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Abstract

Aim SCI may cause loss of sensory function, paralysis, and limited functional mobility. The specificity of SCI has expanded
the scope of medical trials and given rise to therapeutic options that incorporate new technologies with robotics and electronic
devices. We aimed to identify various therapeutic options and develop effective treatment regimens.

Methods We conducted the systematic review using the following digital databases: MEDLINE/PubMed and Google Scholar.
We focused on publications published between 2012 and 2023 and The following primary terms were searched: “Spinal cord
injury rehabilitation,” “Spinal cord injury exercise,” and “Spinal cord injury therapy,” with the Boolean operator “AND/OR”
used for additional searches. A total of 110 relevant articles were identified during the selection process. After screening and
assessing eligibility, the final 17 studies were included in this systematic review

Results & conclusion The current paper gave a taxonomy of electrical instrumentation and traditional rehabilitation technolo-
gies. We also discovered that FES is used as a comprehensive regimen that involves both the upper and lower extremities,
and that locomotor training using robots is beneficial in improving walking ability. We discovered that diversified training
programs using conventional methods concentrated on the physical independence of patients with chronic SCI.

Keywords Rehabilitation protocols - Spinal cord injury - Systematic review - Robotic- and electronic-based rehabilitation

Introduction

Spinal cord injury (SCI) is a catastrophic disease that causes
decreased aerobic capacity, glucose intolerance, and insulin
resistance due to autonomic dysfunction, physical inactiv-
ity, and significant deconditioning (Gorgey et al. 2014). In
addition, several individuals with SCI are significantly less
active due to wheelchair dependency, and these metabolic
changes tend to lead to cardiovascular diseases (Warburton
et al. 2007). The negative effects experienced by patients
with SCI have led researchers to study the need for physi-
cal rehabilitation in these patients. Therefore, substan-
tial progress has been made in SCI treatment (Eng et al.
2007). Therapies for SCI, such as drug, radiotherapy, diet,
and rehabilitation therapies, can be approached in various
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ways. Proper rehabilitation based on injury severity plays
an important role in building joints and preventing muscle
strength loss. From a metabolic perspective, treatment is also
thought to be important for maintaining smooth functioning
of the respiratory and digestive systems (Nas et al. 2015).
Over the past few decades, several studies have shown that
clinical intervention and rehabilitation have a positive effect
on physical and functional recovery in patients with SCI.
However, significant progress on SCI treatment should be
made considering that there are no practical and conclusive
alternative treatments to SCI. A previous study has adopted
various approaches; however, this sporadic accumulation is
not a practical measure. Little empirical data support the
efficacy of the multiple specialized therapies offered in SCI
(Whiteneck et al. 2009). In addition, rehabilitation comes in
several shapes and forms, and there are different approaches
depending on the patient’s condition, such as paralysis (e.g.,
tetraplegia, paraplegia). The specificity of SCI has expanded
the scope of medical trials and given rise to therapeutic
options that incorporate new technologies with robotics and
electronic devices. Although these attempts have been posi-
tive catalysts for addressing the chronic problems of SCI,
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specific protocols and their outcomes are not well docu-
mented. As a result, we attempted to systematically analyze
the protocols and effects of rehabilitation to provide knowl-
edge on which methods work efficiently in practice. This
study aimed to comprehensively evaluate the equipment and
methods used for SCI rehabilitation. Through a systematic
review, the current paper presents comprehensive data on
interventions provided by all therapy professionals and adds
to the result-driven criteria for medical decision-making by
organizing research designs (i.e., purpose, participant and
exercise descriptions, and results).

Methods
Search strategy and data resource

This systematic review implemented the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. From April 2023 to May 2023, a sys-
tematic search of relevant papers was conducted using the
following digital databases: MEDLINE/PubMed and Google
Scholar. We focused on publications published between
2012 and 2023 and included only articles on humans written
in English. The search was narrowed to include only full-
text clinical trial articles. The following primary terms were
searched: “Spinal cord injury rehabilitation,” “Spinal cord
injury exercise,” and “Spinal cord injury therapy,” with the
Boolean operator “AND/OR” used for additional searches.

Selection criteria

The following criteria for eligibility were created in accord-
ance with the Population, Intervention, Comparison, Out-
comes, and Study strategy: (1) Population (P): Individuals
with an SCI (except where an individual without disabilities
acts as an individual with disabilities); (2) Intervention (I):
Rehabilitation, exercise, and/or physical treatment for SCI;
(3) Comparison (C): No rehabilitation or other interventions;
(4) Outcomes (O): Results of intervention in terms of func-
tional improvement and treatment effectiveness (e.g., pain
reduction, gait performance, body composition, and treat-
ment effectiveness); and (5) Study (S): Controlled medical
trials and protocols. In addition, the studies included rand-
omized clinical trials, controlled clinical trials, observational
studies, and case studies. Meta-analyses, reviews, letters, and
proceedings were excluded.

Data synthesis and extraction process
This systematic review collected papers in accordance with

the PRISMA 2020 guidelines, and three independent exam-
iners were engaged in the study selection and extraction
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procedure. Subsequently, two authors inspected and eval-
uated the results. Finally, the researchers and reviewers
reached a consensus on the selection and extraction process.
In the identification process, a search engine in a scientific
database was used to identify papers by combining key-
words. Duplicated and irrelevant papers were excluded from
the collected papers after searching. In the screening step,
articles that did not meet the criteria were eliminated from
the analysis list by screening titles and abstracts. Studies that
did not include individuals with SCI were also excluded.
Next, to verify the eligibility of the selected articles, each
researcher reviewed the entire article and excluded articles.
Studies with ambiguity were selected or excluded through
discussions between the researchers and evaluators.

Assessment of quality of studies

The Physiotherapy Evidence Database (PEDro) was used
to verify the quality of the collected articles. The PEDro
scale is used to grade the methodology-related “quality” of
each medical trial in the PEDro database. The PEDro scale
is intended to assist users of the PEDro database in quickly
determining which randomized clinical trials are likely to
be valid internally and may have adequate statistical data to
make the findings comprehensible (Sherrington et al. 2000).
It consists of the following 11 items: eligibility standard,
random and concealed allocation, group similarity at base-
line, blinding, < 15% dropout, intention-to-treat analysis,
between-group statistical comparisons, and variability. Each
item contributes 1 point to the total PEDro score, except for
the first item (Mabher et al. 2003). The PEDro scores of the
current study are provided in Appendix 1.

Results
Identification of studies

A total of 110 relevant articles were identified during the
selection process. Fifteen duplicated records and 17 irrel-
evant topics were removed. After screening and assessing
eligibility, the final 17 studies were included in this sys-
tematic review. A flow diagram of the selection process is
shown in Fig. 1.

General overview

Articles related to the rehabilitation of patients with SCI
were collected according to the criteria mentioned above,
and 17 papers were derived. To precisely analyze exercise
protocols, 12 electronic- and robot-based papers and 5 con-
ventional types of rehabilitation articles were classified. This
was examined by dividing the number of study participants
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Fig. 1 Flow diagram of the
study selection
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by average age, duration of injury (years), level of injury
(C1-T12), exercise design, research purpose, assessment,
and results. The table of research results is presented in
Table 1.

Robotic- and electronic-based rehabilitation

Twelve publications discussed electronic and robotic thera-
pies for the survivors of SCI. For the systematic analysis,
rehabilitation devices and methods were classified into func-
tional electronic stimulation (FES) and robotic and locomo-
tor training (LT).

Functional electrical stimulation rehabilitation

Six articles [1, 2, 3, 4, 5, 6] employed FES rehabilitation
using rowing, cycling, and ergometers. FES rowing training
(FESRT) was covered in four studies [1, 2, 3, 5]. Afshari
et al. (2022) [1] assessed the effects of FESRT on the body
composition profiles in the subacute phase of SCI. This
clinical trial involved a hybrid exercise involving the upper
and lower limbs, which required more muscular activity.
Following a substantial increase in total and leg lean mass
(p < 0.05), FESRT contributed to a greater exercise ability
and a propensity for reduced body fat accumulation. Vivod-
tzev et al. (2020) [2] instructed patients with high-level SCI
(T3-C4) to undergo a whole-body FES rowing protocol with
noninvasive ventilation. After 3 months of training, the par-
ticipants showed an improvement in their capacity to take
up oxygen for certain ventilations. Chou et al. (2020) [3] and

Kim et al. (2014) [5] employed rowing exercise interventions
in the survivors of SCI. This protocol led to improvements in
the patients’ motor function and body composition. Gorgey
et al. (2019) [4] and Thrasher et al. (2013) [6] focused on the
lower extremities using FES cycling and ergometry. Gorgey
et al. (2019) [4] confirmed that FES lower limb cycling had
positive effects on cardiometabolic results and aerobic fit-
ness. Similarly, Thrasher et al. (2013) [6] designed FES leg
cycle ergometry training to compare patients with incom-
plete and complete SCI. Following 40 exercise sessions, the
researchers noted improvements in the power output of the
lower extremities and fatigue test.

Robotic and locomotor training

Of the selected articles, six studies [7, 8, 9, 10, 11, 12]
used LT as a rehabilitation program for patients with SCI.
Onushko et al. (2019) [7] attempted to determine how sym-
pathetic—somatomotor (SS) coupling in individuals with
incomplete SCI (iSCI) can be affected by high- and low-
intensity LT. In their study, the participants performed step-
ping tasks during 20 sessions for 4—-6 weeks. The research-
ers discovered that high-intensity training might outperform
low-intensity training, indicating that SS coordination in
individuals with iSCI may change depending on the intensity
of the intervention. Similarly, Leech et al. (2016) [8] evalu-
ated the effects of exercise intensity on walking function and
quality. They also found that high-intensity LT resulted in
more favorable outcomes in terms of gait speed and muscle
activity than low-intensity LT. Leech and George (2017) [9]

@ Springer



Journal of Public Health

(120" = d) T xopu ensne
(100" =d 900" = d)

IDS! pue 9jo[dwod YPim
9SOY[} U29M)IQ SAWOIINO
ur SOOUSISHIP AJIuapI

Pue IS Ur 451-SH4 Jo
wei3oxd yoam-¢ & Surmp

Jonbioy (xepur  AyiqeSney pue ‘Q3uons TLI-$O =AT
UOISUI) X 99U OLIJWOST on3neq pue anbioj uors  9[osnw sdosrrpenb 9ndino SUOISSas () € =10d
9[qeureisns 29 yead (7)  -U9)X? 20uy) 159} an3NeJ (7) 1omod ur suoneydepe SYMET /W(9 1€ =93y [9]
‘(100" > d) Jindino 1omod (1) ndino zomod ueapA (1) Q) QUIULIARP YJoq 0], ANR_W0SIy L) F9-SHA 11 =N (€107) ‘T8 10 Jaysery,
(moq[a “10p IDOS
-[NOYS) UOISUAIXS PUE UOIXIY 1oy uonisodwod £poq pue
(500> ‘uononppe pue ‘uononpqe  ‘ySuans Apoq roddn ‘ssomy 11790 =AT1
d )| pSuans oposnw 1oddn) I9p[NOYS QOUAIFUINIIID JSTEM Areuowndorpres aaoxdur +'11 =10d
(100°= d)| ssew uea[ e Apoq ‘ssewr Apoq 0} SUIMOI ST, USALIP-IOJOW SYM 9 /p G /WG T 9¢ =33y [s]
(820'=d)11ey Apoq  ‘uondwnsuoo uaSAxo yeoq JO S109JJ9 9Y} SSISSE O, Sumor-SaA 71 =N #107) 'Te 10 wiry
So[nos[owW Ut}
-o1d ‘wistjoqelowr A310U9
Jo uotssardxe uroxd (¢)
onss1 osodIpe [e190SIA 7T-SD =A1
| AydoniodAy orosnw (7) pue ‘JeJ Je[nosnwenur 1 <104
| ssouaAnO9pQ “9z1s Q[osnuu e[S (7) JuQUAAOW dATSSed 0) SYMETNT G9-81 =33y
9s0on[3 pue ‘A)ATIISUSS Tesodsip asoon[3 pue paredwos S + SHIAN SurpAd (81°GT1°ST) [¥]
urnsur ‘oxeidn uaSAxo (1)  ‘Ayanisuas urnsur ‘gOA ([)  JO 1099 93 93e3NSAAUT O, AURIXI I_IMO[-SHA 0E=N (6102) 'Te 19 A33100)
X =AT1
(A11e)1D8
1DS 10ije K19 I9)Je SyIuowW -9
-A0221 AIOSUQS PUE 10J0W ¢ 1=10d
(9°¢ 93ueyo ueow)|(7) 9I00S AIOSUSS PAUIqUIOD (7) uo Jurmor SH-pHIqAy SYMm 97 /€ /UE 0€ =98V [€]
(8¢ @3ueyo ueaw) | (1) 2109s Jojoul (1) JO $1091J9 dY} den[eAd of, Sumoa-S g 01 =N (0Z02) ‘T8 1@ NoyYD
9SIOIOXD
(A Sursearour oy uony 03 asuodsar K1o0jerdsarorpred uowrg +O-CL=AT
-B[oI UI ZOA UI S9SBaIOul oy sy09ye Sururen) Surnp (AIN) I'€1=10a
(co'>d)  joawreroy ‘SHNO) 2dors y1oddns A103B[MUAA JO UOT UOIJB[IJUIA JAISBAUL 8'8¢ =33y [2]
Juo84xo oyerdn Kouaroyye ayeldn ua3AX(Q -BZINN YY) MOY SUIULIAAP O, -uou [JIM SUIMOI-SHA 6 =N (0207) 'Te 12 AQZIPOATA
CLL-SO =AT1 (S
(syuowt $7—¢) uon
(100>d)7T SI1919 uonisodwod aseyd aynoe-qns =0 -e[numns
[uow-9 Ut S[AJ] DTVAH (7) -wexed orjoqejoworpre]) (7) Apoq s1ooye ostoroxy SHA SAMY/I¢ /MOE 6¢ =93y [1] TeonOSg
(co>d) T (1) uonisodwod Apoq ([)  PLIQAH MOy JeSsaAul o, Suimor-SHA (ET°'8D1E=N (2207) e eysyy  [euonoung
[000301d (101U02 ‘UOTIUIAIIUL)
s)nsoy JUQISSISS Y aAnalqO as1010Xyg sjuedronred ai £pms

UONBII[IqRYQI PASEq-OIUOI)I[ PUE -O1}0qOI SUISN SAIPNIS S} JO SONSLIAJOBIRYD) | d|qeL

pringer

Qs



Kn(ur p1oo Teurds )odwoour ‘7H§1 ‘Amfur p1od reurds 7§ {[oA9] ‘A7 ‘Kanfur Jo uoneinp 7O SINOY ‘Y ‘YIUOW ‘Uous ‘Kep ‘p {SYOIM ‘Sym QW) ‘7 ‘InuIW ‘s )09[qns Jo Ioquinu ‘A7

(py3uans yourd

pue ‘dLi3 ‘0100 10j0UI) 1DS o} Suturen wre (A1182) 9D-7D=A1
quuy zoddn jo ySuans (7) P9)ISISSB-01}0qOI JO SSAU €=10d
(10" 20" ‘70" = D) $159) -oAno9Jje pue AI[IqeIojo) SAMYAE ME 8'8C =98V [c1]
(20" %0"=DI(1)  uonosuny puey pue wry () ‘Knyiqrseef o AINULPIOf,  SUIUIRAL, PIISISSY-)0qOY 0l =N (L10T) T 10 09s1ouRL]
1DS 103 Adeioy onjoqox
Sur pue Adexoy) onenbe Aq 211720 =A1
S[em [[rupean o130qoi (7) pasned uonouny £10) uowrg /1¢/WQf 9'9=10d
(coo=d)o () Anowo31o wre (1) -e11dsazoIpIed Uo S3109JJ0 Ldexayy ' Gy =8V [11]
(e =dx 1) Kyoeded d1qo1ae yedd 9Y) ISLNUOD PUB SSISSB O, Jnenby pue onoqoy (STLT) TE=N (6107) ‘T8 19 uBWLIOD)
ured pue qwin awes JY) Je
Ayonseds uonenquie ()  SINOIID [BINAU [BINIOIQNS
uonouny ddue[eq pagess (g) pareds pue [eo1100 a3e]
(Juomouny uor}  -NuwIs 0) PIpUAUI e Jey) 1TI:9D=AT
Qoue[eq PoJeas) [[IWPLAL] -  -BII[IOB) XI[AI-H Sn9[os (7) Sas1010X9 [eo1sAyd Sursn SYMQ /WOE Z1=10ad
(luoneioey xopjar-H 91038 £q 1D Te)e Apoq oys Jo [[fupesay €'0y=98y [o1]
[BAI9)UT JIOYS) [epOWNNJAl -  JOJOW AJIWAIIXD JoMO] () uonouny YY) BOUBYUD O, parroddns-ySom Apog (9°9) ZI=N (8107) 'Te 10 ZaunJejy
(200 = d) Ksuayur sorweuAp K1ojer IDST Jo waIsAs
9SI019X? JO SI0JedIpul OyId  -1dsarorpies jo samseaw (¢)  [eroydured oyy ur (ANAL)
-ads pue JN{ Ut seSueyo 4 (1-4D1) 1-10% 10308} orydononau (A11e9) $1-¢O=AT
(90" =d) x(g)  -oBJ YIMOIT ANI[-UINSUI (T) PAALISP-UTRIQ JO S[9AS] £=10d
(95" =d) x(7) dINdg oy 10aye Ayisuayurt I ut wog 6'Ch =93V (6]
(10'=d)ySmy el (1) JO SUONENUIOUOD WNISS (])  SUONEBLIBA MOY QUILIBXD O, 1’1 Knsudup-ysSiyg 11 =N (L107) 931090 pue yodo]
Sunyrem uo T
(suorsInoxo K)suouI-y31y Jo s}09p
jurof ren3ue pue [eiod as1oApe [enuajod ssasse
(10> d)! (¢)  -woroneds) eyep onewo 0} pue [JST ut Kyiqe 1es 0LL-€D=AT
(10> D) (2) -uny K)Iwanxs 1mof (g) Uo A)ISUdUI 10)0W00] SAM T A M1 =10
(10> d) (Ansuapur Kyranoe oposnw (g) ur SOSUBYD WIR)-)I0YS (%001°L9°€E) I'T 9'¢ty =98y (8]
ysy)| paads yres yead (1) ‘Kiiqe Sunyiem (1) JO S1991J9 A1) QUIUIEXA O, Lysuadyur papers) (01°6)61 =N (9107) "Te 10 Y22
10§ ur Suridnoo ojou 9I-€0=AT (L) Sur
(mo] < ysy) eI 1By -ojewos onayredwAs uo SYM 9—p /P G—¢€ 1<10d -uren 1o}
sosuodsar oInssaid [er1oye ‘ams 1T Asuur-mof pue -ySty T AJISUd)UI-(%S9-0S)MO[ 1°0S =38y [L] -owodo07T
(60" >d) Tsenbio} xopgar -saxd poojq ‘soxopar uopua)  jo joedwir oY) 9JeINSIAUI O], -(%S8-0L)USIH (L'9EI=N (6102) ‘TR 19 OysnuQ 29 o130qoY
[000301d (101U02 ‘UOTIUSAIIUL)
s nsoy JUQISSISS Y aAnalqO as1010Xy syuedronreq ai £pms

Journal of Public Health

(ponunuoo) | sjqey

pringer

A's



Journal of Public Health

employed a high-intensity LT program in patients with iSCI
and noted that physical indicators (e.g., serum brain-derived
neurotrophic factor, insulin-like growth factor-1) were
enhanced following the intervention. Consequently, both
studies reported that higher LT intensities were associated
with greater improvements in patients with iSCI. Martinez
et al. (2018) [10] also revealed that a body weight-supported
treadmill using Lokomat® (Hocoma) improved locomotor
function, including the motor score of the lower limb and
balance. Gorman et al. (2019) [11] also used Lokomat® to
assess and compare cardiorespiratory effects. The initial
robotic session lasted 20 min and was subsequently extended
in 5-min increments in future sessions until the exercise
lasted 45 min. Each session began with a 5-min warm-up,
followed by personalized, trained gait exercises, and finished
with a 5-min cool-down. Peak VO, level measured using
robotic treadmill ergometry statistically improved (14.7%,
p = 0.03) during the period of the robotic intervention. In
a study by Francisco et al. (2017) [12], 10 individuals with
chronic cervical SCI underwent robot-assisted arm training.
They performed single-degree-of-freedom upper limb exer-
cises to demonstrate the feasibility, tolerance, and efficacy of
MAHI Exo-II for cervical SCI. This device is an electroni-
cally operated upper extremity haptic exoskeleton appliance
developed for rehabilitation. The treatments were modified
based on the movement ability of each joint. After robotic
intervention, arm and hand functions (Jebsen-Taylor Hand
Function Test, Action Research Arm Test) were improved.
In addition, it was found that both trainings using robots
improved the targeted physical function.

Conventional rehabilitation

Based on the abovementioned criteria, traditional rehabili-
tation methods for patients with SCI are categorized into
resistance training, balance task, aerobic exercise, and mixed
training. Five articles [13, 14, 15, 16, 17] were used for the
systematic analysis. The table of research results is presented
in Table 2.

Resistance training

Silva et al. (2020) [13] studied the effects of circuit resist-
ance training (CRT) in individuals with SCI. The partici-
pants consisted of patients with chronic SCI, primarily those
with injury levels from T4 to T11. CRT protocols involved
physical and motor abilities (e.g., frontal lift, agility sta-
tion, biceps curl). The interventions consisted of activities
that were easy for patients to follow in their daily routine
and could be performed directly in a wheelchair. After 12
weeks of exercise, although there were no differences in
bone-related indicators, the patients’ muscle strength (p =
0.028) and agility (p = 0.028) improved.

@ Springer

Balance training

Sadeghi et al. (2018) [14] used rebound therapy for spinal cord
rehabilitation. This intervention involves exercising on a tram-
poline to improve static stability. The participants performed
core stability training and upper extremity exercises on a tram-
poline and several basic exercises using instruments, such as
balls and balloons. After the participants practiced the exercises
thrice a week, rebound therapy was found to have a positive
effect on several standing stability parameters (p < .01).

Aerobic training

Aerobic training for patients with SCI has been addressed in
studies by Wouda et al. (2016) [15] and DiPiro et al. (2016)
[16]. Wouda et al. (2016) [15] aimed to determine whether
high-intensity interval training (HIIT) increases physical
capacity and fitness levels more than moderate-intensity train-
ing (MIT) and standard care. The two experimental groups
were trained for 12 weeks at intensities of 70% (MIT) and
85-95% (HIIT) of HRmax. The intervention program con-
sisted of jogging or running according to the patient’s fitness
level and physical condition. The results showed no differences
in effectiveness among the three groups (i.e., HITT, MIT, and
standard care). DiPiro et al. (2016) [16] also used an aerobic
exercise training (AET) program for iSCI. Ten patients were
instructed to perform a non-task-specific, voluntary, progres-
sive AET protocol. The researchers discovered significant
improvements in aerobic and locomotor capacities.

Mixed training

Lotter et al. (2020) [17] identified the effects of task-specific
therapies compared with impairment-based therapies on gait
performance. Impairment-based training includes non-walking
training, whereas the task-specific method involves training
involving rehabilitation approaches (e.g., strengthening, bal-
ance, and aerobic exercise). Weight machines were used for
the strengthening activities. During balance training, patients
performed standing or sitting activities on unbalanced surfaces
(e.g., foam, trampoline) or dual upper limb balance tasks. Aer-
obic exercise involved cycling or stepping (e.g., NuStep LLC).
The protocol consisted of 20 sessions over 6 weeks, with the
intensity set at 70-80% HRmax. The researchers found that
task-specific training had a positive effect on the determinants
of mobility capacity.

Discussion
This systematic review included 17 articles that examined

the effects of various physical rehabilitation protocols
on SCI. Six FES papers, six articles related to robotic
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training and LT, and five publications on traditional
treatment modalities were analyzed and categorized.
Based on our analysis of the technology and protocols of
rehabilitation, we described how previous studies have
applied physical rehabilitation for SCI and their reha-
bilitative features and results. Several researchers have
adopted and developed electromechanical technologies
for clinical trials. Among these methods, FES, which uti-
lizes short electrical impulses to produce movements in
the paralyzed muscle, is the most frequently employed
approach for increasing motor skills in patients (Lynch
and Popovic 2008). These treatments use the undamaged
neuromuscular system to provide various therapeutic
exercise alternatives, facilitate functional rehabilitation,
and manage or prevent complications (Ho et al. 2014).
Increasing the level of physical activity is crucial for indi-
viduals with SCI, whose physical activity has been signif-
icantly reduced, and electrical stimulation can maximize
this. FES is applied in various ways, including rowing,
cycling, and ergometry (Gorgey et al. 2019). The studies
analyzed in this review also employed FES rowing [1, 2,
3, 5] and FES cycling [4, 6]. In terms of rehabilitation
protocols, the duration of the exercises ranged from 30
min to 3 h, and the duration ranged from 3 months to 6
months. This was mainly conducted with the observation
and assistance of therapists, and the intensity was set after
monitoring the subjects’ exercise levels through a test.
In addition, four studies [1, 2, 4, 6] included acclimation
sessions to electrical stimulation before the full interven-
tion. This adaptation process appears to be a necessary
step in the rehabilitation of FES in patients with SCI.
External factors, such as unfamiliarity with the interven-
tion and nervousness, may have a negative effect on an
individual’s initial performance on a specific measure
(Awad et al. 2013). Various tests and acclimation training
make it easier for participants to adapt to new stimuli and
increase the reliability of the results. The FES publica-
tions that we analyzed primarily investigated biological
responses after FES rehabilitation and showed improve-
ments in metabolic factors. Body composition [1, 4, 5],
cardiorespiratory function [1, 2, 4, 6], and neural factors
[3] showed positive outcomes. FES rehabilitation tended
to emphasize the movements and effects of the entire
body rather than focusing on a single extremity [1, 2, 3].
Davis et al. (2008) and Duffell et al. (2010) also suggested
that although the initial goal of FES was to reinstate the
lower extremity, FES-evoked exercise enhanced whole-
body metabolism in subjects with SCI. Thus, hybrid FES
allows patients to perform voluntary upper extremity and
FES-assisted lower body exercises simultaneously, reduc-
ing disabling limitations and focusing on their treatment
(Andrews et al. 2017). Therefore, FES is expected to pro-
vide conative exercises with multiple effects.
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Another group of this analysis, robotic training and LT,
is devoted to the rehabilitative properties and effective-
ness of electromechanical robots as assistive devices for
patients with SCI and physical activity limitations. This
clinical practice allows individuals to practice gait motions
more independently of assistance, probably with their body
weight supported and with robotic motion of the lower limbs
(Laursen et al. 2016). After an injury, patients experience
a decrease in gait speed, limited functional mobility, and
an increased risk of falls (Louie et al. 2015). Ultimately,
enhancing mobility and activity is important for individuals
with SCI. In this context, studies on LT have focused on the
effects of ambulation and improvements in lower extrem-
ity function. In this review, five [7, 8, 9, 10, 11] publica-
tions reported positive changes in walking ability, lower
limb kinematic data, and motor scores with locomotor and
robotic training. Several studies related to robotic training
and LT have examined the function (e.g., speed) and quality
(e.g., kinematics) of locomotion. In the training paradigm,
the intervention time ranged from 30 min to 3 hours and
the duration ranged from 4 weeks to 3 months. Compared
with FES, this intervention was slightly shorter in duration.
They employed Lokomat® robotic treadmill training device
(Hocoma, Inc.) [10, 11] and MAHI Exo-II robotic device
[12]. Several studies have focused on individuals with iSCI.
Morawietz and Moffat (2013) attributed this inclination to
the growing number of individuals with iSCI who have great
possibilities for improvement. In cases of incomplete injury,
it is critical to enhance physical activity and to return to
regular activities; hence, gait training is deemed critical.
Patients with iSCI should concentrate on the physical prob-
lems such as reducing activities and limiting participation
(Carpenter et al. 2007). These findings confirm that rehabili-
tation should be tailored to the patient’s condition and that
ambulation training is an important rehabilitation strategy
for patients with iSCI. Furthermore, several publications [7,
8, 9] have focused on exercise intensity. They compared the
effects of low- and high-intensity exercise to verify which
exercise was effective for individuals with SCI. In summary,
these studies showed that higher intensities were more ben-
eficial for the cardiometabolic aspects.

Although the abovementioned clinical practices are rela-
tively new approaches that use new technologies, some stud-
ies have employed conventional rehabilitation for SCI. The
analyzed papers dealt with resistance, aerobics, balance, and
mixed methods. The participants performed functional exer-
cises that encompassed physical and motor skills. Research-
ers using traditional methods have designed their own exer-
cise programs or followed guidelines, such as the American
College of Sports Medicine guidelines and the 2008 Physi-
cal Activity Guidelines for Americans [16]. Regarding the
exercise protocol, the intervention time ranged from 20 to
40 min, and the duration ranged from 6 to 12 weeks. Unlike



Journal of Public Health

other methods in the study, participants in the traditional
regimens had a long duration of injury (i.e., time since
injury). This treatment is expected to be used in chronic
patients who require active movements rather than assis-
tive devices. Importantly, these studies emphasized patient
independence during intervention [13, 14]. These programs
were designed to be performed and reproduced on their own
and were implemented in the wheelchair itself.

In conclusion, this systematic analysis confirmed that
FES might target the whole-body exercise effect and that
robotic training was effective in improving walking ability.
These devices play supportive roles and exert various meta-
bolic effects. In addition, traditional methods are expected to
work well in patients with chronic SCI who need to enhance
their physical independence. We found that appropriate reha-
bilitation is required depending on the patient’s injury and
paralysis level and that protocols, such as exercise intensity
and duration, should be different. The combination of SCI
and technology is constantly evolving, with several differ-
ent studies reported annually. For this quantitative flood,
it is important to provide a precise direction regarding
which treatments are effective, at what stage, and for which
patients. Therefore, by simultaneously reviewing and ana-
lyzing both technological and conventional rehabilitation,
this study presents a holistic view of effective intervention
protocols and results. This limitation suggests that the sys-
tematic review could include studies with low quality and
small effect, which can potentially bias the outcomes. In
addition, Spanish and German papers were excluded from
the analysis.

Conclusion

SCI may cause loss of sensory function, paralysis, and lim-
ited functional mobility. Researchers have adopted several
rehabilitation approaches to reduce these negative effects in
patients with SCI. We aimed to identify various therapeutic
options and develop effective treatment regimens. First, it
examined research involving technologies that utilize elec-
trical instruments and conventional rehabilitation. We also
found that FES is utilized as a comprehensive rehabilitation
program, including the upper and lower limbs, and that LT
with robots is effective in enhancing walking ability. Using
traditional methods, we discovered that various training pro-
grams emphasize the physical independence of patients with
chronic SCI. This systematic review presents specific find-
ings that hold the potential to provide practical rehabilitation
options for patients with SCI.
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