowed for bloockdde, blood pressure and RPE
measurements (14, 31, 54, 86). Two studies apphadtermittent protocol because it

prevents for arm fatigue and would therefore resutigher peak aerobic values (34, 35).

Constant load maximal exercisetests. In the two studies that used wheelchair ergomaetoy,
increments per stage were applied but participaadsto propel at a maximal tolerated

constant load, while keeping a speed of 4.5 okt (66, 88).

Submaximal exercise tests. Two types of submaximal test protocols were iderdifthose

with increments in physical demands (20 tests)thnde without increments (8 tests). The
physical demands were increased by adding loategt$), increasing the slope gradient with
0.36° (7 tests), or increasing heart rate with il lor 20%HRhax (2 tests). Load increments
ranged from 5 to 30W, or were set at 20%&B30% of Maximal Tolerated Power (MTP) or
75 kpm. The number of stages varied among the sxibmatests. The protocol of six tests
consisted of one stage, 11 tests applied two stageeercise in the test protocol, seven tests
included three stages and four tests consisteid@bf six stages. Stage duration ranged from
2 to 7 minutes and these stages of exercise weeraaled with periods of 1 to 12 minutes

rest in 11 of the 28 submaximal protocols.

11



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

Insert table 3.

Adherenceto guidelines

Pre-test screening procedures were reported btu8tes. The screening was usually
performed by a physician and involved medical exation, an ECG and spirometry. Other
reported procedures were conducting a health questire or obtaining a medical history.
Five studies referred to the ACSM guidelines anel stiady referred to the American

Thoracic Society for pre-test screening proced(tés21, 32, 65, 91).

There were two reasons identified to terminateaaimal exercise test: when a patient
becomes symptomatic and when the patient has r@acheimum effort. Nineteen tests
applied symptom-limited test termination criterfandnich ten referred to the ACSM
guidelines. The other nine tests used ECG abnadissalblood pressure drop, dysreflexia, or
adverse symptoms as criteria. Maximal effort wg®reed in 81 tests as termination
reference, with volitional exhaustion (n = 32), bleato maintain speed or load (n = 21) or

both the latter (n = 28) as criteria. Five studigsnot report on termination guidelines.

Adverse events

Of the nine studies that reported on clinical abmadities during maximal testing, five
reported no clinical abnormalities. Three studegsorted on relevant abnormalities in three
patients, which included a fall in systolic bloaggsure during cooling down, inability to
keep up with the speed and bradycardia and hypoteafter testing (37, 76, 92). For one

subject, P@akcould not be determined due to unknown reason (27)

12
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For submaximal testing, two studies reported oreesg events, which were the
inability to maintain 3 minutes of propulsion (2rpens) and mild muscle spasms during

cycling (4 persons) (53, 93). One study reportedanerse events (104).

Peak outcomes

Thirty studies described criteria for reaching Bdv®O2peak The criteria used included
attainment of the age-predicted maximal heart(@RMHR) (n = 16), RER above a certain
level (>1.0-1.15) (n = 21), V&plateau despite an increase in work rate (n =ahd)blood
lactate above a certain level (> 8-10 mmol/l) (#)=Four studies opted for a supra-maximal
protocol in order to verify the attained peak 2/Other criteria were similar to the previously
described termination guidelines, including exhamsor inability to maintain speed or load

(n =5). One study referred to the ACSM guideli(i&s).

Approximately half of the studies (n = 16) alspaded the number of people who
met the predefined criteria. The number of paréinis reaching a Viplateau was reported
by eight studies, with 60% to 100% reaching thégala. Defined criteria related to RER,

APMHR and blood lactate were met by 80% to 100%hefparticipants.

Varying outcomes in V&eakwere reported in the included studies. For tests
performed in a wheelchair ergometer, the mean teg&OxpeakOf all included studies was
24.2 ml/kg/min with ranging values from 7.5 to 4én#tkg/min. Mean value (19.21
ml/kg/min) and range (8.8-38.1 ml/kg/min) were cargble for tests using arm crank
ergometry or hand cycling. The lowest values wetmd in untrained participants with
cervical lesions (25, 106), whereas the highesteslvere found in trained participants with a
paraplegia (19, 74). Some studies reportedp4dn I/min, with values ranging from 0.55 to

2.35 I/min (13, 24).

13



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

The majority of P@akoutcomes was expressed in Watts with a meaakd 56.4W
(11-210W) for wheelchair ergometry tests and 66(8%9/159W) for tests using arm crank
ergometry or hand cycling. The lowest reported @alas 11W, found in a group of
participants with high cervical lesions (24). Thghest reported Pg:xwas 210W, found in
the same group of participants that reported thbdst VQpeakvalue using wheelchair
ergometry (74). Other reported outcome measureB@akwere W/kg (0.15-1.11 W/kg),
kgm/min (255-653 kgm/min) and kpm/min (141-761 kpnm) (25, 34, 35, 61, 63, 98). The
mean and ranging values for RER andpkRwvere 1.19 (0.92-1.44) and 155 bpm (96-198

bpm), respectively.

Submaximal outcomes

Reported submaximal V\Oneans ranged from 9.3-13.1 ml/kg/min and 0.74-¥r@bh, with
overall mean values of 11.2 ml/kg/min and 1.16 tYmaspectively. Mean PO, RER and HR

values were 46.0W (17.7-78.4W), 0.92 (0.88-0.96) Bb6 bpm (97-166 bpm), respectively.

DISCUSSION

The aim of this systematic review was to summatheeavailable maximal and submaximal
aerobic exercise tests for wheelchair-dependesbpsrwith a SCI. The identified exercise
tests showed a large variety in population charetites, exercise modes, testing protocols
and outcome measures. Limited studies reportedibarance to recommendations, adverse
events and oxygen uptake validation. Possible bagflications of the available maximal

and submaximal aerobic exercise tests for cliri@l rehabilitation will be discussed.

14
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Exercise mode

Arm crank ergometry and wheelchair ergometry wieerhost commonly used exercise
modes among the included studiespRkand VQpeakcOmparisons between both modalities
showed no difference in ViQrax but a somewhat higher RQxfor arm crank ergometry. This
is in line with previous studies in which a grodppersons with a paraplegia performed a
maximal exercise test in both modes (76, 107). talually, two studies that only compared
VOzpeakoutcomes for both modes reported no differenc&Oppeakas well (44, 77).

Although no adverse events of musculoskeletal problwere reported, previous literature
indicated that wheelchair ergometry was usuallyestraining to the musculoskeletal system
than arm crank ergometry and hand cycling. Whe@l@rgometry puts the participant to a
higher risk for over-use problems of the upper-@xities (29, 76, 108, 109). On the contrary,
wheelchair ergometry has excellent application ojymities for submaximal testing in SCI
rehabilitation, since it provides relevant datavbieelchair performance and mobility in daily
life (110). Exercise modes that are more suitatat@rfaximal exercise testing in clinical
rehabilitation are arm crank ergometry and handirmycBoth modes allow for continuous
force application and no peak loads occur durirmgplsion. The hand cycle mode was found
to be highly relevant for training and testing geak cardiovascular capacity and fithness
during rehabilitation, and it was demonstrated &adrcise intensities as prescribed by the
ACSM guidelines could be attained (29, 92, 111)tviibistanding, further research is
necessary on how hand cycling can be optimally éettaining and testing in the SCI

rehabilitation setting (112, 113).

The final choice of equipment depends on the gbtietest and of the participants’
ability. For example, when designing a test forat@litants, the arm crank ergometer and

hand cycle are recommended for determining peakiphlycapacities during maximal

15



365 exercise testing, whereas the more task-specifid4nan wheelchair propulsion has a higher

366 relevance for submaximal testing and assessinyg lifailperformance (110).
367
368 Test protocols

369 In order to attain the peak physical abilities dgran aerobic maximal exercise test, it is
370 important to determine the increments per stagefaldy. This is especially true for those
371 who are rehabilitating from a SCI, since these peape often vulnerable and sensitive to
372 overuse problems (27, 114, 115). When large incnésnger stage are applied, the

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

374 recommended to use small to modest individualinecements per stage, resulting in

375 completion of the test between 8 and 12 minute418). The results revealed two common
376 ways of increasing the physical demands duringemental testing. One way is to add

377 resistance each stage (5W-10W), with lower amouointssistance increments for those with
378 a high lesion level. Another option is to increttse slope gradient per stage (0.36°), while
379 fixing the belt velocity at a certain speed (2 ar3l km/h) depending on the physical

380 capacity of the patient. The duration of the stsigguld be between 60s and 120s. Both
381 protocol types seem to be feasible and can be tecuith any exercise mode. However, one
382 should take into account that performing a maxiexarcise test has some practical

383 limitations for clinical rehabilitation. For exanglif the slope gradient is getting too steep
384  during testing, the patient could be forced to getause of muscular failure rather than
385 cardiovascular failure. A sudden termination oftiagt could cause the patient to roll

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

387 system, instead of increasing the slope gradibase practical limitations do not apply. In
388 fact, the posture of the patient does not changkewking a pulley system to increase the

389 physical demands and this system allows for a fargeety in increments per stage. Because

16
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of these practical advantages, it would be prefiestweopt for increasing the resistance by
using a pulley system in a clinical rehabilitatgetting, rather than increasing the slope

gradient of the treadmill.

Adherenceto guidelines

In previous review studies it was found that exsd¢esting in patient groups does not always
comply with exercise testing guidelines (117, 1I3)is is line with the findings of the

present review, in which only five studies refertedhe common accepted ACSM guidelines
for exercise testing. These guidelines recommeadqgst screening for identifying
contraindications for maximal exercise and it igiobs that all participants should have a
pre-test screening. A pre-test screening was, hexyesported in only 35 of 95 of the
included studies in the current review. In the fafunclusion- and exclusion criteria should
be clearly described, pre-test screening shoujoeb®rmed and participants should be
monitored during the test. Approval of the involyadysician, responsible for the treatment,
should be an additional criterion for SCI patiefisst termination criteria used in the

included studies were all in accordance with ACSMlglines.

For participants who cannot sustain incrementat@se due to safety reasons of
physical limitations, it is recommended to condarctintermittent test protocol. Such a
protocol allows for the prevention of muscle faggbut also for monitoring blood pressure
measurement (14). In case intermittent exercisetiseasible either, the maximal aerobic

capacity can be estimated from submaximal testingomnes (110).

Reporting outcomes
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413 The reported peak values are difficult to interpsetice 30 studies described criteria for

414 reaching a valid peak oxygen uptake. Of these @fiesd, only 16 studies reported the number
415 of participants who satisfied these criteria. Thenpry criterion for VQpeaxis the

416 achievement of a V&plateau despite an increase in work rate (7, I%y.use of this

417 criterion is, however, questionable, since mora thiae plateau can be achieved during

418 incremental exercise or the plateau cannot be foLb@121). In case a \lateau could

419 not be determined, Edvardsen et al. (2014) recordrttenuse of an RER cut-off value (>1.0-
420 1.15) as criterion for attaining Vgkak(119). This recommendation is in line with findings

421 the current review.

422 Several studies used the attainment of the APMH& agerion for maximal effort,
423 but the use of this criterion in the SCI populati®iguestionable, since the sympathetic
424  innervation of the heart derives from T1 to T4.9é&s with a lesion at or above T4 might
425 show a non-linear relation between HR and.Y&3, 89). The attainment of APMHR is

426 therefore not recommended as a criterion for attgia valid VQ.

427 There are currently no guidelines available folorépg outcomes of exercise testing
428 for any clinical population (117). It is, howeveecommended to report peak oxygen uptake
429 and power output values, since these two parametnesidentified as primary outcome

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

431 recommended to report on Y@lateau and mean RER measures (116, 118). Addilyoim

432 order to enhance comparability of clinical rehdhilon outcomes, the criteria and reasons for
433 test termination should be reported and resultd teée compared with norm scores for

434 persons with a paraplegia and tetraplegia.
435

436 Implicationsfor rehabilitation
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* Regularly testing the cardiovascular capacity du&clI rehabilitation will enable us

to monitor the impact of rehabilitation intervemgoon an individual level.

* The incremental arm ergometry test with small inmeeats per stage is most relevant

for the assessment of the peak cardiovascular itgpac

e For the assessment of daily life functioning, tabraaximal wheelchair ergometer test

is preferable.
« Hand cycling is a promising exercise mode for de#ting and training.

» Systematically reporting on test termination, crétdor attaining valid peak outcomes

and adverse events is necessary to enhance contipacdlvesults.

Limitations and recommendations

A few limitations need to be taken into account wierpreting the results of the current
review. First of all, it might be possible that sastudies using an aerobic exercise test in the
SCI population have been missed, even though am@mapsive search was conducted. We
are however confident that the results and conmhssare representative, given the large
number of 95 included studies. A disadvantageolesedf the broad inclusion strategy,
however, is the wide diversity found regarding gtatethods and populations, which makes
it more difficult to draw conclusion. At the same¢, this latter issue is contradicted by the
fact that persons with a SCI with all kinds of &8s levels, from rehabilitant to athlete, are

represented in the current study.

The current review provides some guidance for argan evidence-based
standardized aerobic exercise test, but it shoelddbed that measuring peak
cardiorespiratory abilities is only one part of th&al physical capacity when referring to the

ACSM definition of physical fithess. The ACSM iddied several components of physical
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fitness in addition to cardiorespiratory fitnesanrely body composition, flexibility, muscular
strength and muscular endurance (7). In ordertéonad full understanding of a patients’

physical capacity, it is necessary to measure thgsx components as well (6).

An important factor for research in the contextising exercise testing as a means of
evaluating training or active lifestyle intervemtis the use of a control group in the study
design. In only 12 of the 68 studies in the preseview, of which two studies were a
randomized controlled trial, a control group waduded. Although establishing a control
group is often complicated in SCI research duéecatbsence of an unlimited source of
persons with a SCI and the existing heterogeneitiis population, it should be encouraged
to establish larger subject groups, and thus statigpower, in future studies. A possibility
could be conducting structured training and tegtiragrams in able-bodied persons, since
their physiological stress and strain appears toobeparable for those with a paraplegia
(112). Furthermore, by introducing multicenter ablbration, outcomes of various training
and testing procedures can be evaluated systetthatica homogeneous group as well (6).
Another option is to perform a multilevel analygdscompare groups of patients with SCI.
This statistical analysis technique, that was &glpin a recent longitudinal cohort study on
physical activity behavior in patients, allows faissing values and can correct for

differences at the level of rehabilitation cente22).

The current review showed various opportunitigdtie application of exercise testing
in SCI rehabilitation. However, the findings didtremable us to describe the most preferable
test protocol for maximal and submaximal testingiuFe research should therefore focus on
validating the different exercise modes. Furtheempractical limitations should be

considered and consensus regarding reporting ogtsoeds to be achieved.

CONCLUSION
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486

487 This systematic review can be seen as a firstistépe development of a standardized aerobic
488 exercise test for daily SCI rehabilitation practiéa extensive variety in population

489 characteristics, exercise modes, testing protaadisoutcome measures was revealed.

490 Limited studies reported on adherence to recomniemsa adverse events and oxygen

491 uptake validation. An incremental test protocolhnstmall, individualized increments per

492 stage seems preferable, but additional validatidheexercise modes is required to draw
493 definitive conclusions. Submaximal testing is rele/for assessing the performance at daily
494 life intensities and for estimating \4gdax Furthermore, consensus regarding reporting test
495 procedures and outcomes needs to be achieved ao@mbomparability of rehabilitation

496 results.
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