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Abstract

Background

Lower limb orthoses intend to improve walking in adults with neuromuscular disorders
(NMD). Yet, reported group effects of lower limb orthoses on treatment outcomes have gen-
erally been small and heterogeneous. We propose that guideline-based orthotic care within
a multidisciplinary expert setting may improve treatment outcomes.

Aim
To examine the effectiveness of specialist care orthoses compared to usual care orthoses
on personal goal attainment and walking ability.

Design
Cohort study.

Population

Adults with NMD who experienced walking problems due to calf and/or quadriceps muscle
weakness and were provided with a specialist care lower limb orthosis between October
2011 and January 2021.

Methods

Three months after provision, the specialist care orthosis was compared to the usual care
orthosis worn at baseline in terms of personal goal attainment (Goal Attainment Scaling
(GAS)), comfortable walking speed (m/s), net energy cost (J/kg/m) (both assessed during a
6-minute walk test), perceived walking ability and satisfaction.
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Results

Sixty-four adults with NMD were eligible for analysis. The specialist care orthoses com-
prised 19 dorsiflexion-restricting ankle-foot orthoses (AFOs), 22 stance-control knee-ankle-
foot orthoses (KAFOs) and 23 locked KAFOs. Overall, 61% of subjects showed a clinically
relevant improvement in GAS score. Perceived safety, stability, intensity, fear of falling and
satisfaction while walking all improved (p<0.002), and subjects were satisfied with their spe-
cialist care orthosis and the services provided. Although no effects on walking speed or net
energy cost were found in combined orthosis groups, specialist care AFOs significantly
reduced net energy cost (by 9.5%) compared to usual care orthoses (from mean (SD) 3.81
(0.97) to 3.45 (0.80) J/kg/m, p = 0.004).

Conclusion

Guideline-based orthotic care within a multidisciplinary expertise setting could improve
treatment outcomes in adults with NMD compared to usual orthotic care by improvements in
goal attainment and walking ability. A randomized controlled trial is now warranted to con-
firm these results.

Introduction

Adults with neuromuscular disorders (NMD), including slowly-progressive neuromuscular
diseases and peripheral nervous system injuries, often experience walking limitations [1]
caused by a loss of lower extremity muscle strength [2]. Walking limitations typically include
increased walking energy cost [3, 4], diminished walking speed [3, 5], pain [6], reduced bal-
ance and increased fall risk [7, 8], which together hinder daily physical activity [9] and nega-
tively impact quality of life [10].

In NMD, lower limb orthoses for lower extremity muscle weakness are commonly applied
[11], and intend to improve walking and walking safety [12-14]. The various types of available
lower limb orthoses differ in terms of design, weight, material, and stiffness [15-19]. In people
exhibiting distal leg muscle weakness, including weakness of the calf muscles, current practice
includes provision of high orthopaedic shoes and ankle-foot orthoses (AFOs) (ISO 8549-1
[20]) that should ideally restrict excessive ankle dorsiflexion during the stance phase of gait
[14, 18, 21]. Knee-ankle-foot orthoses (KAFOs) (ISO 8549-1 ]20]) are indicated in case of
(additional) proximal leg muscle weakness, particularly of the quadriceps muscles, and aim to
ensure weight-bearing stability during standing and walking [13, 22].

While AFOs and KAFOs reportedly improve walking energy cost [4, 18, 23], balance [24]
and walking speed [25-27] in adults with NMD, available evidence is mainly derived from
small, low-quality laboratory-based studies [28, 29]. Furthermore, effects across studies and
individuals are inconsistent [25, 29], hampering translation to clinical decision making. In cur-
rent practice, orthotic prescriptions in NMD are largely dependent on the local preference and
experience of clinicians [21, 30]. Consequently, orthosis designs vary considerably [31] and
patients show wide variation in responses [18], possibly due to an inadequate match between
the orthosis design and the patient’s individual underlying impairments [18, 32].

To facilitate individualized treatment guidance, a Dutch guideline for the prescription of
lower limb orthoses in NMD was published in 2012 [33]. This guideline provides standardized
protocols for each step of the care process according to the process description medical devices
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[34]. It also contains decision schemes for the selection of an orthosis based on an objective
measurement of the patient’s gait deviations with a 3D gait analysis and of the underlying
impairments in terms of extent and severity of muscle weakness and joint contractures. Fol-
lowing this guideline-based approach, the provision of custom-made AFOs and KAFOs by a
multidisciplinary team in an orthosis expert centre (i.e. specialized orthotic care) reportedly
improves gait biomechanics and reduces walking energy cost in polio survivors [23, 26]. How-
ever, little evidence is currently available concerning adults with diverse NMD, especially com-
parisons with usual care orthoses (UC orthoses), and the effects of specialist care orthoses on
patient-reported outcomes such as personal goal attainment is also poorly defined [28]. To the
best of our knowledge, only one NMD-related study has evaluated the effects of lower limb
orthoses on personal goals, as measured by the goal attainment scale (GAS) [35], a patient-
reported measure that captures the effects of orthotics in relation to individual patient priori-
ties, as such providing important additional information [36].

In this study, we compared specialist care orthoses to UC orthoses (control condition at
baseline) in terms of personal goal attainment, walking ability outcomes and satisfaction. The
patient population consisted of adults with NMD experiencing walking problems due to lower
extremity muscle weakness. We hypothesized that specialist care lower limb orthoses would
improve treatment outcomes compared to UC orthoses.

Materials and methods

Study design

In this cohort study, we analysed data that were prospectively collected between October 2011
and March 2021 during orthotic care delivery in our university hospital outpatient polio and
orthosis expertise rehabilitation clinic in Amsterdam, the Netherlands. All subjects gave
informed consent for their data to be used for research purposes. The requirement for ethical
review of the study under the Medical Research Involving Human Subjects Act in the Nether-
lands was waived by the medical research ethics committee of the Amsterdam UMC (Univer-
sity of Amsterdam) on October 21 2021. Reporting of the study was in accordance with the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines
[37].

Study population

On March 29 2021, we searched our orthotic database to identify adults with NMD who had
been assessed in our gait lab for gait problems. Eligibility criteria were: (1) minimum age of 18
years; (2) weakness of the calf muscles (i.e. Medical Research Council (MRC) scale [38]

score < 5 or not being able to make three single heel-rises on one leg) and/or quadriceps mus-
cles (i.e. MRC score < 5); (3) provision of their first specialist care orthosis; and (4) currently
wearing a UC orthosis. We excluded patients for whom no follow-up data were available con-
cerning evaluation of their specialist care orthosis.

Intervention

Specialist care orthoses. Specialist care orthoses were prescribed by an experienced reha-
bilitation physician in accordance with the decision schemes of the Dutch national guideline
for lower limb orthoses in NMD [33], which was implemented in our outpatient clinic in 2011
(see S1 Fig for a schematic presentation of the process description medical devices [34], on
which the steps of the specialized care process according to the guideline were based). All
orthoses, including AFOs, stance-control KAFOs (SC-KAFOs) and locked KAFOs were
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custom-made of carbon composite by an experienced orthotic technician (OIM Orthopedie,
Noordwijkerhout, The Netherlands). AFOs were either designed as hinged AFOs with dorsi-
flexion-stop, as spring-hinged AFOs or as dorsal leaf spring AFOs. SC-KAFOs were equipped
with a mechanically or electronically-controlled knee joint or with a posteriorly offset knee
joint.

Subjects visited our outpatient clinic for an intake and physical examination, including an
assessment of muscle atrophy, deformities and range of joint motion, manual strength testing,
sensory impairments and functional tests including single-leg heel rises and squats. Thereafter,
we performed a baseline measurement with the patients’ UC orthosis, including a 3D gait anal-
ysis along a 12-meter walkway including two force plates (OR6-7, AMTI, Watertown, MA,
USA) recorded with a Vicon Vantage V5 motion capture system (VICON, Oxford, UK) (also
including a barefoot condition), a 6-minute walk test (6MWT) to assess comfortable walking
speed and net energy cost, and we asked the patient to complete questionnaires on perceived
walking ability and satisfaction. The 3D gait data was analysed and interpreted in terms of gait
kinematics and kinetics to determine the indication for a new orthosis as well as its design.

Subsequent visits were planned for casting and personal goal setting (with GAS), fitting of a
thermoplastic foil test orthosis, fitting of the orthosis, delivery of the final orthosis, gait training
by an experienced physiotherapist and a check-up 2 weeks after delivery. If adjustments were
necessary, additional visits were planned, and when foot and/or ankle deformities necessitated
the prescription of custom-made footwear, visits to a shoe technician were planned. Three
months after final delivery of the orthosis, the follow-up measurement was performed with the
patient wearing their specialist care orthosis and the results were evaluated together with the
patient. When needed, the orthosis was adjusted based on the follow-up measurement.

Usual care orthoses. Specialist care orthoses were compared to the UC orthoses that sub-
jects were using at baseline. These included orthopaedic shoes or any type of prefabricated or
custom-made AFO or KAFO.

Measurements and data analysis

All measurements were collected, pre-processed and entered into an Open Clinica database by
trained gait analysts. Outcomes analysed in this study included leg muscle strength (baseline
only), GAS scores, comfortable walking speed, net energy cost, perceived walking ability and
satisfaction (specialist care orthosis only).

Leg muscle strength. During the medical examination, which was performed by a reha-
bilitation physician, muscle strength of the left and right hip flexors, extensors, abductors and
adductors, knee extensors and flexors, ankle dorsiflexors and plantar flexors was manually
assessed and scored according to the MRC scale [38, 39]. We calculated a MRC-sum score for
each leg (range 0-40) by adding the individual scores from the eight muscle groups that were
assessed.

GAS score. A trained physiotherapist assessed the GAS at baseline, determining and scal-
ing one or two personal goals selected together with the patient and based on the patient’s
goals for the specialist care orthosis in daily living [40]. GAS is an individualized measurement
tool that facilitates comparison of treatment goal attainment for a diversity of goals within and
between individuals. Attainment of personal goals was quantified on a 6-point scale, with pre-
defined outcome levels: —3 = worsened, —2 = unchanged/baseline, —1 = somewhat less than
expected, 0 = expected outcome, +1 = somewhat more than expected and +2 = much more
than expected. An improvement of at least two GAS score points was regarded as clinically rel-
evant [41]. Raw GAS scores were used for statistical analyses. In cases where two goals were set
for one subject, a mean score was calculated.
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Walking speed and net energy cost. Walking speed and net energy cost were assessed
with a 6BMWT at self-selected comfortable speed on an indoor oval track. Throughout the test,
oxygen uptake (VO,) and respiratory exchange ratios (RER) were measured breath-by-breath
using an accurate telemetric gas analysis device (K5, Cosmed, Rome, Italy) [42]. Participants
were instructed not to eat or drink sugar-containing beverages within 2 hours of the measure-
ment. Prior to the SMWT, subjects rested on a chair for 8 minutes while VO, and RER were
measured. The assessment of walking energy cost during a 6SMWT at comfortable speed has
previously been shown to be reliable in individuals with NMD [43].

Mean VO, and RER values were derived from a visually identified steady-state period of at
least 60 seconds during the last 3 minutes of the rest test and 6MWT. Using these values,
energy consumption (in J/kg/s) during rest and walking were calculated based on the following
formula: ((4.940 x RER) + 16.040) x VO,, where VO, is ml/kg/s [44]. To calculate net energy
consumption, resting energy consumption was then subtracted from energy consumption
while walking. Net energy cost (in J/kg/m) was calculated by dividing net energy consumption
by walking speed during the SMWT (in m/s).

Perceived walking ability. Using an in-house questionnaire, perceived walking ability
was evaluated in terms of safety, stability, intensity, safety while walking on irregular surfaces,
ascending and descending stairs, fear of falling and overall satisfaction while walking in daily
living. Each item was rated on an 11-point scale, ranging from 0 (worst possible score) to 10
(best possible score).

Satisfaction with the orthosis and services provided. Satisfaction with the specialist care
orthosis and provided services was assessed using the Quebec User Evaluation Satisfaction
with assistive Technology questionnaire, in a valid and reliable Dutch version (D-QUEST)
[45]. Mean scores were calculated (range 1-5) for both domains, excluding questions answered
as ‘not applicable’.

Statistical analysis

SPSS version 26 (IBM SPSS, Chicago, Illinois, USA) was used for all statistical analyses and sig-
nificance levels were set at p<0.05. Subjects’ demographic (e.g. gender, age) and clinical char-
acteristics (e.g. diagnosis, leg muscle strength) were presented using descriptive statistics.
Differences between specialist care and UC orthoses were analysed with paired samples t-tests
for continuous outcomes (walking speed and net energy cost). When data were not normally
distributed and for ordinal data (GAS scores, perceived walking ability outcomes), Wilcoxon
signed-rank tests were used. In addition, as working mechanisms of orthoses differ, effects in
subgroups of specialist care orthosis types (AFO, SC-KAFO, locked KAFO) on walking speed,
net energy cost and perceived walking ability were separately explored with paired samples t-
tests or Wilcoxon signed-rank tests.

Results

We identified 140 adults with NMD in the orthotic laboratory database who used a UC ortho-
sis at baseline and were provided with a specialist care orthosis for walking problems due to
calf muscle weakness and/or quadriceps weakness. Seventy-six subjects were excluded as they
were lost to follow-up or follow-up measurements were not yet available with their specialist
care orthosis (Fig 1), leaving 64 subjects (35 males) with a mean (SD) age of 61 (12) years. Sub-
jects were predominantly diagnosed with poliomyelitis (94%).

An overview of the UC orthoses that were worn at baseline and the provided specialist care
orthoses, is presented in Fig 2. The UC orthoses included 37 orthopaedic shoes, 8 AFOs (2
hinged AFOs with dorsiflexion stop, 1 spring-hinged AFO, 3 dorsal leaf spring AFOs, 1 foot-
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Adults with NMD who were provided with a

specialist care orthosis during clinical care

and used a usual care orthosis at baseline
(10-OCT-2011 — 29-MAR-2021)

(n=140)
Excluded:
Measurement not conducted because:
- not (yet) requested by rehabilitation
physician (n = 44)
Subject did not show up (n =7)
No follow-up measurement - Subject sick or measurements too
available with specialist care demanding (n = 9)
orthosis (n = 76) - Subject not motivated for follow-up
measurement (n = 16)

Adults with NMD with data available on
usual care orthosis and specialist care
orthosis
(10-OCT-2011 — 29-MAR-2021)
(n=64)

Included and analyzed subjects
(n=64)

Fig 1. Flow diagram of subject selection from the orthotic laboratory database, including reasons for exclusion.

https://doi.org/10.1371/journal.pone.0279292.9001

up), 6 SC-KAFOs (including one knee-orthosis) and 13 locked KAFOs, constructed from (a
combination of) leather, metal, polypropylene, carbon composite or elastic materials. The UC
orthoses were used for a median (IQR) 2.4 (5.4) years (data on nine subjects were missing).

Specialist care orthoses included 19 AFOs (12 hinged AFOs with dorsiflexion stop, 5
spring-hinged AFOs, 2 dorsal leaf spring AFOs), 22 SC-KAFOs and 23 locked KAFOs. In
total, six subjects stopped using their specialist care orthosis before the follow-up measurement
(1 spring-hinged AFO, 1 dorsal leaf spring AFO, 2 SC-KAFOs and 2 locked KAFOs). Median
(IQR) time between baseline and follow-up measurements was 13.0 (8.0) months. Baseline
demographics and clinical characteristics of all 64 subjects, and for subgroups according to
specialist care orthosis type, are presented in Table 1.

Specialist care OS AFO SC-KAFO Locked Total
orthoses KAFO
—p

Usual care

orthoses

0OS - 14 17 6 7
AFO - 5 1 2 8
SC-KAFO - - 4= 2 6
Locked KAFO - - - 13 13
Total - 19 22 25 64

Fig 2. Overview of lower limb orthoses worn at baseline (UC orthoses) and at follow-up (specialist care orthoses). Abbreviations; UC-orthosis: usual care orthosis, OS:
orthopaedic shoes, AFO: ankle-foot orthosis, SC-KAFO: stance-control knee-ankle-foot orthosis, locked KAFO: knee-ankle-foot orthosis with locked knee joint. *One
subject used a knee-orthosis at baseline.

https://doi.org/10.1371/journal.pone.0279292.9002
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Table 1. Baseline demographics and clinical characteristics for all orthosis groups combined and for subgroups according to type of specialist care orthosis

provided.

Gender (male / female)
Age in years (mean (SD))

Diagnosis (n)

Use of assistive device* at baseline (no / yes)
Use of assistive device™ at follow-up (no / yes)

Functional ambulation** level (at baseline)***

Functional ambulation** level (at follow-up

)***

Unilateral / bilateral affected

MRC Plantar flexors most affected / least affected leg**** (median
[IQR])

MRC Knee extensors most affected / least affected leg (median
[IQR])

MRC sum-score most affected / least affected leg™**** (median
[IQR]

Frequency of wearing specialist care orthosis inside (n)***

)***

Frequency of wearing specialist care orthosis outside (n

All subjects n = 64

35/29
61 (12)
Polio: 61
CMT: 3
15 (23%) / 49 (77%)
12 (19%) / 52 (81%)

In/around house: 29
(45%)

Rarely >1 km: 25 (38%)
Regularly >1 km: 5 (8%)

In/around house: 22
(34%)

Rarely >1 km: 25 (38%)

Regularly >1 km: 12
(19%)

28 /36
0[0-3] /5 [4-5]

2.5 [0.25-4] / 5 [4-5]
16 [7-25] / 39 [34-40]

Always: 19
Mostly: 26
Rarely: 10
Never: 4
Always: 34
Mostly: 17
Rarely: 5
Never: 3

AFOn=19

9/10
62 (12)
Polio: 16
CMT: 3
10 (53%) / 9 (47%)
12 (63%) / 7 (37%)

In/around house: 8

Rarely >1 km: 6
Regularly >1 km: 3

In/around house: 3

Rarely >1 km: 10
Regularly >1 km: 5

7/12
0[0-4] /5 [4-5]

4 [4-5] /5 [5-5]

27 [22-33]/ 38 [35-
40]

Always: 3
Mostly: 9
Rarely: 6
Never: 1
Always: 10
Mostly: 7
Rarely: 1

Never: 1

SC-KAFO n =22

12/10
63 (12)
Polio: 22

19 (86%) / 3 (14%)
19 (86%) / 3 (14%)

In/around house: 10

Rarely >1km: 11
Regularly >1 km: 1

In/around house: 9

Rarely >1km: 8
Regularly >1 km: 5

10/12
0[0-2.5] /5 [4-5]

3[1.75-3.25] / 5 [5-5]

17 [13.5-25.5] / 39 [34-
40]

Always: 4
Mostly: 14
Rarely: 3
Never: 1
Always: 9
Mostly: 9
Rarely: 3

Never: 1

Locked KAFO
n=23

14/9
58 (12)
Polio: 23

20 (87%) / 3 (13%)
21 (91%) / 2 (9%)

In/around house: 11

Rarely >1km: 8
Regularly >1 km: 1

In/around house: 10

Rarely >1 km: 7
Regularly >1 km: 2

11/12
0[0-0] /5 [5-5]

0[0-2] /5 [4-5]

8 [5-16] / 39 [32-
40]

Always: 12
Mostly: 3
Rarely: 1
Never: 2

Always: 15
Mostly: 1
Rarely: 1

Never: 1

Abbreviations; AFO: ankle-foot orthosis; SC-KAFO: stance-control knee-ankle-foot orthosis; locked KAFO: knee-ankle-foot orthosis with locked knee joint; CMT:

Charcot-Marie-Tooth disease; MRC: Medical research council.

* Assistive devices used included 1 or 2 canes, 1 or 2 crutches or a walker.

**Functional ambulation level was evaluated at baseline and follow-up according to Brehm et al., 2020 [46].

“**Based on 59 subjects as questionnaires of 5 subjects with a specialist care KAFO were missing.

****Based on 63 subjects as the MRC score of the plantar flexors was not assessed in 1 subject (stance-control KAFO user).

***** Based on 59 subjects as in 5 subjects not all muscle groups were tested (4 AFO users and 1 stance-control KAFO user).

https://doi.org/10.1371/journal.pone.0279292.t001

GAS score

GAS scores were available for 41 subjects and are reported in Table 2. GAS goals were not set
in 11 subjects since the method had not yet been implemented at that point and in 8 subjects
for unknown reasons. In a further four subjects, GAS goals were set at baseline but evaluation
did not take place at follow-up for unknown reasons. Overall, the median [IQR] GAS score
was significantly higher for specialist care compared to UC orthoses (from -2.0 [-2--2] to -0.5
[-1.25-0.0]), p<0.001). The GAS score improved in 42 subjects (78%), was unchanged in 8
subjects (20%) and deteriorated in 1 subject. An improvement of at least 2 GAS points for at
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Table 2. GAS scores for specialist care orthoses at the follow-up measurement.

GAS score Attainment level Goal 1 (N) Goal 2 (N)

-3 Worsened 1 1

-2 Unchanged (= starting point) 11 8

-1 Less than goal 10 7

0 Goal 9

+1 More than goal 3

+2 Much more than goal 4
Total (N) 41 32

Median [IQR] -0.5 [-2.0-1.0] -0.5 [-2.0-0.0]

Abbreviations; GAS: Goal attainment scaling, N: frequency of subjects, IQR: interquartile range. Note that only GAS

scores at follow-up are presented, GAS scores at baseline were all set at -2 (starting point).

https://doi.org/10.1371/journal.pone.0279292.t1002

least 1 set goal is considered a clinically relevant change [41] and was achieved in 25 of 41
(61%) subjects, consisting of 3 of 8 (38%) AFO users, 13 of 19 (68%) SC-KAFO users and 9 of
14 (64%) locked KAFO users, respectively. When analysing all set goals (n = 73) classified by
topic, clinically relevant improvements were achieved for 13 of 25 (52%) fatigue goals, 11 of 26
(42%) walking quality goals, 8 of 15 (53%) pain goals, 2 of 5 (40%) standing goals and 1 of 2
(50%) falling goals.

Walking speed and net energy cost

Five subjects could not perform the SMWT due to poor walking ability, and the 6SMWT was

not performed (either the baseline or follow-up measurement) in eight subjects due to techni-
cal problems with the Cosmed device. In the remaining 51 subjects, no significant differences
were found in walking speed (from mean (SD) 0.84 (0.23) to 0.82 (0.22) m/s, p = 0.26, Fig 3A)

Orthosis groups combined; all subjects (n=51)
(@) (b)

L5 8
= E
7 5
£ 26
£ T T
o -
z [ | 5’ I I
=05 5
z 52
Z
0 0
usual care specialized care usual care specialized care
Subgroups according to specialist care orthosis
© I AFO (n=16) ()
15 [ stance-control KAFO (n=19) 8
[ Jlocked KAFO (n=16) *
1
Q E
= 1
=
B %
2 z
& 84
£ 3
Z 05 5
= 5
= 5 2
z
0 0
usual care specialized care

usual care specialized care

Fig 3. Bar plots of walking speed (m/s) and net energy cost (in J/kg/m) for the usual care orthoses and specialist care
orthoses, respectively for all orthosis groups combined (upper panels A and B) and for subgroups of subjects provided
with specialist care ankle-foot orthoses (AFOs), stance-control knee-ankle-foot orthoses (SC-KAFOs) and locked
knee-ankle-foot orthoses (KAFOs) (lower panels C and D). Note that orthoses were categorized based on the provided
specialist care orthoses, thus the usual care orthoses in panels C and D do not necessarily represent the same orthosis
types. In all plots, error bars represent the standard deviation.

https://doi.org/10.1371/journal.pone.0279292.9003
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or in net energy cost (from 4.25 (1.08) to 4.16 (1.08) J/kg/m, p = 0.296, Fig 3B) for specialist
care versus UC orthoses.

While subgroup analyses based on type of specialist care orthosis found no significant dif-
ferences in walking speed between the usual care AFOs and specialist care AFOs (from 0.94
(0.25) to 0.92 (0.26) m/s, p = 0.442, Fig 3C), we did see a significant reduction in net energy
cost, which reduced by 0.36 (0.42) J/kg/m (-9.5%) (from 3.81 (0.97) to 3.45 (0.80) J/kg/m,

p =0.004, Fig 3D). Comparisons of other subgroups with specialist care SC-KAFOs or locked
KAFOs revealed no significant differences in walking speed and net energy cost (p>0.397); see
Fig 3C and 3D, respectively.

Perceived walking ability

Data were missing on six individuals due to language barriers or unknown reasons. In the
remaining 58 subjects, significant improvements were found for specialist care orthoses com-
pared to UC orthoses in perceived safety (from (median [IQR] score) 5.0 [4.5-7.0] to 7.0 [5.5-
8.0], p = 0.001), stability (from 5.0 [3.5-6.0] to 7.0 [5.5-8], p<0.001), walking intensity (from
4.0 [3.0-5.0] to 6.0 [4.0-7.5], p = 0.002), safety while walking on irregular surfaces (from 2.0
[1.0-3.5] to 4.0 [2.0-6.0], p<0.001), fear of falling (from 4.0 [2.0-7.0] to 6.0 [3.0-8.0],

p =0.002) and overall satisfaction while walking in daily living (from 4.0 [3.0-5.0] to 6.0 [5.0-
7.0], p<0.001). Scores for ascending and descending stairs did not differ between the UC and
specialist care orthoses (from 4.0 [2.0-6.0] to 4.0 [2.0-7.0], p = 0.354). Subgroup analyses
according to type of provided orthosis showed that perceived stability and overall satisfaction
while walking in daily living improved significantly in all specialist care orthoses groups com-
pared to UC orthoses (all p<0.031; Table 3). Furthermore, scores for ascending and descend-
ing stairs improved in the specialist care SC-KAFO group (from 3.0 [1.8-5.0] to 4.5 [1.8-7.0],
p=0.042).

Satisfaction with the specialist care orthosis and services provided

Data on the D-QUEST was available in 59 subjects, as the questionnaire was not completed by
five subjects due to language barriers. The mean (SD) scores of specialist care orthoses were
3.7 (0.5) for orthosis-related aspects and 4.0 (0.6) for service-related aspects. As regards ortho-
sis-related aspects, subjects were most satisfied with durability (80%) and safety (76%), and less
satisfied with comfort (56%) and adjustability (59%). With respect to services provided, sub-
jects were most satisfied with the professionalism (93%), follow-up (88%) and service in gen-
eral (88%), but less satisfied with repairs (66%) and delivery (70%).

Discussion

Our study showed that guideline-based orthotic care within a multidisciplinary expertise set-
ting leads to the attainment of personal goals by a majority of adults with NMD who use a
lower limb orthosis for walking problems. Perceived walking ability also improved compared
to usual orthotic care. While no overall effects on walking speed or net walking energy cost
were found, the specialist care AFO group showed a significant and clinically relevant reduc-
tion in net energy cost.

As regards to personal goal attainment (GAS), 78% of subjects improved overall and 61% of
subjects improved by 2 or more GAS points on at least one goal, which is clinically relevant
improvement. These findings are in line with the only other orthotic study to report GAS in
NMD [35]. In our study, subjects provided with SC-KAFOs and locked-KAFOs in particular
showed clinically relevant changes in their individual set goals, such as reducing fatigue and
pain during walking, improving walking quality and preventing falls. This shows that,
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Table 3. Results for perceived walking ability for UC orthoses and specialist care orthoses in subgroups of subjects provided with specialist care AFOs, SC-KAFOs

and locked KAFOs.

Perceived walking ability

Safety
(0-10)

Stability
(0-10)

Walking intensity
(0-10)

Safety while walking

irregular surfaces (0-10)

Ascending and

descending stairs (0-10)

Fear of falling
(0-10)

Overall satisfaction
while walking (0-10)

Subgroup Usual care orthoses Specialist care orthoses p-value
AFO (n=17) 5.0 [4.0-7.0] 7.0 [5.0-8.0] 0.084
SC-KAFO (n = 22) 5.0 [4.5-6.5] 7.0 [5.75-8.0] 0.025*
Locked KAFO (n =19) 6.0 [5.0-7.0] 8.0 [7.0-9.0] 0.067
AFO (n=17) 5.0 [3.5-6.0] 7.0 [5.0-8.0] 0.014*
SC-KAFO (n = 21) 5.0 [3.0-6.0] 7.0 [5.5-8.0] 0.003*
Locked KAFO (n = 19) 5.0 [4.0-6.0] 8.0 [6.0-8.0] 0.012*
AFO (n = 17) 4.0 [2.5.-5.5] 5.0 [4.0-7.0] 0.056
SC-KAFO (n =22) 4.0 [2.8-5.25] 6.0 [2.8-8.0] 0.088
Locked KAFO (n = 18) 5.0 [3.0-5.25] 6.5 [3.75-8.0] 0.057
AFO (n=17) 3.0 [1.0-4.0] 4.0 [2.0-5.0] 0.121
SC-KAFO (n = 22) 2.0 [1.0-2.25] 4.0 [1.8-7.0] 0.002*
Locked KAFO (n = 19) 2.0 [1.0-4.0] 4.0 [3.0-8.0] 0.058
AFO (n=17) 5.0 [3.0-6.5] 3.0 [2.5-5.0] 0.089
SC-KAFO (n = 22) 3.0 [1.8-5.0] 4.5 [1.8-7.0] 0.042*
Locked KAFO (n =19) 4.0 [1.0-7.0] 5.0 [2.0-8.0] 0.218
AFO (n=17) 3.0 [1.0-7.5] 6.0 [3.5-8.0] 0.018*
SC-KAFO (n = 22) 4.0 [2.0-5.25] 5.5 [3.0-8.0] 0.004*
Locked KAFO (n = 19) 6.0 [3.0-8.0] 7.0 [3.0-9.0] 0.490
AFO (n=17) 5.0 [3.0-5.5] 6.0 [4.5-7.0] 0.031*
SC-KAFO (n = 22) 3.0 [2.75-5.0] 7.0 [5.0-8.0] <0.001*
Locked KAFO (n = 19) 4.0 [2.0-6.0] 7.0 [5.0-8.0] 0.004*

Scores range from 0 to 10, with 10 as most positive score and are presented as medians [IQR]. Abbreviations; AFO: ankle-foot orthosis, SC-KAFO: stance-control knee-

ankle-foot orthosis, locked KAFO: knee-ankle-foot orthosis with locked knee joint.

*indicates significant difference between specialist care orthoses and usual care orthoses.

https://doi.org/10.1371/journal.pone.0279292.t003

compared to available questionnaires, GAS is a meaningful approach when evaluating the
effectiveness of orthotic treatment at the individual level, since questionnaires might fail to
capture changes in personal goals resulting from orthotic treatment due to the heterogeneity
of orthotic goals across individuals [47]. Overall, the clinically relevant improvements found
for personal goals adds weight to the argument that specialist care orthoses improve function-
ing in daily living, especially regarding issues of primary importance to patients.

While a majority of subjects attained their personal goals, compared to UC orthoses, spe-
cialist care orthoses did not objectively improve walking speed or net energy cost, although
subjects did report that walking required less effort. By contrast, an earlier study in polio survi-
vors comparing carbon-composite specialist care orthoses to UC orthoses found a significant
reduction (8%) in net energy cost [23]. However, in that study both the intervention and con-
trol conditions comprised locked KAFOs, whereas the specialist care orthoses provided in our
study (including AFOs, SC-KAFOs and locked KAFOs) were compared to a wide variety of
UC orthoses at baseline, not necessarily of the same type (Fig 2). Due to these inter-individual
differences between baseline and follow-up conditions, we did not expect every subject to
show a reduction in net energy cost, a consideration that might also explain the lack of effects
at the group level.

Regarding type of specialist care orthosis, specialist care AFOs led to a significant reduction
(9.5%) in net energy cost compared to UC orthoses. This difference is somewhat larger than
the (non-significant) 7% reduction in energy cost reported for polio survivors wearing hinged
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dorsiflexion-restricting AFOs compared only to shoes [26], and similar to a 9.2% reduction in
energy cost for stiffness-optimized dorsal leaf AFOs compared to usual care AFOs in NMD
cases [27]. Considering that the specialist care AFOs in our study were not optimized for stift-
ness, a recommended method aimed at improving walking energy cost [27], the reduction in
energy cost found in our study (9.5%) is both substantial and clinically relevant. Implementa-
tion of stiffness optimization in our orthotic practice may have led to an even greater energy
cost reduction in this population, although it should be noted that our comparison included a
variety of usual care AFOs and orthopaedic shoes rather than just usual care AFOs. The reduc-
tion in energy cost was likely due to reduced excessive ankle dorsiflexion and coupled knee
flexion, as well as increased ankle power, as previously suggested to underlie improvements in
walking energy cost associated with AFOs in NMD [26, 27]. We recommend that future stud-
ies explore the role biomechanical gait parameters play in relation to walking energy cost
reduction in guideline-based specialised orthotic care.

With respect to perceived walking ability, specialist care AFO-related improvements in sta-
bility, fear of falling and overall satisfaction while walking are in agreement with a previous
study evaluating specialist care AFOs for polio survivors with calf muscle weakness [26, 48].
Considering that our study compared specialist care AFOs to a variety of UC orthoses as pro-
vided in clinical practice, rather than walking with shoes as in previous studies, the improve-
ments found can be considered meaningful. For specialist care KAFOs, the effects on
perceived stability and satisfaction are in line with earlier improvements found for specialist
care carbon composite KAFOs [23, 49]. When compared to objectively measured walking abil-
ity in a gait laboratory, perceived effects such as safety while walking on irregular surfaces may
be more representative of walking in daily life and therefore of greater importance to patients.
Overall, subjects felt safer, more stable, less exhausted and more satisfied while walking, and
had a lower fear of falling when using a specialist care orthosis compared to a UC orthosis, cor-
responding to the clinically relevant attainment of personal goals as measured by GAS. Fur-
thermore, these improvements may have contributed to the shift in functional ambulation
level, which increased with a specialist care orthosis from 8% to 19% full community walkers,
although the increased use of walking aids at follow-up should be considered in this shift.
Mean satisfaction scores with the specialist care orthosis were comparable with previous stud-
ies using the D-QUEST [26, 49, 50].

A major strength of our study is that it shows the benefits of specialist care orthoses as pro-
vided in actual clinical practice to the largest cohort of patients with NMD so far. Nevertheless,
several limitations need to be considered. First, the collection of data from actual clinical prac-
tice has led to missing data of subjects across outcomes. Second, follow-up measurements
were performed after 3 months of specialist care orthosis use, whereas some UC orthoses had
been in use for 2 years or more. Consequently, the effectiveness of UC orthoses at baseline
might have declined due to orthosis wear and/or NMD progression. Finally, occasional later
adjustments to the specialist care orthoses to improve functioning were based on the follow-up
measurement, perhaps suggesting that ultimate effectivity might have been underestimated. In
future research, treatment outcomes should be compared to a control group receiving usual
orthotic care, preferably with randomization of interventions, allowing for a more accurate
determination of the benefit of specialist orthotic care over usual care.

Conclusion

In conclusion, our study showed that the provision of custom-made specialist care lower limb
orthoses improves personal goals and perceived walking ability outcomes compared to UC
orthoses. While no improvements were found in walking speed and net energy cost in
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combined orthosis groups, specialist care AFOs reduce net energy costs by almost 10% on
average. A randomized controlled study is now warranted to confirm these findings.

Supporting information

S1 Fig. Schematic presentation of the process description medical devices [34].
(TIF)

S1 File. SPSS dataset file containing all outcome data that support the reported results.
(SAV)

S1 Checklist. STROBE statement—checklist of items that should be included in reports of
observational studies.
(DOCX)

Author Contributions

Conceptualization: Elza van Duijnhoven, Fieke S. Koopman, Frans Nollet, Merel-Anne
Brehm.

Data curation: Hilde E. Ploeger.
Formal analysis: Elza van Duijnhoven.
Investigation: Elza van Duijnhoven, Hilde E. Ploeger, Frans Nollet, Merel-Anne Brehm.

Methodology: Elza van Duijnhoven, Fieke S. Koopman, Hilde E. Ploeger, Frans Nollet, Merel-
Anne Brehm.

Project administration: Elza van Duijnhoven, Merel-Anne Brehm.
Supervision: Fieke S. Koopman, Frans Nollet, Merel-Anne Brehm.
Writing - original draft: Elza van Duijnhoven.

Writing - review & editing: Elza van Duijnhoven, Fieke S. Koopman, Hilde E. Ploeger, Frans
Nollet, Merel-Anne Brehm.

References

1. Nollet F, Beelen A, Prins MH, de Visser M, Sargeant AJ, Lankhorst GJ, et al. Disability and functional
assessment in former polio patients with and without postpolio syndrome. Arch Phys Med Rehabil.
1999; 80(2):136—43. Epub 1999/02/20. https://doi.org/10.1016/s0003-9993(99)90110-7 PMID:
10025486

Demir YP. Neuromuscular Diseases and Rehabilitation. Neurological Physical Therapy. 2017.

3. Brehm MA, Nollet F, Harlaar J. Energy demands of walking in persons with postpoliomyelitis syndrome:
relationship with muscle strength and reproducibility. Arch Phys Med Rehabil. 2006; 87(1):136—40.
Epub 2006/01/13. https://doi.org/10.1016/j.apmr.2005.08.123 PMID: 16401452

4. Menotti F, Laudani L, Damiani A, Mignogna T, Macaluso A. An anterior ankle-foot orthosis improves
walking economy in Charcot—Marie—Tooth type 1A patients. Prosthetics and orthotics international.
2014; 38(5):387-92. https://doi.org/10.1177/0309364613506250 PMID: 24100074

5. Waterval NFJ, Brehm MA, Ploeger HE, Nollet F, Harlaar J. Compensations in lower limb joint work dur-
ing walking in response to unilateral calf muscle weakness. Gait Posture. 2018; 66:38—44. Epub 2018/
08/27. https://doi.org/10.1016/j.gaitpost.2018.08.016 PMID: 30145473

6. Abresch RT, Carter GT, Jensen MP, Kilmer DD. Assessment of pain and health-related quality of life in
slowly progressive neuromuscular disease. Am J Hosp Palliat Care. 2002; 19(1):39—48. Epub 2002/08/
14. https://doi.org/10.1177/104990910201900109 PMID: 12173612

7. Bickerstaffe A, Beelen A, Nollet F. Circumstances and consequences of falls in polio survivors. J Reha-
bil Med. 2010; 42(10):908—-15. Epub 2010/10/30. https://doi.org/10.2340/16501977-0620 PMID:
21031286

PLOS ONE | https://doi.org/10.1371/journal.pone.0279292 January 18, 2023 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279292.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279292.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0279292.s003
https://doi.org/10.1016/s0003-9993(99)90110-7
http://www.ncbi.nlm.nih.gov/pubmed/10025486
https://doi.org/10.1016/j.apmr.2005.08.123
http://www.ncbi.nlm.nih.gov/pubmed/16401452
https://doi.org/10.1177/0309364613506250
http://www.ncbi.nlm.nih.gov/pubmed/24100074
https://doi.org/10.1016/j.gaitpost.2018.08.016
http://www.ncbi.nlm.nih.gov/pubmed/30145473
https://doi.org/10.1177/104990910201900109
http://www.ncbi.nlm.nih.gov/pubmed/12173612
https://doi.org/10.2340/16501977-0620
http://www.ncbi.nlm.nih.gov/pubmed/21031286
https://doi.org/10.1371/journal.pone.0279292

PLOS ONE

Effects of specialist care lower limb orthoses on walking ability in adults with neuromuscular disorders

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Pieterse AJ, Luttikhold TB, de Laat K, Bloem BR, van Engelen BG, Munneke M. Falls in patients with
neuromuscular disorders. Journal of the neurological sciences. 2006; 251(1-2):87-90. Epub 2006/11/
14. https://doi.org/10.1016/j.jns.2006.09.008 PMID: 17097113

Brogardh C, Lexell J. Falls, fear of falling, self-reported impairments, and walking limitations in persons
with late effects of polio. Pm r. 2014; 6(10):900—7. Epub 2014/05/02. https://doi.org/10.1016/j.pmrj.
2014.04.010 PMID: 24780852

Johnson NE, Heatwole CR, Dilek N, Sowden J, Kirk CA, Shereff D, et al. Quality-of-life in Charcot-
Marie-Tooth disease: the patient’s perspective. Neuromuscul Disord. 2014; 24(11):1018-23. Epub
2014/08/06. https://doi.org/10.1016/j.nmd.2014.06.433 PMID: 25092060

O’Connor J, McCaughan D, McDaid C, Booth A, Fayter D, Rodriguez-Lopez R, et al. Orthotic manage-
ment of instability of the knee related to neuromuscular and central nervous system disorders: system-

atic review, qualitative study, survey and costing analysis. Health Technol Assess. 2016; 20(55):1—262.
Epub 2016/08/02. https://doi.org/10.3310/hta20550 PMID: 27477023

Lusardi MM, Jorge M, Nielsen CC. Orthotics and Prosthetics in Rehabilitation-E-Book: Elsevier Health
Sciences; 2013.

Genét F, Schnitzler A, Mathieu S, Autret K, Théfenne L, Dizien O, et al. Orthotic devices and gait in
polio patients. Ann Phys Rehabil Med. 2010; 53(1):51-9. Epub 2009/12/22. https://doi.org/10.1016/].
rehab.2009.11.005 PMID: 20022835

Hsu JD, Michael JW, Fisk JR. Atlas of orthoses and assistive devices. In: Surgeons AA0O, editor. 4th
edition ed. Philadelphia: American Academy of Orthopedic Surgeons; 2008. p. 299-309.

Choo YJ, Chang MC. Commonly Used Types and Recent Development of Ankle-Foot Orthosis: A Nar-
rative Review. Healthcare (Basel). 2021; 9(8). Epub 2021/08/28. https://doi.org/10.3390/
healthcare9081046 PMID: 34442183

Shahar FS, Hameed Sultan MT, Lee SH, Jawaid M, Md Shah AU, Safri SNA, et al. A review on the
orthotics and prosthetics and the potential of kenaf composites as alternative materials for ankle-foot
orthosis. J Mech Behav Biomed Mater. 2019; 99:169-85. Epub 2019/07/30. https://doi.org/10.1016/j.
jmbbm.2019.07.020 PMID: 31357064

Tian F, Hefzy MS, Elahinia M. State of the art review of Knee—Ankle—Foot orthoses. Annals of biomedi-
cal engineering. 2015; 43(2):427—41. https://doi.org/10.1007/s10439-014-1217-z PMID: 25631201

Waterval NFJ, Brehm MA, Harlaar J, Nollet F. Description of orthotic properties and effects evaluation
of ankle-foot orthoses in non-spastic calf muscle weakness. J Rehabil Med. 2020. Epub 2020/01/15.
https://doi.org/10.2340/16501977-2642 PMID: 31934727

Wheeler CA. Bracing: Upper and Lower Limb Orthoses. Physical Medicine and Rehabilitation Clinics.
2021. https://doi.org/10.1016/j.pmr.2021.03.001 PMID: 34175010

ISO 8549-1:2020, Prosthetics and orthotics—Vocabulary—Part 1: General terms for external limb
prostheses and external orthoses.

Hijmans JM, Geertzen JH. Development of clinical guidelines for the prescription of orthoses in patients
with neurological disorders in The Netherlands. Prosthet Orthot Int. 2006; 30(1):35-43. Epub 2006/06/
03. https://doi.org/10.1080/03093640500533232 PMID: 16739780

Perry J, Clark D. Biomechanical abnormalities of post-polio patients and the implications for orthotic
management. NeuroRehabilitation. 1997; 8(2):119-38. Epub 1997/01/01. https://doi.org/10.3233/NRE-
1997-8206 PMID: 24525982

Brehm MA, Beelen A, Doorenbosch CA, Harlaar J, Nollet F. Effect of carbon-composite knee-ankle-foot
orthoses on walking efficiency and gait in former polio patients. J Rehabil Med. 2007; 39(8):651-7.
Epub 2007/09/27. https://doi.org/10.2340/16501977-0110 PMID: 17896058

Burke KC, Swartz Ellrodt K, Grant A, Paganono N, Sadjadi R. A pilot study to assess the immediate
effect of carbon ground reaction ankle foot orthoses on balance in individuals with Charcot-Marie-Tooth
in a clinical setting. Phys Med Rehabil Int 2021; 8(3):1183.

Dufek JS, Neumann ES, Hawkins MC, O’Toole B. Functional and dynamic response characteristics of
a custom composite ankle foot orthosis for Charcot-Marie-Tooth patients. Gait Posture. 2014; 39
(1):308-13. Epub 2013/08/21. https://doi.org/10.1016/j.gaitpost.2013.07.121 PMID: 23958459

Ploeger HE, Bus SA, Brehm MA, Nollet F. Ankle-foot orthoses that restrict dorsiflexion improve walking
in polio survivors with calf muscle weakness. Gait Posture. 2014; 40(3):391-8. Epub 2014/06/21.
https://doi.org/10.1016/j.gaitpost.2014.05.016 PMID: 24947072

Waterval NFJ, Brehm MA, Altmann VC, Koopman FS, Den Boer JJ, Harlaar J, et al. Stiffness-Opti-
mized Ankle-Foot Orthoses Improve Walking Energy Cost Compared to Conventional Orthoses in
Neuromuscular Disorders: A Prospective Uncontrolled Intervention Study. IEEE Trans Neural Syst
Rehabil Eng. 2020; 28(10):2296—-304. Epub 2020/08/25. https://doi.org/10.1109/TNSRE.2020.
3018786 PMID: 32833637

PLOS ONE | https://doi.org/10.1371/journal.pone.0279292 January 18, 2023 13/15


https://doi.org/10.1016/j.jns.2006.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17097113
https://doi.org/10.1016/j.pmrj.2014.04.010
https://doi.org/10.1016/j.pmrj.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24780852
https://doi.org/10.1016/j.nmd.2014.06.433
http://www.ncbi.nlm.nih.gov/pubmed/25092060
https://doi.org/10.3310/hta20550
http://www.ncbi.nlm.nih.gov/pubmed/27477023
https://doi.org/10.1016/j.rehab.2009.11.005
https://doi.org/10.1016/j.rehab.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20022835
https://doi.org/10.3390/healthcare9081046
https://doi.org/10.3390/healthcare9081046
http://www.ncbi.nlm.nih.gov/pubmed/34442183
https://doi.org/10.1016/j.jmbbm.2019.07.020
https://doi.org/10.1016/j.jmbbm.2019.07.020
http://www.ncbi.nlm.nih.gov/pubmed/31357064
https://doi.org/10.1007/s10439-014-1217-z
http://www.ncbi.nlm.nih.gov/pubmed/25631201
https://doi.org/10.2340/16501977-2642
http://www.ncbi.nlm.nih.gov/pubmed/31934727
https://doi.org/10.1016/j.pmr.2021.03.001
http://www.ncbi.nlm.nih.gov/pubmed/34175010
https://doi.org/10.1080/03093640500533232
http://www.ncbi.nlm.nih.gov/pubmed/16739780
https://doi.org/10.3233/NRE-1997-8206
https://doi.org/10.3233/NRE-1997-8206
http://www.ncbi.nlm.nih.gov/pubmed/24525982
https://doi.org/10.2340/16501977-0110
http://www.ncbi.nlm.nih.gov/pubmed/17896058
https://doi.org/10.1016/j.gaitpost.2013.07.121
http://www.ncbi.nlm.nih.gov/pubmed/23958459
https://doi.org/10.1016/j.gaitpost.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24947072
https://doi.org/10.1109/TNSRE.2020.3018786
https://doi.org/10.1109/TNSRE.2020.3018786
http://www.ncbi.nlm.nih.gov/pubmed/32833637
https://doi.org/10.1371/journal.pone.0279292

PLOS ONE

Effects of specialist care lower limb orthoses on walking ability in adults with neuromuscular disorders

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

McDaid C, Fayter D, Booth A, O’Connor J, Rodriguez-Lopez R, McCaughan D, et al. Systematic review
of the evidence on orthotic devices for the management of knee instability related to neuromuscular and
central nervous system disorders. BMJ Open. 2017; 7(9):e015927. Epub 2017/09/08. https://doi.org/
10.1136/bmjopen-2017-015927 PMID: 28877943

van der Wilk D, Dijkstra PU, Postema K, Verkerke GJ, Hijmans JM. Effects of ankle foot orthoses on
body functions and activities in people with floppy paretic ankle muscles: a systematic review. Clin Bio-
mech (Bristol, Avon). 2015; 30(10):1009-25. Epub 2015/11/21. https://doi.org/10.1016/j.clinbiomech.
2015.09.013 PMID: 26586583

Chisholm AE, Perry SD. Ankle-foot orthotic management in neuromuscular disorders: recommenda-
tions for future research. Disabil Rehabil Assist Technol. 2012; 7(6):437—-49. Epub 2012/04/27. https://
doi.org/10.3109/17483107.2012.680940 PMID: 22533384

Hiscock A, Dewar L, Ramdharry G. Workshop on physiotherapy for adults with neuromuscular diseases
held at the MRC Centre for Neuromuscular Diseases, Queen Square, London, UK on 28th March 2011.
Neuromuscul Disord. 2012; 22(11):1029-31. Epub 2012/07/25. https://doi.org/10.1016/j.nmd.2012.05.
003 PMID: 22824637

Bregman DJJ. General introduction. The Optimal Ankle Foot Orthosis: The influence of mechanical
properties of Ankle Foot Orthoses on the walking ability of patients with central neurological disorders.
2011.

Brehm M, Nollet F. Beenorthesen bij neuromusculaire aandoeningen. Reed business education; 2014.

College van Zorgverzekeringen. Process description Medical Devices. The Hague, Netherlands:
National ICT Institute in Healthcare [Nationaal ICT instituut in de Zorg], 2009.

Phillips MF, Robertson Z, Killen B, White B. A pilot study of a crossover trial with randomized use of
ankle-foot orthoses for people with Charcot-Marie-tooth disease. Clin Rehabil. 2012; 26(6):534—44.
Epub 2011/11/18. https://doi.org/10.1177/0269215511426802 PMID: 22089961

Johnston BC, Patrick DL, Devji T, Maxwell LJ, Bingham CO lll, Beaton DE, et al. Patient-reported out-
comes. Cochrane handbook for systematic reviews of interventions. 2019:479-92.

von Elm E. STROBE initiative. The strengthening the reporting of observational studies in epidemiology
(STROBE) statement: guidelines for reporting observational studies. Ann Intern Med. 2007; 147:573-7.
https://doi.org/10.7326/0003-4819-147-8-200710160-00010 PMID: 17938396

O’Brien M. Aids to the Examination of the Peripheral Nervous System. London: Saunders. Elsevier;
2010.

Cuthbert SC, Goodheart GJ. On the reliability and validity of manual muscle testing: a literature review.
Chiropractic & osteopathy. 2007; 15(1):1-23. https://doi.org/10.1186/1746-1340-15-4 PMID: 17341308

Dekkers K, de Viet E, Eilander H, Steenbeek D. Goal attainment scaling (GAS) in de praktijk [Goal
attainment scaling in clinical practice]. 2011.

Steenbeek D, Meester-Delver A, Becher JG, Lankhorst GJ. The effect of botulinum toxin type A treat-
ment of the lower extremity on the level of functional abilities in children with cerebral palsy: evaluation
with goal attainment scaling. Clin Rehabil. 2005; 19(3):274—-82. Epub 2005/04/30. https://doi.org/10.
1191/0269215505cr8590a PMID: 15859528

DeBlois JP, White LE, Barreira TV. Reliability and validity of the COSMED K5 portable metabolic sys-
tem during walking. Eur J Appl Physiol. 2021; 121(1):209-17. Epub 2020/10/05. https://doi.org/10.
1007/s00421-020-04514-2 PMID: 33011874

Brehm MA, Verduijn S, Bon J, Bredt N, Nollet F. Comparison of two 6-minute walk tests to assess walk-
ing capacity in polio survivors. J Rehabil Med. 2017; 49(9):732—7. Epub 2017/09/21. https://doi.org/10.
2340/16501977-2264 PMID: 28929170

Garby L, Astrup A. The relationship between the respiratory quotient and the energy equivalent of oxy-
gen during simultaneous glucose and lipid oxidation and lipogenesis. Acta physiologica Scandinavica.
1987; 129(3):443—4. Epub 1987/03/01. https://doi.org/10.1111/j.1365-201x.1987.tb10613.x PMID:
3577829

Wessels RD, De Witte LP. Reliability and validity of the Dutch version of QUEST 2.0 with users of vari-
ous types of assistive devices. Disabil Rehabil. 2003; 25(6):267—-72. Epub 2003/03/08. https://doi.org/
10.1080/0963828021000031197 PMID: 12623616

Brehm MA, Ploeger HE, Nollet F. Self-reported functional ambulation is related to physical mobility sta-
tus in polio survivors; a cross-sectional observational study. Ann Phys Rehabil Med. 2021; 64
(4):101428. Epub 2020/08/18. https://doi.org/10.1016/j.rehab.2020.06.007 PMID: 32805457

Healy A, Farmer S, Pandyan A, Chockalingam N. A systematic review of randomised controlled trials
assessing effectiveness of prosthetic and orthotic interventions. PLoS One. 2018; 13(3):e0192094.
Epub 2018/03/15. https://doi.org/10.1371/journal.pone.0192094 PMID: 29538382

PLOS ONE | https://doi.org/10.1371/journal.pone.0279292 January 18, 2023 14/15


https://doi.org/10.1136/bmjopen-2017-015927
https://doi.org/10.1136/bmjopen-2017-015927
http://www.ncbi.nlm.nih.gov/pubmed/28877943
https://doi.org/10.1016/j.clinbiomech.2015.09.013
https://doi.org/10.1016/j.clinbiomech.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26586583
https://doi.org/10.3109/17483107.2012.680940
https://doi.org/10.3109/17483107.2012.680940
http://www.ncbi.nlm.nih.gov/pubmed/22533384
https://doi.org/10.1016/j.nmd.2012.05.003
https://doi.org/10.1016/j.nmd.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22824637
https://doi.org/10.1177/0269215511426802
http://www.ncbi.nlm.nih.gov/pubmed/22089961
https://doi.org/10.7326/0003-4819-147-8-200710160-00010
http://www.ncbi.nlm.nih.gov/pubmed/17938396
https://doi.org/10.1186/1746-1340-15-4
http://www.ncbi.nlm.nih.gov/pubmed/17341308
https://doi.org/10.1191/0269215505cr859oa
https://doi.org/10.1191/0269215505cr859oa
http://www.ncbi.nlm.nih.gov/pubmed/15859528
https://doi.org/10.1007/s00421-020-04514-2
https://doi.org/10.1007/s00421-020-04514-2
http://www.ncbi.nlm.nih.gov/pubmed/33011874
https://doi.org/10.2340/16501977-2264
https://doi.org/10.2340/16501977-2264
http://www.ncbi.nlm.nih.gov/pubmed/28929170
https://doi.org/10.1111/j.1365-201x.1987.tb10613.x
http://www.ncbi.nlm.nih.gov/pubmed/3577829
https://doi.org/10.1080/0963828021000031197
https://doi.org/10.1080/0963828021000031197
http://www.ncbi.nlm.nih.gov/pubmed/12623616
https://doi.org/10.1016/j.rehab.2020.06.007
http://www.ncbi.nlm.nih.gov/pubmed/32805457
https://doi.org/10.1371/journal.pone.0192094
http://www.ncbi.nlm.nih.gov/pubmed/29538382
https://doi.org/10.1371/journal.pone.0279292

PLOS ONE

Effects of specialist care lower limb orthoses on walking ability in adults with neuromuscular disorders

48.

49.

50.

Ploeger HE, Bus SA, Brehm MA, Nollet F. Use and usability of custom-made dorsiflexion-restricting
ankle-foot orthoses for calf muscle weakness in polio survivors: a cross-sectional survey. Eur J Phys
Rehabil Med. 2020; 56(5):575-84. Epub 2020/05/27. https://doi.org/10.23736/S1973-9087.20.06020-7
PMID: 32452662

Raijmakers B, Berendsen-de Gooijer RA, Ploeger HE, Koopman FS, Nollet F, Brehm MA. Use and
Usability Of Custom-Made Knee-Ankle-Foot Orthoses In Polio Survivors with Knee Instability: A Cross-
Sectional Survey. J Rehabil Med. 2022; 54:jrm00261. Epub 2021/12/22. https://doi.org/10.2340/jrm.
v53.1122 PMID: 34931255

Swinnen E, Lafosse C, Van Nieuwenhoven J, lisbroukx S, Beckwée D, Kerckhofs E. Neurological
patients and their lower limb orthotics: An observational pilot study about acceptance and satisfaction.
Prosthet Orthot Int. 2017; 41(1):41-50. Epub 2015/08/08. https://doi.org/10.1177/0309364615592696
PMID: 26246356

PLOS ONE | https://doi.org/10.1371/journal.pone.0279292 January 18, 2023 15/15


https://doi.org/10.23736/S1973-9087.20.06020-7
http://www.ncbi.nlm.nih.gov/pubmed/32452662
https://doi.org/10.2340/jrm.v53.1122
https://doi.org/10.2340/jrm.v53.1122
http://www.ncbi.nlm.nih.gov/pubmed/34931255
https://doi.org/10.1177/0309364615592696
http://www.ncbi.nlm.nih.gov/pubmed/26246356
https://doi.org/10.1371/journal.pone.0279292

