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Abstract: Introduction: Parkinson’s disease (PD) is a neurodegenerative disease characterized by
motor symptoms and gait impairments. Among them, freezing of gait (FOG) is one of the most
disabling manifestations. Backward walking (BW) is an activity of daily life that individuals with PD
might find difficult and could cause falls. Recent studies have reported that gait impairments in PD
were more pronounced in BW, particularly in people presenting FOG. However, to the best of our
knowledge, no systematic review has synthetized the literature which compared BW performance in
PD patients with and without FOG. Objective: The aim of this study was to evaluate the differences
in BW performance between PD patients with FOG and PD patients without FOG. Methods: Two
databases, PubMed and Web of Science, were systematically searched to identify studies comparing
BW performance in PD patients with and without FOG. The National Institutes of Health (NIH) tool
was used to assess the quality of the studies included. Results: Seven studies with 431 PD patients
(179 PD with FOG and 252 PD without FOG) met the inclusion criteria and were included in this
review. Among them, 5 studies reported walking speed, 3 studies step length, stride length and lower
limb range of motion, 2 studies functional ambulation profile, toe clearance height, swing, and stance
percent and 1 study reported the decomposition index and stepping coordination. Compared to PD
patients without FOG, PD patients with FOG showed slower walking speed and reduced step length
in 3 studies, shorter stride length, lower functional ambulation profile and decreased ankle range of
motion in 2 studies, and smaller swing percent, higher stance percent, worse stepping coordination,
greater decomposition between movements, and lower toe clearance height in one study. Conclusion:
Despite the small number of included studies, the findings of this review suggested that PD patients
with FOG have worse gait performance during the BW task than PD without FOG.

Keywords: Parkinson’s disease; freezing of gait; backward walking; gait

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder [1] characterized
by motor symptoms such as slow movement, muscle stiffness, and tremor affecting the
performance of motor tasks, including walking [2]. Gait impairments are rather common in
PD, particularly with disease progression [3] and are associated with an altered quality of
life and an increased risk of falls [4]. These include continuous alterations such as reduced
step length, low gait speed, increased cadence and variability, and episodic disturbances
such as freezing of gait (FOG) [3]. FOG is a debilitating symptom of PD [5], defined as a
“brief, episodic absence or marked reduction of forward progression of the feet despite
the intention to walk” [6]. It impairs mobility, alters quality of life, leads to falls and is
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most likely to occur when initiating gait, turning, walking through narrow spaces, or
approaching a destination [6].

Mobility in PD could be assessed using different tasks such as forward walking, back-
ward walking (BW), sit-to-walk, and turning [7]. Forward walking is a basic component in
human locomotion and BW is a variation of it [8]. BW is also a common activity of daily
living, performed, for instance, when stepping back from a sink or when a fast-moving bus
passes [9]. However, BW is more difficult and demanding because of increased postural in-
stability and absence of visual cues [10] and elderly people demonstrated reduced cadence,
shorter stride length and swing phase, and increased double support time during BW [11].
Since BW is an essential element of mobility, deficits might lead to higher risk of falls. To
this end, the evaluation of BW performance could be clinically useful [12] and BW has been
reported to be more accurate than forward walking in identifying the risk of falls in elderly
people [13].

Concerning individuals with PD, these patients demonstrated more pronounced gait
impairments in BW than in forward walking such as reductions in stride length and
velocity [14,15]. In addition, in PD, BW impairment, differently from forward walking,
has been reported to be non-responsive to levodopa, suggesting that this paradigm may
provide further information about mobility [13]. Finally, BW alterations in PD have been
reported to be more closely related to motor symptoms and fear of falling than forward
walking, thus suggesting that BW analysis could be a potential progression biomarker [16].
Recent studies have also reported that patients with PD, particularly those with FOG, had
greater impairments in BW than in forward walking [7,9,17-21]. This subgroup of patients
demonstrated to be more prone to multiple falls and injuries [22] and backward walking has
been linked to FOG occurrence [18]. Therefore, the implementation of BW evaluation in PD
patients reporting FOG could be particularly relevant and could add valuable information
to clinical assessment. However, to the best of our knowledge, no systematic review to date
has compared BW performance reported in PD patients with and without FOG. Thus, the
aim of this review was to evaluate the differences in BW performance between PD patients
with FOG and PD patients without FOG.

2. Methods
2.1. Protocol and Registration

This systematic review’s protocol has been registered with the International Prospec-
tive Register of Systematic Reviews (PROSPERO) (CRD42022354994). The review follows
the recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement [23] and the Cochrane Handbook for Systematic Reviews
guidelines [24].

2.2. Eligibility Criteria

This review included original articles published in peer-reviewed scientific journals.
Only articles published in English, French, Italian or German were included. Participants
had to be diagnosed with PD. Studies reporting any measure quantifying BW performance
(spatiotemporal parameters, kinematic parameters, etc.) and comparing PD patients with
and without FOG were included. Case reports, abstracts, editorials, letters to the editor,
case studies, reviews, and meta-analyses were excluded.

2.3. Data Sources and Search Strategy

The following two databases, PubMed and Web of Science, were systematically
searched on 4 July 2022, and the search was repeated on 6 November 2022.

Keywords related to (1) Parkinson’s disease, (2) backward walking, and (3) freezing of
gait have been used. The search strategy consisted of a combination of keywords using
the Boolean operator “AND” and “OR”. The first category included terms related to PD
such as “idiopathic Parkinson’s Disease” OR “Lewy Body Parkinson Disease” OR “Primary
Parkinsonism” OR “Idiopathic Parkinson Disease” OR “Parkinson Disease”. The second
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category focused on terms related to backward walking such as “backwards walking” OR
“backward walking” OR “backward gait” OR “backward locomotion” OR “backwards
locomotion” OR “retrowalking” OR “retro-walking”. The third category specified FOG
and comprised the following terms: “freezing of gait” OR “fog” OR “frozen gait”. For the
final search, these 3 keyword’s categories were combined as follows: (1) AND (2) AND (3).
Search fields were restricted to the abstract, title, and keywords.

2.4. Study Selection

Two independent reviewers (TM and MC) screened the titles and abstracts of all
studies to identify potentially relevant articles. After the removal of duplicates, selected
full-text articles were then reviewed and independently screened for eligibility according
to the inclusion criteria mentioned above. If disagreements occurred between the two
independent reviewers, consensus will then be achieved through discussions or contact
with a third reviewer (NV) to arbitrate the disagreement.

2.5. Data Extraction

After the end of the selection process, two independent reviewers (TM and MC)
extracted data from all included studies. Information was extracted on (1) the study’s
characteristics, (2) the sample characteristics, (3) the measure of FOG, (4) the measure of
BW, and (5) the main results of the comparison of BW performance in PD patients with and
without FOG. Reviewers were not blinded to the authors or journals when extracting data.
Any discrepancies between these independent reviewers were resolved at a consensus
meeting. If disagreement persisted, a third reviewer (NV) was consulted for a final decision.

2.6. Methodological Quality

Two independent reviewers (TM and MC) assessed the quality of the included studies.
The National Institutes of Health (NIH) Quality Assessment Tool for Observational Cohort
and Cross-sectional Studies (NIH, 2014) was applied to assess the methodological quality
of the included studies. It consists of answering yes, no, or other to each of the 14 items.
Then, the overall quality of a study was evaluated by assigning a good, fair, or poor rating
to each study. Any disagreements between the two independent reviewers were resolved
by discussion, with the involvement of a third reviewer (NV) when necessary, who was
contacted to arbitrate the disagreement to reach the final rating.

3. Results
3.1. Study Selection

The database search yielded 18 potentially relevant studies. One additional study
was identified through hand searching. After removing duplicates (n = 8), 11 studies
remained. After the screening of titles and abstracts, 2 studies were excluded, and 9 studies
were reviewed for eligibility. After full-text screening, 2 studies were excluded. The
remaining 7 studies fulfilled the eligibility criteria and were included in this systematic
review [7,9,17-21]. The study selection process is illustrated in Figure 1.

3.2. Methodological Quality

The overall quality assigned to the 7 studies was “fair” according to the NIH tool
(Table 1).

3.3. Study Characteristics

Table 2 shows general information about the studies included in this systematic review,
including authors, year of publication, country, title, journal, and funding sources.
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Full-text articles excluded for
reasons (n=2):
Population: absence of PD with
FOG and PD without FOG groups

Studies included in the analysis (n=7)

Figure 1. Flowchart of the study selection process.

Publication year. Publication year of the 7 included studies ranged from 2009 [9] to
2022 [7]. One study (14%) was published in each of the following years: 2009 [9], 2010 [17],
2012 [18], 2017 [19], 2018 [20], 2020 [21], and 2022 [7].

Country of the first author’s affiliation. Five studies (71%) were conducted in the

USAT7,9,17-20,20].

Journal. The 7 included studies have been published in 6 different journals: 2 (29%) in
Guait & Posture [7,20], and 1 (14%) in each of the following journals: Movement Disorders [9],
Neurorehabilitation and Neural Repair [17], Journal of Applied Biomechanics [21], Parkinsonism
and Related Disorders [18] and Journal of Rehabilitation Medicine [19].
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Table 1. The National Institutes of Health Quality Assessment Tool for Observational Cohort and Cross-sectional Studies.

Subjects

Sample Size

. Ce N A Exposure(s) Timeframe Study Exposure(s) Loss to Key Potential
Ques'tlon/ Popu- Participation Re Justification, of Interest Sufficient for Exam- Exposure Assessed Outcome ¢4 ome Follow-up Confounding
Objec- : Rate of cruited Power . . Mea- Mea- .
. lation . . . Measured an Association ines More Asses- after Variables Overall
tive Eligible from the Description, or . . sures sures .
Clearly . Prior to between Different Than sors Baseline Measured and Rate
Clearly . Persons at Same Variance and Clearly Clearly . o .
Defined o X the Out- Exposure and Levels of s Once over " Blinded 20% or Adjusted
Stated Least 50% Popula- Effect Estimates Defined " Defined o
. . come(s) Outcome Exposure Time Less Statistically
tions Provided
Hackney Yes
& Earhart No Fair
2009 [9
el Other NR NA NA
Hackney Yes
& Earhart No Fair
2010 [17
(7] Other NR NA NA
Myers Yes
etal, No Fair
2020 [21]
Other NR NA
Peterson Yes
etal., No Poor
2012 [18]
Other NR NR
Yes
Son et al., )
2018 [20] No Fair
Other NR NR NR
Yes
Son et al., .
2022 [7] No Fair
Other NR NA
Sutter Yes
etal., No Fair
2017 [19]
Other NR NA NA

NA: not applicable; NR: not reported.
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Table 2. General information about the selected studies, including authors, year of publication, country, title, journal, and funding sources.
Author Publication Year Country Title Journal Funding Sources Study Design
Hackney and . . . Movement The American Parkinson Disease Association .
Earhart [9] 2009 USA Backward Walking in Parkinson Disease Disorders funded this work Cross-sectional
Hackney and 2010 USA The Effej;g;ifﬁx;ia‘%arfﬁi oir;Forward Neurorehabilitation ~ The American Parkinson Disease Association Cross-sectional
Earhart [17] . Ty & and Neural Repair and NIH grant KO1-HD048437.
Parkinson’s Disease
National Institutes of Health (T32HD007434),
Cross-sectional Analysis of Backward, the Greater St Louis Chapter of the American
Forward, and Dual Task Gait Kinematics in  Journal of Applied Parkinson Disease Association, and the .
Myers etal. [21] 2020 USA People With Parkinson Disease With and Biomechanics American Parkinson Disease Association Cross-sectional
Without Freezing of Gait Center for Advanced PD Research at
Washington University School of Medicine.
. . . NIH TL1RR024995; NIH RO1HD056051-01;
Evidence for a Relationship between . NIH 2T32HD007434-18A; Parkinson’s Disease
Peterson Bilateral Coordination during Complex Parkinsonism and . . . . .
2012 USA . . L. . Foundation; American Parkinson Disease Cross-sectional
etal. [18] Gait Tasks and Freezing of Gait in Related Disorders ..
. P Association Center for Advanced PD Research
Parkinson’s Disease . . .
at Washington University.
Republic of  Impacts of Freezing of Gait on Forward and . N .
Son et al. [20] 2018 Korea Backward Gait in Parkinson’s Disease Guait & Posture The Dong-A University research fund Cross-sectional
Republic of Turning Reveals the Characteristics of Gait
Son et al. [7] 2022 i . Freezing Better than Walking Forward and Guait & Posture The Dong-A University Research Fund Explorative
orea Backward in Parkinson’s Disease
NIH RO1INS077959. K.S. is supported by the
Clinical and Translational Science Award
Low to Moderate Relationships between Journal of (CTSA.) program O.f the Na.tlonal Center for
. . e Advancing Translational Sciences (NCATS) of .
Sutter et al. [19] 2017 USA Gait and Postural Responses in Rehabilitation ; . Cross-sectional
. — . the National Institutes of Health (NIH) at
Parkinson’s Disease Medicine

Washington University School of Medicine in
St Louis (TL1 TR000449). R.D. is supported by
NIH K12 HD055931.
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Funding. Funding information was reported in all studies (n = 7). Four studies (57%)
were supported by the American Parkinson Disease Association in the USA [9,17,18,21].
Four studies (57%) received grants from the National Institutes of Health [17-19,21]. One
study (14%) was supported by the Parkinson’s Disease Foundation in USA [18]. Two
studies (29%) were supported by the Dong-A University research fund in the Republic of
Korea [7,20].

Design. Six studies (86%) [9,17-21] were cross-sectional analyses and one (14%) was
explorative [7].

3.4. Sample Characteristics

Table 3 shows basic demographic and anthropometric information of the participants
included in each study.

The 7 studies included covered a total of 431 patients with PD, among whom 248 (57%)
were male. All studies included both men and women participants.

In 2 studies (29%) [7,20], patients were diagnosed with idiopathic PD according to
the United Kingdom Brain Bank criteria [25,26], while in 3 studies (43%) [9,17,19], PD was
determined using criteria for clinically defined “definite PD” [27,28]. Two studies (29%)
did not mention how PD was diagnosed [18,21].

The mean PD sample size was n = 31 £ 16, ranging from 10 [20] to 65 [19] pa-
tients with PD. The mean PD age was 68.6 £ 1.7 years, ranging from 64.2 + 6.6 [21] to
72 £ 9 years [18]. The average total score of the Movement Disorder Society-Unified Parkin-
son’s Disease Rating Scale (MDS-UPDRS) was reported in 4 studies [7,9,17,20] and ranged
from 26.2 £ 8.7 [17] to 51.80 £ 14.47 [20]. The average MDS-UPDRS part III score (motor
examination) was reported in 5 studies [7,9,17,18,20] and ranged from 27.5 4+ 9.2 [17] to
45.5 £ 15.2 [18]. The mean Hoehn and Yahr (H&Y) score was reported in 3 studies [7,18,20]
and ranged from 2.23 £ 0.59 [20] to 2.63 = 0.83 [18]. Mean disease duration was reported
in 3 studies [9,17,18] ranging from 6.4 &= 3.7 [17] to 10.5 &£ 5.9 years [17]. Symptom duration
was reported in 2 studies [7,20] ranging from 4.5 & 4.0 [7] to 8.1 £ 5.1 years [7].

All 7 of the included studies [7,9,17-21] classified the PD population into 2 categories
according to the absence (PD — FOG) (n = 252 participants, 58%) or presence (PD + FOG)
of FOG (n = 179 participants, 42%). In 3 studies, PD patients were considered in PD + FOG
group with a score > 1 [9,17] or a score > 2 [18] on item 3 of the Freezing of Gait Question-
naire (FOGQ) (“Do you feel that your feet get glued to the floor while walking, making
a turn or when trying to initiate walking (freezing)?”). In 4 studies [7,19-21], PD patients
were considered in PD + FOG group according to their responses to the new Freezing of
Gait Questionnaire (NFOG-Q). Patients watched a video representing diverse types of FOG
and then were grouped in PD + FOG group if they answered positively to item 1 of the
NFOG-Q (“Did you experience ‘freezing episodes’ over the past month?”).

Studies Population

The 7 studies included covered a total of 179 PD patients (42%) with FOG (PD + FOG)
and 252 PD patients (58%) without FOG (PD — FOG). Details about included studies,
sample size, demographic, and anthropometric and clinical characteristics are shown in
Table 3.

3.5. Assessments of Freezing of Gait

Two methods were used to assess the presence and severity of FOG in patients with PD:
Freezing of Gait Questionnaire (FOG-Q) [29] and the new Freezing of Gait Questionnaire
(NFOG-Q) [30].
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Table 3. Demographic and anthropometric information of the participants included in each study.

. Age, Mean Disease Duration Height, Mean Weight, Mean BMI, Mean MDS-UPDRS
Author, Year Country  Sample Size (1) (SD), Years (SD), Years (SD), m (SD), kg (SD), kg/m? 111 Score H&Y Score
Hackney and Earhart PD + FOG: 35 10.5 + 1.00
2009 [9] usa PD — FOG: 43 NM 6.4 + 0.57 NM NM NM NM NM
Hackney and Earhart PD + FOG: 35 10.5+5.9
2010 [17] usa PD — FOG: 43 NM 64437 NM NM NM NM NM
Myers et al., PD + FOG: 13 642 + 6.6 24.6 +3.0 26 (13-48) 2 (2-3)
2020 [21] USA PD — FOG: 31 673492 NM NM NM 23.8 427 26 (3-49) 2(1-2)
Peterson et al., PD + FOG: 12 72+9 80+45 455+ 15.2 2.63 +0.83
2012 [18] USA PD — FOG: 19 7149 6.6+ 5.1 NM NM NM 416 + 6.4 2.37 4+ 0.40
Son et al,, Republic ~ PD +FOG: 10 70.24 + 6.21 Symfté%‘ldlug‘;“"“ 1.63 = 0.08 60.99 =+ 6.03 23.0 + 0.1 35.95 4+ 9.97 2.60 4 0.51
2018 [20] ofKorea  PD — FOG: 16 71.52 + 6.34 150 4 123 1.58 + 0.01 60.28 + 10.24 242+ 0.1 35.69 + 7.60 2.23 + 0.59
Son et al., Republic ~ PD + FOG: 28 68.6 £55 Sympgolmid;{am’“ 1.60 + 0.01 617+ 9.5 242401 328+ 89 26404
2022[7] ofKorea  PD — FOG: 35 70.5 + 5.2 15440 1.55 + 0.07 57.8+£72 241401 336+7.1 24404
Sutter etal., PD + FOG: 46 mean (95% CI): median (IQR): 415 (32.8-46.3) I: 1, II: 33, III: 10, IV:
2017 [19] USA PD - FOG. 6 67.9 (65.2,70.5) 5.0 (3.0-9.5) NM NM NM 340 (29.0-39.0) 2
‘ 65.6 (63.2, 67.9) 40 (1.3-7.5) VNETEIT I 3, IT: 55, IIT: 6, IV: 1

M: male; F: female; n: number; NM: not mentioned; SD: standard deviation; BMI: body mass index; CI: confidence interval; IQR: interquartile range; MDS-UPDRS III: the Movement

Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale Part III; H&Y: Hoehn and Yahr scale.
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Method 1. FOG-Q [29] was used in 3 studies (43%) [9,17,18], including a total of
187 participants, namely 105 PD without FOG (56%) and 82 PD with FOG (44%). The FOG-
Q is a self-administrative scale which consists of 6 items, each item scored from 0 to 4 with
a maximum score of 24 points. A higher score represents more severe freezing. Four
items question the duration and frequency of FOG, and two items question general gait
impairment. Participants were considered in the PD + FOG group, if they had a score > 1 on
item 3 (“Do you feel that your feet get glued to the floor while walking, making a turn or
when trying to initiate walking (freezing)?”), suggesting a frequency of FOG at least once a
week [29].

Method 2. NFOG-Q [30] was used in 4 studies (57%) [7,19-21], including a total of
244 participants, namely 147 PD without FOG (60%) and 97 PD with FOG (40%). The NFOG-
Q was based on the FOG-Q version. An initial part was added to enable the detection
of FOG, and the exclusion of subjects without symptoms, from the actual score of FOG
severity and impact. A short video was also added to help in clarifying diverse types and
durations of FOG. Participants were considered in the PD + FOG group if they answered
“yes” on item 1 (“Did you experience freezing episodes over the past month?”) [30].

3.6. Backward Walking Protocol
Table 4 reports description of the BW tasks.

3.6.1. Experimental Procedure

Instructions. In one study (14%) [9], participants were instructed to walk at their
normal pace, 3 times in each direction: forward then backward. In one study (14%) [17],
participants performed single-task conditions at their normal or comfortable pace 3 times
in each direction: forward then backward. Secondly, they performed one trial of a mental
arithmetic task with forward then backward. In 2 studies (29%) [18,21] participants were
asked to walk backward at a comfortable pace. In 3 studies (43%) [7,19,20], the instructions
for the tasks were not reported.

Walking speed. Participants’ walking speed was reported in 6 studies (86%): normal
speed in 3 studies (43%) [9,17,20], comfortable speed in 2 studies (29%) [18,21] or preferred
speed in one study (14%) [18].

Walking distance. Walking distance was reported in all studies. Participants walked a
length of 10 m [18], 8 m [7,20], 7 m [21], 5m [9,17] and 4.8 m [19].

Number of trials. In 5 studies (71%), participants performed 3 trials per condition
[7,9,17,19,20]. In one study (14%), they performed 5 trials [21] and in one study (14%) they
performed 5 to 8 trials [18]. Only Hackney and Earhart (2010) reported that no practice
trials were given to participants. In 3 studies (43%), participants were given enough time to
rest and were allowed to sit between trials [9,17,19]. Results from trials were averaged in
5 studies (71%) [7,9,17,19,20], and it was not mentioned whether results were averaged or
not in 2 studies (29%) [18,21].

Medication state during task. BW was assessed in people with PD in OFF-medication
state, with assessments being carried out after not taking antiparkinsonian medication
at least 12 h before the tests in 4 studies (57%) [7,18-20] (n = 231 participants) and in the
ON-medication state in 3 studies (43%) [9,17,21] (n = 200 participants).

There were no included studies in which participants were asked to perform BW
only. In two studies (29%) [9,20] participants were asked to perform two walking tasks:
backward and forward walking. In Hackney and Earhart’s (2009) study, participants
walked forward then backward. The order of presentation of the conditions was not
reported by Son et al. (2018).

In one study (14%) [21], participants were asked to perform three walking tasks: BW,
forward walking, and forward walking with a dual task (listing as many words as they
could think of that start with a certain letter). By condition, trials were grouped into blocks,
five trials per block, and the blocks were randomized.
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Table 4. Description of the backward walking tasks.

Author, Year Task Length of Walkway Number of Conditions Walking Speed
Hacknev and Instructions: Participants walked FW to accustom themselves to 5 m instrumented 2:
Earhart 2}(,)09 [9] the mat, and then BW. computerized GAITRite FW Normal pace

Number of trials per condition: 3 trials (trials were averaged) walkway BW

4:
Single-task conditions: 2:
Instructions: Participants performed simple conditions by FW FW
BW

and then BW. Next, participants performed dual conditions by
FW while performing a mental arithmetic task aloud. This

5 m instrumented

Dual task conditions: 2:

E:;I}?;l:tn;[})llzr}?ﬂ procedure was repeated while BW. computerized GAITRite FW + mental arithmetic task aloud (counting coml\flgf’::s%eogace
Number of trials per condition: Simple conditions: 3 trials (trials walkway backward from 100 by threes, from 50 by fours and
were averaged) from 75 by sixes)
Dual conditions: 1 trial BW+ mental arithmetic task aloud (counting backward
from 100 by threes, from 50 by fours and from
75 by sixes)
Instructions: Participants walked a length of 7 m stretched 3:
diagonally across the capture volume in 3 conditions: FW, BW, FW
Myers et al., and dual task. 7 m BW Comfortable pace
2020 [21] Number of trials per condition: Trials were grouped in blocks by Dual task (FW + list as many different words as they P
condition (5 trials per block), and blocks were randomized (NM could that begin with a specified letter. The letter
if trials were averaged) changed for every dual task trial)
Instructions: Subjects completed the following 6 gait tasks in F?N
random order: FW, BW, turning to the left and right in a small BW
Peterson et al., radius circle and turning to the left and right in a large 10 Turnine to the left i 1 radius circl Comfortable,
. m urning to the left in a small radius circle
2012 [18] radius circle. Turning to the right in a small radius circle preferred pace
Number of trials per condition: 5 to 8 trials for both FW and BW T '8 h lgf inal dius circl
(NM if trials were averaged) wrnimg to the eftin a farge racius circle
Turning to the right in a large radius circle
Son et al. Instructions: During the FW and BW task, all patients wore 2:
2018 [20]’ Lycra shorts and a T-shirt, and completed the test with bare feet. 8m FW
BW

Number of trials per condition: 3 trials (trials were averaged)
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Table 4. Cont.
Author, Year Task Length of Walkway Number of Conditions Walking Speed
Instructions: During FW and BW tests, participants were asked 3.
to walk at their preferred speed. During 360-degree turning test, FW
Son et al., 2022 [7] participants were asked to turn at their preferred speed in 8m BW Preferred pace
both directions. 360-degree turning test
Number of trials per condition: 3 trials (trials were averaged) & &
Sutter etal., Instructions: Participants wore shoes during evaluations and 48 m GAITRite 2:
2017 [19] were allowed to rest as often as needed. computerized walkway FW Preferred pace
Number of trials per condition: 3 trials (trials were averaged) BW
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In one study (14%) [17] participants were asked to perform four walking tasks: back-
ward and forward walking in single- and dual-task conditions (performing a mental
arithmetic task aloud that consisted of counting backward from 100 by threes, from 50 by
fours, and from 75 by sixes). Participants walked forward then backward.

In one study (14%) [18], participants were asked to perform 6 walking tasks: BW,
forward walking, turning right and left in a small radius circle and turning right and left in
a large radius circle. These 6 walking tasks were performed in random order.

In one study (14%) [7], participants were asked to perform 4 walking tasks: BW,
forward walking, and 360-degree turning in both directions. The order of presentation of
the conditions was not reported.

In one study (14%) [19], participants were asked to perform 4 walking tasks: BW,
forward walking, MDS-UPDRS-III item 12 (for postural responses), and the Mini Balance
Evaluation Systems Test items 4 and 5 (for postural responses). The order of presentation
of the conditions was not reported.

3.6.2. Data Acquisition System

Table 5 describes the data acquisition method and measured parameters during BW.

BW was captured using cameras in three studies (43%): in two studies (29%) (Son
et al., 2018; Son et al., 2022) six infrared cameras (Vicon, MX-T10, Bilston, UK) were used;
in one study (14%) (Myers et al., 2020) a Hawk Digital RealTime 8-camera system (Motion
Analysis Corp, Santa Rosa, CA, USA) with a 3.048 m x 3.048 m x 3.048 m capture volume
and 100-Hz capture rate were used.

In one study (14%) (Peterson et al., 2012), to track the moment of heel strike and toe
off, each shoe’s sole had six round footswitches (20 mm (about 0.79 in) in diameter and
1 mm (about 0.04 in) thick; Motion Lab Systems, Baton Rouge, LA, USA) attached to it.

3.7. Comparison of BW Performance in PD Patients with and without FOG

Spatiotemporal parameters were measured in all studies (n = 7) [7,9,17-21]. Three
studies (43%) [7,20,21] measured both spatiotemporal and kinematic parameters.

Five studies (71%) [7,9,17,19,20] reported walking speed (m/s).

Three studies (43%) [7,19,20] reported step length (m). Three studies (43%) [7,9,17]
reported stride length (m). Three studies (43%) [7,9,17] reported cadence (step/min).

Two studies (29%) [7,20] reported step time (s) and asymmetry index of step time
and length. Two studies (29%) [9,17] reported swing and stance percent, base of sup-
port (m), and functional ambulation profile which quantify gait variability. One study
(14%) [7] reported stride time (s). One study (14%) [17] reported gait asymmetry. The
other study (14%) of Hackney and Earhart reported double support percentage [9]. One
study (14%) [18] reported stepping coordination measured as phase coordination index, a
temporal gait variable that quantifies the accuracy and consistency of left to right stepping
phases by assessing bilateral coordination of gait. It was calculated as the summation
of 2 components: consistency of phase generation and temporal accuracy in producing
anti-phased stepping through all steps [18]. One last study (14%) [21] reported cycle timing,
% gait cycle of the hip, and knee and ankle joints measuring the timing of maximum and
minimum angles.

Kinematic outcomes computed during BW in individuals with PD with and without
FOG are presented in Table 6.

Kinematic parameters were measured in 3 studies (43%) [7,20,21], which reported the
range of motion (ROM) of the hip, knee, and ankle joints.

Two studies (29%) [7,20] reported the maximum anti-phase (°) and toe clearance
height (cm).

One study (14%) [21] measured the decomposition index which was calculated to
determine percentage of the gait cycle in which a joint remained fixed while another one
is moving.
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Table 5. Outcomes of gait parameters computed in individuals with Parkinson’s disease with and without freezing of gait during backward walking.

Differences between PD + FOG and PD — FOG

Author, Year Acquisition System Gait Parameters PD + FOG PD - FOG (Absolute Difference; Percentage of Difference)
Spatiotemporal parameters:
Walking speed (m/s) 0.61 + 0.05 0.73 £ 0.05 NSD (p = 0.091)
Stride length (m) 0.7 £ 0.04 0.8 =+ 0.05 1(0.1; —12.5%) (p = 0.032 *)
Cadence (step/min) 114 +£4.7 110 £ 3.5 NSD (p = 0.422)
Hackney 5-m ins.trumented,. Base of support (m) 0.2 £0.01 0.2 +£0.01 NSD (p = 0.321)
and FEarhart computerized GAITRite Functional ambulation profile 55.8 + 2.2 64.1 + 2.5 1 (8.3; —13%) (p = 0.027 *)
2009 [9] walkway (CIR Systems, Inc., Swing (%) 30.3 4 0.8 32.4 4 0.6 1 (2.1; —6%) (p = 0.040 *)
Havertown, PA, USA). Stance (%) 70.0 + 0.9 67.7 & 0.6 1 (2.3;3%) (p = 0.031 *)
Double support (%) 412423 378 +£11.6 NSD (p = 0.065)
Variability of swing (%) 8.6 £3.2 64128 1 (1.8; 34%) (p = 0.013 *)
Variability of stance (%) 10.8 £ 3.0 5.7+ 0.5 1 (5.1; 89%) (p = 0.010 *)
Variability of stride length (m) 0.1 +£0.01 0.1 £0.01 NSD (p = 0.325)
Spatiotemporal parameters:
Walking speed (m/s) 1 PD + FOG vs. PD — FOG (p < 0.00625 *)
5-m instrumented, Stride length (m) 1 PD + FOG vs. PD — FOG (p = 0.004 *)
Hackney computerized GAITRite Cadence (step/min) NSD (p > 0.05)
and Earhart walkway (CIR Systems, Inc Base of support (m) NM NM NSD (p > 0.05)
2010 [17] Havertown, PA) T Functional ambulation profile J PD + FOG vs. PD — FOG (p < 0.001 *)
! Swing (%) NSD (p > 0.05)
Stance (%) NSD (p > 0.05)
Gait asymmetry NSD (p > 0.05)
Spatiotemporal parameters:
Timing of minimum ankle angle (% gait cycle) 95.2 £ 5.2 88.3 £ 8.4 1(6.9; 8%) (p < 0.05 %)
Timing of maximum ankle angle (% gait cycle) 87.7 £ 6.2 874 +5.0 NSD (p > 0.05)
A Hawk Digital RealTime T?m‘ing of mini'mum knee angle (% gaiﬁ cycle) 547 £ 8.4 514+ 4.6 NSD (p > 0.05)
Myers et al., 8-camera system (Motion Tu.mr.lg of ma.><1.mum kr}ee angle (% ngut cycle) 39.7 +20.8 51.1 £18.7 NSD (p > 0.05)
2020 [21] Analysis Corp, Timing of minimum hip angle (% gait cycle) 69.0 £3.7 69.6 £ 4.5 NSD (p > 0.05)
Santa Rosa, CA) Timing of maximum hip angle (% gait cycle) 528 £6.8 53.5+5.0 NSD (p > 0.05)
Kinematic parameters:
Decomposition index hip—ankle 12.9 £ 8.2 8.8+ 4.1 1 (4.1;47%) (p = 0.03 *)
Decomposition index hip—knee 16.0 £+ 8.3 10.2 £ 6.5 1 (5.8; 57%) (p = 0.03 *)
Decomposition index Knee-ankle 1251+ 4.8 108+ 75 NSD (p > 0.05)




Int. |. Environ. Res. Public Health 2023, 20, 953

14 of 23

Table 5. Cont.

Differences between PD + FOG and PD — FOG

Author, Year Acquisition System Gait Parameters PD + FOG PD - FOG (Absolute Difference; Percentage of Difference)
Hip ROM (°) 232 +6.8 25.0 £5.5 NSD (p > 0.05)
Knee ROM (°) 42.0+9.6 449 £9.7 NSD (p > 0.05)
Ankle ROM (°) 229 +£57 23.8+47 NSD (p > 0.05)
Pet Six round footswitches (20 Sp atloter‘nporal p a.ram'etefs.
cterson mm diameter, 1 mm thick; Stepping C(.)ord.lnaflon.
etal, Motion Lab Svstems: Bat Phase coordination index 13.9 + 3.9 10.9 + 3.8 1 (3;27%) (p = 0.01 %)
ystems; Baton
2012 [18] Rouge, LA, USA) Temporal accuracy of steps 74432 53421 1 (2.1; 40%) (p < 0.001 *)
T Consistency of steps 64+14 5.6 +19 1 (0.8; 14%) (p < 0.001 *)
Spatiotemporal parameters:
Walking speed MAS, LAS (m/s) 0.46 £+ 0.13 0.60 £ 0.14 1 (0.14; —23%) (p = 0.031 *)
Step length MAS (m) 0.22 4 0.08 0.32 £ 0.09 1 (0.1; —31%) (p = 0.014 *)
Step length LAS (m) 0.27 £ 0.05 0.32 4+ 0.08 NSD (p = 0.123)
Step length AI 24.03 £ 19.20 11.03 £ 7.62 1 (13; 118%) (p = 0.030 *)
Step time MAS (s) 0.49 £ 0.05 0.50 £ 0.07 NSD (p = 0.902)
The Plug-ingait model + 39 Step time LAS (s) 0.51 £ 0.04 0.51 £ 0.07 NSD (p = 0.946)
reflective markers. Step time Al 5.06 £ 3.95 4.66 £ 2.18 NSD (p = 0.755)
Son et al., Six infrared cameras (Vicon, Kinematic parameters:
2018 [20] MX-T10, UK). Hip ROM MAS (°) 26.64 +7.75 32.92 + 853 NSD (p = 0.098)
Nexus software (version 1.83, Hip ROM LAS (°) 25.77 £+ 7.39 33.76 £+ 9.25 1(7.99; —24%) (p = 0.048 *)
VICON, UK). Knee ROM MAS (°) 32.16 + 8.84 36.55 + 13.00 NSD (p = 0.404)
Knee ROM LAS (°) 32.58 £ 10.62 41.34 £11.47 NSD (p = 0.088)
Ankle ROM MAS (°) 21.84 4 5.60 30.43 £ 6.75 1 (8.59; —28%) (p = 0.006 *)
Ankle ROM LAS (°) 21.18 + 3.31 27.67 + 4.84 1 (6.49; —23%) (p = 0.003 *)
Toe clearance height MAS (cm) 2.10 £ 0.65 2.96 1 0.94 1 (0.86; —29%) (p = 0.031)
Toe clearance height LAS (cm) 275 £1.26 3.05 £ 1.01 NSD (p = 0.536)
Maximum anti-phase (°) 8.35 £242 6.74 £ 2.50 NSD (p = 0.153)
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Table 5. Cont.

Differences between PD + FOG and PD — FOG

Author, Year Acquisition System Gait Parameters PD + FOG PD - FOG (Absolute Difference; Percentage of Difference)
Spatiotemporal parameters:
Walking speed MAS, LAS (m/s) 0.44 +0.18 0.55 +0.17 NSD (p > 0.05)
Stride length MAS, LAS (m) 0.47 £0.20 0.56 £ 0.15 NSD (p > 0.05)
Stride time MAS (s) 1.03 £ 0.17 1.06 £ 0.13 NSD (p = 0.328)
Stride time LAS (s) 1.03 £ 0.16 1.06 £ 0.14 NSD (p = 0.295)
Cadence MAS (step/min) 119.78 + 18.65 116.99 + 17.45 NSD (p = 0.293)
Cadence LAS (step/min) 118.84 £+ 19.19 114.13 £ 15.05 NSD (p = 0.337)
Step length MAS (m) 0.25 4 0.11 0.30 & 0.07 1 (0.05; —17%) (p = 0.000 *)
L Step length LAS (m) 0.26 £ 0.09 0.30 £ 0.09 NSD (p > 0.05)
The Plug-ingait model + 39 b ieng
et Normalization of step length MAS (m) 0.15 = 0.07 0.20 -+ 0.04 1(0.05; —25%) (p = 0.000 *)
Son et al Six infrared cameras (\}icon Normalization of step length LAS (m) 0.16 + 0.05 0.19 + 0.05 NSD (p > 0.05)
2022 [7]" MX-T10, UK) ’ Step time MAS (s) 0.52 £ 0.09 0.52 £ 0.07 NSD (p = 0.381)
Nexus software (version 1.83, . Step time LAS (s) 0.51 £ 0.08 0.54 £0.07 NSD (p = 0.205)
VICON, UK). Kinematic parameters:
Hip ROM MAS (°) 27.67 £9.17 30.14 +9.80 NSD (p > 0.05)
Hip ROM LAS (°) 27.61 + 8.89 3193 +9.24 NSD (p > 0.05)
Knee ROM MAS (°) 33.28 +10.70 35.33 + 12.32 NSD (p > 0.05)
Knee ROM LAS (°) 34.87 +10.87 38.47 £+ 10.68 NSD (p > 0.05)
Ankle ROM MAS (°) 21.70 &+ 6.60 28.00 £ 7.40 1 (6.3; —22.5%) (p = 0.000 *)
Ankle ROM LAS (°) 22.43 + 6.05 27.74 + 8.91 NSD (p > 0.05)
Toe clearance height MAS (cm) 5.84 +1.23 6.20 + 0.95 NSD (p > 0.05)
Toe clearance height LAS (cm) 6.12 +1.39 6.29 + 1.04 NSD (p > 0.05)
Maximum anti-phase (°) 7.15 £+ 3.38 6.94 + 252 NSD (p = 0.329)
Sutter et al 4.8 m GAITRite Spatiotemporal parameters:
2017 [19] 7 computerized walkway (CIR Walking speed (m/s) 0.64 (0.46-0.83)  0.87 (0.67-1.02) 1 (0.13;—28%) (p < 0.001 *)
0.33 (0.24-0.44) 0.46 (0.39-0.55) 1 (0.23;—26%) (p < 0.001 *)

Systems, Franklin, NJ, USA)

Step length (m)

PD + FOG: PD with FOG; PD — FOG: PD without FOG; MAS: more affected side; LAS: less affected side; Al: asymmetry index; ROM: range of motion; NM: not mentioned; NSD:
Non significant difference; *: significance. Significant results are highlighted in bold. |: decrease of values in PD + FOG compared with PD — FOG, 1: increase of values in PD + FOG

compared with PD — FOG.
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Table 6. Distribution of spatiotemporal and kinematics backward walking parameters in included studies.

Sutter et al.,
2017 [19] N (% of
(nPD + FOG =46  Articles)
nPD — FOG = 65)

Hackney and Hackney and Myers et al., Peterson et al., Son et al,,
Earhart 2009 [9] Earhart 2010 [17] 2020 [21] 2012 [18] 2018 [20]
(mPD +FOG =35 @®PD+FOG=35 @OPD+FOG=13 @PD+FOG=12 (nPD+FOG=10
nPD — FOG=43) nPD —-FOG=43) nPD-FOG=31) nPD-FOG=19) nPD —FOG =16)

Son et al., 2022 [7]
(nPD + FOG =28
nPD — FOG = 35)

Walking speed (m/s) _ 5 (71%)
Stride length (m) 3 (43%)
Step length (m) 3 (43%)
Cadence Guep/min) I I 3@
Functional o
ambulation profile 2(29%)
Base of support (m) 2 (29%)
Swing (%) 2 (29%)
Stance (%) 2 (29%)
Step ime (9 ] 205
Double support (%) 1 (14%)
Variability of stride o
length (m) 1(14%)
Variability of swing (%) 1 (14%)
Variability of stance (%) 1 (14%)
Gait asymmetry ] 1 (14%)
Asymmetry of step length 1 (14%)
Normalization of o
step length 1(14%)
Stride time (s) ] 1(14%)
Timing of minimum hip o
angle (% gait cycle) 1(14%)
Timing of maximum hip o
angle (% gait cycle) 1(14%)
Timing of minimum knee o
angle (% gait cycle) 1(14%)
Timing of maximum knee o
angle (% gait cycle) 1(14%)
Timing of minimum ankle o
angle (% gait cycle) 1(14%)
Timing of maximum ankle 1(14%)

angle (% gait cycle)
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Table 6. Cont.

Phase coordination index 1 (14%)
Temporal accuracy of steps 1 (14%)
Consistency of steps 1 (14%)

Hip range of motion (°)
Knee range of motion (°)
Ankle range of motion (°)
Maximum anti-phase (°)
Toe clearance height (cm)
Decomposition index
(hip-ankle)
Decomposition index
(hip-knee)
Decomposition index
(knee-ankle)

2 (29%)

3 (43%)
3 (43%)
3 (43%)
— e

1 (14%)

1 (14%)

1(14%)
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3.7.1. Spatiotemporal BW Parameters

The distribution of the kinematics and spatiotemporal parameters in included studies
was reported in Table 6.

Spatiotemporal outcomes during BW in individuals with PD with and without FOG
were summarized in Table 5.

Walking speed. In three studies (43%) [17,19,20], walking speed was significantly
slower in PD + FOG compared with PD — FOG.

In one study (14%) [20], walking speed in PD + FOG was significantly slower by
23% in both the more affected side (MAS) and the less affected side (LAS) compared
with PD — FOG (MAS and LAS: 0.46 & 0.13 and 0.46 & 0.13, respectively, in PD + FOG;
0.60 & 0.14 and 0.60 =+ 0.14, respectively, in PD — FOG; p < 0.05) [20]. The median walking
speed was also lower by 26% in PD + FOG compared with PD — FOG (p < 0.05) in another
study [19]. In addition, PD + FOG walked slower than PD — FOG (p < 0.00625) in both
single- and dual-task conditions [17].

Figure 2 illustrates the average walking speed measured in PD patients with and
without FOG.

Included studies

Son et al. 2022 (LAs)
Son et al. 2022 (MaAs) NN

Son et al. 2018 (LAS)

Son et al. 2018 (MAs) /I =
———

Hackney & Earhart 2010

Hackney & Earhart 2009 q—i

0 0.2 0.4 0.6 0.8 1
Mean walking speed (m/s)

W PD-FOG OPD+FOG

Figure 2. Mean and standard deviation of the mean walking speed obtained in Parkinson’s disease
patients with and without freezing of gait during backward walking. The 2 groups are presented as:
Parkinson’s disease patients without freezing of gait (black bars) and Parkinson’s disease patients
with freezing of gait (white bars). The significant p values for comparison between the two groups
are reported: (*: p <0.05, **: p < 0.01) [7,9,17,20].

Step length. In 3 studies (43%) [7,19,20] step length was significantly lower in PD + FOG
than PD — FOG.

PD + FOG group had significantly narrower step length in the most affected side than
PD — FOG group ([20]: 0.22 £ 0.08 vs. 0.32 £ 0.09, p = 0.014; [7]: 0.25 = 0.11 vs. 0.30 £ 0.07,
p <0.05) [7,20]. Also, the median step length was smaller by 28% in PD + FOG compared
with PD — FOG (p < 0.05) [19]. PD + FOG had an increased asymmetry of step length
(24.03 +19.20 vs. 11.03 & 7.62, p = 0.030) [20].

Stride length. In two studies (29%) [9,17], PD + FOG had shorter stride length by 12.5%
than PD — FOG ([9]: 0.7 & 0.04 vs. 0.8 £ 0.05, p = 0.032). In both simple- and dual-task BW,
PD + FOG walked with shorter strides [17].
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Cadence. In 3 articles (43%) [9,17,20], there was no significant difference in cadence
between PD + FOG and PD — FOG groups.

Functional ambulation profile. PD + FOG had significantly lower functional ambula-
tion profile by 13% than PD — FOG ([9]: 55.8 2.2 vs. 64.1 &= 2.5, p = 0.027). In both simple-
and dual-task BW, PD + FOG had lower functional ambulation profile values compared
with PD — FOG [17]. In two studies (29%) [9,17], PD + FOG had a lower functional ambula-
tion profile than PD — FOG, by 13% in Hackney and Earhart 2009: 55.8 £ 2.2 vs. 64.1 2.5,
p =0.027).

Swing and stance percent. PD + FOG had significantly smaller swing percent by 6%
and greater stance percent by 3% than PD — FOG (30.3 & 0.8 vs. 32.4 &+ 0.6, p = 0.040 and
70.0 £ 0.9 vs. 67.7 £ 0.6, p = 0.031, respectively) [9]. PD + FOG were more variable in BW
swing and stance percent than PD — FOG (swing %: 8.6 £ 3.2 vs. 6.4 &+ 2.8, p = 0.013; stance
%: 10.8 = 3.0 vs. 5.7 = 0.5, p = 0.010) [9].

Phase coordination index. PD + FOG had significantly higher phase coordination
index values than PD — FOG, suggesting worse stepping coordination in PD + FOG
(13.9 £ 3.9 vs. 10.9 £ 3.8) [18].

Cycle timing, % gait cycle. For the PD + FOG, the minimum ankle angle happened
late in the gait cycle compared with the PD — FOG (95.2 + 5.2 vs. 88.3 & 8.4) [21].

3.7.2. Kinematic BW Parameters

Range of motion. PD + FOG group had significantly decreased ROM in the ankle joint
in the most affected side [7,20] ([20]: 21.84 + 5.60 vs. 30.43 + 6.75; [7]: 21.70 + 6.60 vs.
28.00 & 7.40) and the less affected side, (21.18 £ 3.31 vs. 27.67 £ 4.84) [20] and hip joint in
the less affected side (25.77 £ 7.39 vs. 33.76 & 9.25) [20] than PD — FOG group.

Toe clearance height. PD + FOG had a lower toe clearance height in the most affected
side than PD — FOG group (2.10 £ 0.65 vs. 2.96 £ 0.94) [20].

Decomposition indices. Greater decomposition indices between hip—ankle and hip-
knee movements were observed in the PD + FOG group (12.9 & 8.2 vs. 8.8 £ 4.1 and
16.0 £ 8.3 vs. 10.2 £ 6.5, respectively) [21].

4. Discussion

To the best of our knowledge, this is the first systematic review summarizing pub-
lished studies that compared BW performance in PD patients with and without FOG. The
main findings of our review suggest that PD + FOG exhibited marked differences in BW
compared to PD — FOG. PD + FOG had a slower walk with shorter strides and steps and a
lower functional ambulation profile compared with PD — FOG. Furthermore, PD + FOG
had worse stepping coordination, reduced swing percent, and greater stance percent. They
also had a decreased ROM in the ankle and hip joints, greater movement decomposition
and lower toe clearance height than PD — FOG. These findings could be explained by a
reduction in proprioception, an impairment in attention and cognitive functions, or an
alteration in visuospatial and cerebellar network in PD + FOG patients.

BW requires greater proprioception than forward walking due to the lack of visual
control. In PD patients, an alteration of proprioception has been described [31] and,
consequently, individuals with PD are more dependent on visual information [32] which is
more pronounced in those with FOG [33]. This could explain why PD patients have greater
impairments while walking backward [17] and the marked differences between PD with
and without FOG [20].

Another factor that could explain our findings is the increased cognitive demand
for BW. BW is a complex task, demanding more investment in attention and cognitive
resources. As reported previously, individuals with PD might experience cognitive im-
pairment, mainly related to attention and executive functions [34] and these have been
closely related to walking and mobility performance [35]. To this end, studies examining
the cognitive differences between PD + FOG and PD — FOG have suggested that PD + FOG
had worse executive, attentional, and visuospatial performance [36—43]. Furthermore,
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FOG severity was negatively correlated with performance on cognitive tests assessing
executive functions, suggesting that FOG progression is associated with frontal lobe dys-
function [36,43]. This is also supported by neuroimaging studies suggesting a common
pattern of grey matter atrophy between executive functions and FOG [44]. Additionally,
PD + FOG performed worse than PD — FOG in dual task [40], that is the performance
of two tasks simultaneously. Dual task is a common paradigm to test motor-cognitive
interaction and a worse performance during dual task has been linked to reduced cognitive
resources and lower attention and executive [45].

In PD, the coordination of bilateral stepping during gait quantified by the phase
coordination index is reduced, especially in PD + FOG [18,46]. This result, however, is
particularly marked during BW [18]. Gait coordination, rhythmicity, and asymmetry
have been related to cognitive functions and proprioception; therefore, a more markedly
increased gait asymmetry during BW could also be associated to the increase in attentional
demands [20]. This is further supported by the finding that PD + FOG demonstrated
more gait asymmetry than PD — FOG in BW under dual task conditions (Hackney and
Earhart 2010).

This review has reported that during the gait cycle, PD + FOG decompose movement
between joints more than PD — FOG [21]. This difference in decomposition indices be-
tween PD + FOG and PD — FOG could be related to the cerebellar involvement in FOG [47].
PD + FOG, indeed, have been reported to have an abnormal functional connectivity net-
work of pedunculopontine nucleus affecting the corticopontine-cerebellar pathways and
visual temporal circuits [47]. These alterations, in the context of a demanding walking
task and increased gait variability (i.e., BW), might lead PD + FOG to decompose their
movement patterns to improve their stability [21]. Plotnik et al. (2008) suggested that
in patients with PD, when alterations in gait surpass a certain limit, this might trigger
FOG. This limit could be regulated by the attention used by PD patients in gait tasks,
environmental stressors, and postural stability.

During BW, compared to forward walking, individuals tend to decrease their speed,
most likely due to the inability to see the gait direction [10]. Moreover, during BW in healthy
participants, range of motion of the hip, knee, and ankle have been reported to be reduced
compared to forward walking [10]. The same study considered the ankle joint as the main
joint responsible for propulsion and shock absorption during BW [10]. The findings from
our review are in line with these results. PD patients, indeed, markedly reduced their hip,
knee, and ankle ROM during BW, most likely due to the reduced proprioception, and this is
significantly higher in PD + FOG [7,20], supporting the idea that this subgroup of patients
have a more marked alteration of proprioceptive inputs.

Finally, the worse performance and higher variability of PD + FOG compared to
PD — FOG, mainly evident in stance and swing percent, could be explained, at least partly,
by their longer disease duration (10.5 & 1.00 years vs. 6.4 £ 0.57 years) and greater balance
impairment (Berg Balance Scale score: 46.8 + 0.85 vs. 50.0 &= 0.61) [9].

Taken together, the present findings support the use of BW in PD patients and partic-
ularly in the subgroup of patients with FOG. These patients, indeed, have already been
reported to be more prone to falls and subsequent injuries [22]. Moreover, PD + FOG have
been reported to have more severe disease progression and non-motor symptoms [48] and
a higher disability with a lower quality of life [49].

The findings that, in this group of patients, several walking parameters linked to
all walking domains (pace, rhythm, variability, asymmetry, and postural control [50] are
altered during BW and that these alterations are more pronounced than in forward walking,
support the implementation of BW during clinical and instrumented evaluation, as well
as considering including this paradigm in mobility research and clinical trials evaluating
walking and mobility in patients reporting FOG. In addition, the alterations observed
during BW could be less responsive to dopaminergic therapy, thus making this assessment
more stable and less influenced by pharmacological state [13].
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Limitations and Future Directions

The present study has some limitations. It was difficult to reproduce FOG in the
laboratory [7,20]. Thus, the actual number of FOG episodes was unknown because FOG
was rarely observed during the intervention [7]. Future studies that can detect FOG
episodes in an actual daily environment are needed to understand the effect of FOG under
different gait conditions [7]. The results are not generalizable due to the limited number
of included studies and the small sample size therein [7,20,21]. Assessments were done
during either the OFF-medication state [7,18-20] or the ON-medication state [9,17,21].
Thus, assessments in both states could be useful as FOG episodes mainly occur in the
OFF-state and some in the ON-state [51]. There was a high number and heterogeneity
of spatiotemporal and kinematic parameters in each article, thus, a strict comparison of
results is challenging.

5. Conclusions

This systematic review summarized the literature about BW performance of PD pa-
tients with and without FOG. PD with FOG had worse BW performance than PD without
FOG. PD with FOG walked slower with shorter stride and step than PD without FOG. Also,
during the gait cycle, PD + FOG decompose joint movement more than PD — FOG. As
well, PD + FOG demonstrated greater variability in gait, swing, and stance percent and
showed worse stepping coordination. PD with FOG had greater reduction in ROM, mainly
at the ankle joint than PD — FOG. This could be due to reduced proprioception and limited
attention and cognitive resources from PD patients during a challenging mobility task, or
due to altered cerebellar network and visuospatial processing. These results suggest that
BW assessment could be relevant to better characterize PD patients and that this paradigm
could add valuable information to clinical and instrumented evaluation as well as research
and clinical trial.

Author Contributions: Conceptualization, TM., C.H. and N.V.; methodology, C.H. and N.V.; formal
analysis, TM., M.C. and N.V; investigation, TM., C.H., M.C., E.B. and N.V,; resources, C.H. and N.V,;
writing—original draft preparation, TM., C.H., M.C., E.B. and N.V,; supervision, C.H. and N.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was partly funded by the French National Research Agency, within the
framework of the “Investissements d’avenir” program (ANR-10-AIRT-05 and ANR-15-IDEX-02). The
sponsors had no involvement in study design, the collection, analysis, and interpretation of data, or
in writing the manuscript. This work also forms part of a broader translational and interdisciplinary
GaitAlps research program (N.V.).

Institutional Review Board Statement: Review articles do not require Institutional Review Board
(IRB) approval if the data reviewed are public (including private and government databases) and if
the articles reviewed have received IRB approval previously.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Simon, D.K,; Tanner, C.M.; Brundin, P. Parkinson Disease Epidemiology, Pathology, Genetics, and Pathophysiology. Clin. Geriatr.
Med. 2020, 36, 1-12. [CrossRef] [PubMed]

2. Morris, M.E.; Huxham, F.; McGinley, J.; Dodd, K.; Iansek, R. The biomechanics and motor control of gait in Parkinson disease.
Clin. Biomech. 2001, 16, 459—470. [CrossRef] [PubMed]

3.  Mirelman, A.; Bonato, P.; Camicioli, R.; Ellis, T.D.; Giladi, N.; Hamilton, J.L.; Hass, C.J.; Hausdorff, ].M.; Pelosin, E.; Almeida, Q.].
Gait impairments in Parkinson’s disease. Lancet Neurol. 2019, 18, 697-708. [CrossRef] [PubMed]

4. Peterson, D.S.; Horak, F.B. Neural Control of Walking in People with Parkinsonism. Physiology 2016, 31, 95-107. [CrossRef]

[PubMed]

5.  Giladi, N.; Nieuwboer, A. Understanding and treating freezing of gait in parkinsonism, proposed working definition, and setting
the stage. Mov. Disord. 2008, 23 (Suppl. 52), 423-425. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cger.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31733690
http://doi.org/10.1016/S0268-0033(01)00035-3
http://www.ncbi.nlm.nih.gov/pubmed/11427288
http://doi.org/10.1016/S1474-4422(19)30044-4
http://www.ncbi.nlm.nih.gov/pubmed/30975519
http://doi.org/10.1152/physiol.00034.2015
http://www.ncbi.nlm.nih.gov/pubmed/26889015
http://doi.org/10.1002/mds.21927
http://www.ncbi.nlm.nih.gov/pubmed/18668629

Int. |. Environ. Res. Public Health 2023, 20, 953 22 of 23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

Nutt, J.G.; Bloem, B.R; Giladi, N.; Hallett, M.; Horak, F.B.; Nieuwboer, A. Freezing of gait: Moving forward on a mysterious
clinical phenomenon. Lancet Neurol. 2011, 10, 734-744. [CrossRef]

Son, M.; Cheon, S.-M.; Youm, C.; Kim, J.W. Turning reveals the characteristics of gait freezing better than walking forward and
backward in Parkinson’s disease. Gait Posture 2022, 94, 131-137. [CrossRef]

Van Deursen, R.W,; Flynn, T.W.; McCrory, J.L.; Morag, E. Does a single control mechanism exist for both forward and backward
walking? Gait Posture 1998, 7, 214-224. [CrossRef]

Bfa, M.E.H.; Earhart, G.M. Backward walking in Parkinson’s disease. Mov. Disord. 2009, 24, 218-223. [CrossRef]

Lee, M.; Kim, J.; Son, J.; Kim, Y. Kinematic and kinetic analysis during forward and backward walking. Gait Posture 2013, 38,
674-678. [CrossRef]

Laufer, Y. Effect of Age on Characteristics of Forward and Backward Gait at Preferred and Accelerated Walking Speed. J. Gerontol.
Ser. A 2005, 60, 627-632. [CrossRef]

Fritz, N.; Worstell, A.; Kloos, A.; Siles, A.; White, S.; Kegelmeyer, D. Backward walking measures are sensitive to age-related
changes in mobility and balance. Gait Posture 2013, 37, 593-597. [CrossRef]

Gilmore, G.; Gouelle, A.; Adamson, M.B.; Pieterman, M.; Jog, M. Forward and backward walking in Parkinson disease: A factor
analysis. Gait Posture 2019, 74, 14-19. [CrossRef]

Bryant, M.S,; Rintala, D.H.; Hou, J.G.; Lai, E.C.; Protas, E.J. Effects of levodopa on forward and backward gait patterns in persons
with Parkinson’s disease. NeuroRehabilitation 2011, 29, 247-252. [CrossRef]

Tseng, I.-].; Jeng, C.; Yuan, R.-Y. Comparisons of forward and backward gait between poorer and better attention capabilities in
early Parkinson’s disease. Gait Posture 2012, 36, 367-371. [CrossRef]

Kwon, K.Y,; Park, S.; Lee, HM.; Park, YM.; Kim, J.; Kim, J.; Koh, S.B. Backward gait is associated with motor symptoms and fear
of falling in patients with de novo Parkinson’s disease. J. Clin. Neurol. 2019, 15, 473-479. [CrossRef]

Hackney, M.E.; Earhart, G.M. The Effects of a Secondary Task on Forward and Backward Walking in Parkinson’s Disease.
Neurorehabilit. Neural Repair 2010, 24, 97-106. [CrossRef]

Peterson, D.S.; Plotnik, M.; Hausdorff, ].M.; Earhart, G.M. Evidence for a relationship between bilateral coordination during
complex gait tasks and freezing of gait in Parkinson’s disease. Park. Relat. Disord. 2012, 18, 1022-1026. [CrossRef]

Sutter, E.; Seidler, K.; Duncan, R.; Earhart, G.; McNeely, M. Low to moderate relationships between gait and postural responses in
Parkinson disease. |. Rehabilitation Med. 2017, 49, 505-511. [CrossRef]

Son, M.; Cheon, S.-M.; Youm, C.; Kim, Y.; Kim, J.W. Impacts of freezing of gait on forward and backward gait in Parkinson’s
disease. Gait Posture 2018, 61, 320-324. [CrossRef]

Myers, P.S.; Rawson, K.S.; Harrison, E.C.; Horin, A.P.; Sutter, ENN.; McNeely, M.E.; Earhart, G.M. Cross-sectional analysis of
backward, forward, and dual task gait kinematics in people with Parkinson disease with and without freezing of gait. J. Appl.
Biomech. 2020, 36, 85-95. [CrossRef] [PubMed]

Okuma, Y;; Silva de Lima, A.L.; Fukae, J.; Bloem, B.R; Snijders, A.H. A prospective study of falls in relation to freezing of gait and
response fluctuations in Parkinson’s disease. Parkinsonism Relat. Disord. 2018, 46, 30-35. [CrossRef] [PubMed]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.
[CrossRef] [PubMed]

Higgins, ].P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.].; Welch, V.A. Cochrane Handbook for Systematic Reviews of
Interventions; John Wiley & Sons: Hoboken, NJ, USA, 2019.

Hughes, A ].; Daniel, S.E.; Lees, A.J. Improved accuracy of clinical diagnosis of Lewy body Parkinson’s disease. Neurology 2001,
57,1497-1499. [CrossRef] [PubMed]

Gelb, D.J.; Oliver, E.; Gilman, S. Diagnostic criteria for Parkinson disease. Arch. Neurol. 1999, 56, 33-39. [CrossRef] [PubMed]
Racette, B.A.; Rundle, M.; Parsian, A.; Perlmutter, ].S. Evaluation of a screening questionnaire for genetic studies of Parkinson’s
disease. Am. |. Med. Genet. 1999, 88, 539-543. [CrossRef]

Calne, D.B.; Snow, B.J.; Lee, C. Criteria for diagnosing Parkinson’s disease. Ann. Neurol. 1992, 32, S125-5127. [CrossRef] [PubMed]
Giladi, N.; Shabtai, H.; Simon, E.; Biran, S.; Tal, J.; Korczyn, A. Construction of freezing of gait questionnaire for patients with
Parkinsonism. Park. Relat. Disord. 2000, 6, 165-170. [CrossRef]

Nieuwboer, A.; Rochester, L.; Herman, T.; Vandenberghe, W.; Emil, G.E.; Thomaes, T.; Giladi, N. Reliability of the new freezing
of gait questionnaire: Agreement between patients with Parkinson’s disease and their carers. Gait Posture 2009, 30, 459-463.
[CrossRef]

Konczak, J.; Corcos, D.M.; Horak, F,; Poizner, H.; Shapiro, M.; Tuite, P.; Volkmann, J.; Maschke, M. Proprioception and Motor
Control in Parkinson’s Disease. J. Mot. Behav. 2009, 41, 543-552. [CrossRef]

Cohen, R.; Horak, F.B.; Nutt, ].G. Peering through the FoG: Visual manipulations shed light on freezing of gait. Mov. Disord. 2012,
27,470-472. [CrossRef]

Cowie, D.; Limousin, P; Peters, A.; Day, B.L. Insights into the neural control of locomotion from walking through doorways in
Parkinson’s disease. Neuropsychologia 2010, 48, 2750-2757. [CrossRef]

Aarsland, D.; Batzu, L.; Halliday, G.M.; Geurtsen, G.J.; Ballard, C.; Chaudhuri, K.R.; Weintraub, D. Parkinson disease-associated
cognitive impairment. Nat. Rev. Dis. Prim. 2021, 7, 1-21. [CrossRef]


http://doi.org/10.1016/S1474-4422(11)70143-0
http://doi.org/10.1016/j.gaitpost.2022.03.009
http://doi.org/10.1016/S0966-6362(98)00007-1
http://doi.org/10.1002/mds.22330
http://doi.org/10.1016/j.gaitpost.2013.02.014
http://doi.org/10.1093/gerona/60.5.627
http://doi.org/10.1016/j.gaitpost.2012.09.022
http://doi.org/10.1016/j.gaitpost.2019.08.005
http://doi.org/10.3233/NRE-2011-0700
http://doi.org/10.1016/j.gaitpost.2012.03.028
http://doi.org/10.3988/jcn.2019.15.4.473
http://doi.org/10.1177/1545968309341061
http://doi.org/10.1016/j.parkreldis.2012.05.019
http://doi.org/10.2340/16501977-2238
http://doi.org/10.1016/j.gaitpost.2018.01.034
http://doi.org/10.1123/jab.2019-0253
http://www.ncbi.nlm.nih.gov/pubmed/32106081
http://doi.org/10.1016/j.parkreldis.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29079421
http://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
http://doi.org/10.1212/WNL.57.8.1497
http://www.ncbi.nlm.nih.gov/pubmed/11673599
http://doi.org/10.1001/archneur.56.1.33
http://www.ncbi.nlm.nih.gov/pubmed/9923759
http://doi.org/10.1002/(SICI)1096-8628(19991015)88:5&lt;539::AID-AJMG19&gt;3.0.CO;2-S
http://doi.org/10.1002/ana.410320721
http://www.ncbi.nlm.nih.gov/pubmed/1510370
http://doi.org/10.1016/S1353-8020(99)00062-0
http://doi.org/10.1016/j.gaitpost.2009.07.108
http://doi.org/10.3200/35-09-002
http://doi.org/10.1002/mds.24934
http://doi.org/10.1016/j.neuropsychologia.2010.05.022
http://doi.org/10.1038/s41572-021-00280-3

Int. |. Environ. Res. Public Health 2023, 20, 953 23 of 23

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Yogev-Seligmann, G.; Hausdorff, ].M.; Giladi, N. The role of executive function and attention in gait. Mov. Disord. 2008, 23,
329-342. [CrossRef]

Amboni, M.; Cozzolino, A.; Longo, K.; Picillo, M.; Barone, P. Freezing of gait and executive functions in patients with Parkinson’s
disease. Mov. Disord. 2008, 23, 395-400. [CrossRef]

Cohen, R.G.; Klein, K.A.; Nomura, M.; Fleming, M.; Mancini, M.; Giladi, N.; Nutt, ].G.; Horak, F.B. Inhibition, Executive Function,
and Freezing of Gait. ]. Park. Dis. 2014, 4, 111-122. [CrossRef]

Factor, S.; Scullin, M.; Sollinger, A.; Land, J.; Wood-Siverio, C.; Zanders, L.; Freeman, A.; Bliwise, D.; Goldstein, F. Freezing of gait
subtypes have different cognitive correlates in Parkinson’s disease. Park. Relat. Disord. 2014, 20, 1359-1364. [CrossRef]

Jha, M,; Jhunjhunwala, K.; Sankara, B.B.; Saini, J.; Kumar, J.K.; Yadav, R.; Bagepally, B.S. Neuropsychological and imaging profile
of patients with Parkinson’s disease and freezing of gait. Park. Relat. Disord. 2015, 21, 1184-1190. [CrossRef]

Spildooren, ].; Vercruysse, S.; Desloovere, K.; Vandenberghe, W.; Kerckhofs, E.; Nieuwboer, A. Freezing of gait in Parkinson’s
disease: The impact of dual-tasking and turning. Mov. Disord. 2010, 25, 2563-2570. [CrossRef]

Heremans, E.; Nieuwboer, A.; Spildooren, J.; Vandenbossche, J.; Deroost, N.; Soetens, E.; Kerckhofs, E.; Vercruysse, S. Cognitive
aspects of freezing of gait in Parkinson’s disease: A challenge for rehabilitation. J. Neural Transm. 2013, 120, 543-557. [CrossRef]
Teramoto, H.; Morita, A.; Ninomiya, S.; Shiota, H.; Kamei, S. Relation between freezing of gait and frontal function in Parkinson’s
disease. Park. Relat. Disord. 2014, 20, 1046-1049. [CrossRef] [PubMed]

Scholl, J.L.; Espinoza, A.L; Rai, W.; Leedom, M.; Baugh, L.A.; Berg-Poppe, P,; Singh, A. Relationships between Freezing of Gait
Severity and Cognitive Deficits in Parkinson’s Disease. Brain Sci. 2021, 11, 1496. [CrossRef] [PubMed]

Brugger, F.; Abela, E.; Hagele-Link, S.; Bohlhalter, S.; Galovic, M.; Kigi, G. Do executive dysfunction and freezing of gait in
Parkinson’s disease share the same neuroanatomical correlates? J. Neurol. Sci. 2015, 356, 184-187. [CrossRef] [PubMed]

Leone, C.; Feys, P.; Moumdjian, L.; D’Amico, E.; Zappia, M.; Patti, F. Cognitive-motor dual-task interference: A systematic review
of neural correlates. Neurosci. Biobehav. Rev. 2017, 75, 348-360. [CrossRef] [PubMed]

Plotnik, M.; Hausdorff, ].M. The role of gait rhythmicity and bilateral coordination of stepping in the pathophysiology of freezing
of gait in Parkinson’s disease. Mov. Disord. 2008, 23, 5444-5450. [CrossRef]

Wang, M,; Jiang, S.; Yuan, Y.; Zhang, L.; Ding, ].; Wang, J.; Zhang, ].; Zhang, K.; Wang, ]. Alterations of functional and structural
connectivity of freezing of gait in Parkinson’s disease. J. Neurol. 2016, 263, 1583-1592. [CrossRef]

Choi, S.M.; Jung, H.J.; Yoon, G.J.; Kim, B.C. Factors associated with freezing of gait in patients with Parkinson’s disease. Neurol.
Sci. 2019, 40, 293-298. [CrossRef]

Perez-Lloret, S.; Negre-Pages, L.; Damier, P; Delval, A.; Derkinderen, P; Destée, A.; Meissner, W.; Schelosky, L.; Tison, E.; Rascol,
O. Prevalence, Determinants, and Effect on Quality of Life of Freezing of Gait in Parkinson Disease. JAMA Neurol. 2014, 71,
884-890. [CrossRef]

Lord, S.; Galna, B.; Rochester, L. Moving forward on gait measurement: Toward a more refined approach. Mov. Disord. 2013, 28,
1534-1543. [CrossRef]

Ou, R; Wei, Q.; Cao, B,; Song, W.; Hou, Y.; Liu, H.; Yuan, X.; Zhao, B.; Wu, Y.; Shang, H. Predictors of freezing of gait in Chinese
patients with Parkinson’s disease. Brain Behav. 2018, 8, e00931. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/mds.21720
http://doi.org/10.1002/mds.21850
http://doi.org/10.3233/JPD-130221
http://doi.org/10.1016/j.parkreldis.2014.09.023
http://doi.org/10.1016/j.parkreldis.2015.08.009
http://doi.org/10.1002/mds.23327
http://doi.org/10.1007/s00702-012-0964-y
http://doi.org/10.1016/j.parkreldis.2014.06.022
http://www.ncbi.nlm.nih.gov/pubmed/25042341
http://doi.org/10.3390/brainsci11111496
http://www.ncbi.nlm.nih.gov/pubmed/34827496
http://doi.org/10.1016/j.jns.2015.06.046
http://www.ncbi.nlm.nih.gov/pubmed/26159626
http://doi.org/10.1016/j.neubiorev.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28104413
http://doi.org/10.1002/mds.21984
http://doi.org/10.1007/s00415-016-8174-4
http://doi.org/10.1007/s10072-018-3625-6
http://doi.org/10.1001/jamaneurol.2014.753
http://doi.org/10.1002/mds.25545
http://doi.org/10.1002/brb3.931

	Introduction 
	Methods 
	Protocol and Registration 
	Eligibility Criteria 
	Data Sources and Search Strategy 
	Study Selection 
	Data Extraction 
	Methodological Quality 

	Results 
	Study Selection 
	Methodological Quality 
	Study Characteristics 
	Sample Characteristics 
	Assessments of Freezing of Gait 
	Backward Walking Protocol 
	Experimental Procedure 
	Data Acquisition System 

	Comparison of BW Performance in PD Patients with and without FOG 
	Spatiotemporal BW Parameters 
	Kinematic BW Parameters 


	Discussion 
	Conclusions 
	References

