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Examining the role of intrinsic and reflexive =

contributions to ankle joint hyper-resistance
treated with botulinum toxin-A

Ronald C.van't Veld', Eline Flux?, Wieneke van Oorschot®, Alfred C. Schouten'“, Marjolein M. van der Krogt?,
Herman van der Kooij'*, Marije Vos-van der Hulst>, No&l L. W. Keijsers®>® and Edwin H. F. van Asseldonk'

Abstract

Background Spasticity, i.e. stretch hyperreflexia, increases joint resistance similar to symptoms like hypertonia and
contractures. Botulinum neurotoxin-A (BoNT-A) injections are a widely used intervention to reduce spasticity. BONT-A
effects on spasticity are poorly understood, because clinical measures, e.g. modified Ashworth scale (MAS), cannot dif-
ferentiate between the symptoms affecting joint resistance. This paper distinguishes the contributions of the reflexive
and intrinsic pathways to ankle joint hyper-resistance for participants treated with BoNT-A injections. We hypothe-
sized that the overall joint resistance and reflexive contribution decrease 6 weeks after injection, while returning close
to baseline after 12 weeks.

Methods Nine participants with spasticity after spinal cord injury or after stroke were evaluated across three sessions:
0,6 and 12 weeks after BONT-A injection in the calf muscles. Evaluation included clinical measures (MAS, Tardieu Scale)
and motorized instrumented assessment using the instrumented spasticity test (SPAT) and parallel-cascade (PC)
system identification. Assessments included measures for: (1) overall resistance from MAS and fast velocity SPAT; (2)
reflexive resistance contribution from Tardieu Scale, difference between fast and slow velocity SPAT and PC reflexive
gain; and (3) intrinsic resistance contribution from slow velocity SPAT and PC intrinsic stiffness/damping.

Results Individually, the hypothesized BoNT-A effect, the combination of a reduced resistance (week 6) and return
towards baseline (week 12), was observed in the MAS (5 participants), fast velocity SPAT (2 participants), Tardieu
Scale (2 participants), SPAT (1 participant) and reflexive gain (4 participants). On group-level, the hypothesis was only
confirmed for the MAS, which showed a significant resistance reduction at week 6. All instrumented measures were
strongly correlated when quantifying the same resistance contribution.

Conclusion At group-level, the expected joint resistance reduction due to BoNT-A injections was only observed in
the MAS (overall resistance). This observed reduction could not be attributed to an unambiguous group-level reduc-
tion of the reflexive resistance contribution, as no instrumented measure confirmed the hypothesis. Validity of the
instrumented measures was supported through a strong association between different assessment methods. There-
fore, further quantification of the individual contributions to joint resistance changes using instrumented measures
across a large sample size are essential to understand the heterogeneous response to BoNT-A injections.
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Background

Botulinum neurotoxin-A (BoNT-A) injections are cur-
rently the most frequently used clinical intervention for
focal spasticity [1-3]. Spasticity is a common symptom
after various brain and neural injuries, such as spinal
cord injury (SCI) or stroke, referring to an exaggerated
stretch reflex, i.e. stretch hyperreflexia [4, 5]. Spasticity is
perceived as an increased joint resistance to movement,
i.e. joint hyper-resistance. BONT-A injections are used
clinically to reduce muscle activity and hence spasticity
[1]. BONT-A injections reduce muscle activity by inhib-
iting the release of acetylcholine at the neuromuscular
junction, which chemically denervates the exposed mus-
cle fibers. BONT-A effects reduce after 2 to 4 months due
to nerve sprouting and muscle re-innervation [1].

Clinical evaluation of BONT-A injections has shown a
significant reduction in joint resistance after 2—8 weeks
using the modified Ashworth scale (MAS) [6-8]. With
the MAS, currently a common clinical test, clinicians
evaluate overall joint resistance, which can physiologi-
cally include tissue characteristics, and tonic and reflex-
ive muscle activity [5, 9-11]. For the MAS, a single
passive movement profile is repeatedly applied, whereas
movements with varying characteristics, e.g. slow and
fast velocities, are required to unravel joint resistance
contributions. Therefore, the MAS can clinically only
evaluate spasticity indirectly and cannot distinguish
between spasticity and other symptoms as involuntary
background activity, shortened soft tissue, contractures
and muscle fibrosis [4, 12, 13]. Furthermore, the MAS
has a questionable reliability, especially when applied
at the lower limb [11, 14]. Hence, the clinical effect of
BoNT-A injections on spasticity is poorly understood,
while BoNT-A injections are a frequently used clinical
intervention for spasticity.

Quantification of the intrinsic and reflexive contribu-
tions to joint hyper-resistance is essential to understand
the beneficial and adverse effects of BONT-A injections
and support clinical decision making. BoNT-A injec-
tions can, for example, have side-effects and should ide-
ally only be administered to patients who suffer from
increased reflexive contributions to joint hyper-resist-
ance [15]. Objective information on both intrinsic and
reflexive joint resistance can support clinical decision
making and help evaluate treatment effects [5]. The
intrinsic resistance represents the combination of tissue-
related non-neural and tonic neural contributions to joint
resistance [10]. The reflexive resistance, representing the
phasic neural contributions, can be used as measure for
spasticity. Model-based processing of neuromechanical
responses can be used to unravel and quantify the intrin-
sic and reflexive contributions [10, 16—20]. Furthermore,
instrumentation and motorization using robotic devices
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can improve precision, consistency and objectivity of the
applied movements and measurements [21-23].

Model-based evaluation of BoNT-A effects on joint
hyper-resistance contributions have been applied using
neuromechanical models [24—27]. These studies showed
conflicting results on BoNT-A effects with either no
change or a significant reduction of the reflexive resist-
ance observed after injection. The neuromechanical
modelling approaches used limited experimental data-
sets measured over the full passive range of motion
(pPROM), similar to current clinical measures. The sub-
sequent joint resistance estimation primarily relies on
a priori knowledge and simplifying assumptions. As a
result, these methodologies are sensitive to incomplete
model definitions and imperfect a priori knowledge [17,
18, 20]. Furthermore, the lack of a gold standard com-
plicates interpretation of the reported conflicting results
[5, 28, 29]. Besides the selected model, differences in
reported BoNT-A effects may also be influenced by par-
ticipant heterogeneity, the experimental setup, and the
assessed joint. Given the conflicting results and lack of
a gold standard, investigating fundamentally different
approaches to assess joint hyper-resistance is of interest
to improve understanding of BONT-A effects.

An alternative approach to assess BONT-A effects on
joint hyper-resistance contributions is data-driven mod-
elling. Data-driven modelling evaluation of BoNT-A
effects on joint hyper-resistance contributions could be
executed using system identification [10, 16, 30, 31]. For
example, the parallel-cascade (PC) system identification
technique has shown the ability to discriminate spastic
participants from controls and paretic from non-paretic
joints [30, 32]. The PC technique has also shown good
group-level responsiveness during the evaluation of sev-
eral clinical treatments, like functional electrical stim-
ulation-assisted walking, Tizanidine and robot-assisted
gait training [33-35]. Currently, no system identification
results have been reported on BoNT-A effects. Contrary
to neuromechanical modelling, the system identification
techniques previously tested in a clinical setting used
rich experimental datasets measured over only a limited
portion of the pROM [30-35]. As intrinsic and reflexive
joint resistance depend on joint angle, the obtained joint
resistance estimates do not characterize the full pROM
[36].

The goal of this paper was to distinguish the contribu-
tion of intrinsic and reflexive ankle joint resistance for
participants treated with BoNT-A injections to reduce
spasticity. We hypothesized that reflexive joint resistance
decreases 6 weeks after injection, while returning close
to baseline after 12 weeks [24, 25]. Due to the reduced
reflexive joint resistance, we also expected the over-
all joint resistance to decrease 6 weeks after injection,
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while returning close to baseline after 12 weeks [6-8]. In
absence of a gold standard, the joint resistance contribu-
tions were assessed using multiple joint resistance meas-
ures with different characteristics and limitations. Joint
resistance contributions were estimated using clinical
measures (MAS/Tardieu Scale) [9, 37], an instrumented
spasticity test (SPAT) [22, 23] and a parallel-cascade
(PC) system identification technique [10, 30]. To sup-
port validity of the measures used, the linear association
between the various outcome measures was investigated.

Methods

Participants and study schedule

Six people with SCI and three stroke survivors partici-
pated in the study: age 54.4 + 11.1 year, 2 women, see
Table 1.

Patients treated at the Sint Maartenskliniek, Nijmegen
were assessed for eligibility by their rehabilitation physi-
cian. Inclusion criteria were: (1) adult, older than 18 year;
(2) stable neurological condition in chronic phase, mini-
mum 6 months post-lesion/-stroke; (3) a MAS or Tardieu
score > 1 for any of the m. triceps surae; (4) treatment of
any of the m. triceps surae with BONT-A injections aimed
at spasticity reduction; and (5) pROM of the affected
ankle joint in the sagittal plane > 20°. Participants were
excluded if BONT-A injections were combined with other
treatments aimed at reducing spasticity. Note, included
participants did typically receive the BoONT-A injections
in combination with home stretching exercises in line
with usual care. Participants gave written informed con-
sent before definitive inclusion.

In this exploratory longitudinal study, ankle joint resist-
ance was evaluated across three sessions: a baseline
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(week 0) measurement on the same day as BONT-A injec-
tion and two post-intervention measurements at 6 and 12
weeks after BONT-A injection. The week 12 evaluation
was usually measured on the same day as a new BoNT-
A injection, as BoNT-A injections were repeated every
three months. In each session the clinical evaluation
was executed by the same trained physiotherapist (WO,
non-blinded), whereas the instrumented evaluation was
executed by a researcher (RV, EF or EA) using a robotic
manipulator, see Fig. 1.

Fig. 1 Experimental Setup. Participants were seated on an adjustable
chair for the instrumented evaluations. The manipulator connected
to the adjustable chair applied dorsiflexion, ramp-and-hold
perturbations around the ankle joint, while measuring the
biomechanical response. If the left foot was measured, the right leg
was supported with a right lower leg support inserted into the chair
frame (not shown)

Table 1 Participant demographic, clinical and BoNT-A injection characteristics (N = 9)

Age Gender Diagnosis Meas. side Months

AIS (SCI) BoNT-A  BoNT-A brand BoNT-A dose per muscle (units)

post injection
stroke/SCI
54 M Stroke (Ischaemic) R 12 4th Dysport GM (300); GL (300)
58 M Stroke (Ischaemic) L 69 5th Allergan SOL (50); GM (50) GL (50)
49 M Stroke (Hemorrhagic) L 64 1st Dysport SOL (400); GM (200) GL (200)
67 M SCIH(C5-C7) L 30 D 8th Dysport SOL (300)
62 F SCI(T7-T12) L 54 B 13th Dysport SOL (400); GM (200) GL (200y;
TP (200)
29 M SCI(T7-T12) R 25 A 4th Dysport SOL (200); GM (200) GL (100)
51 M SCIH(T7-T12) R 183 C 3rd Dysport SOL (300); GM (200) GL (200)
59 M SCI(LY) L 144 @ 7th Dysport SOL (150); GM (160) GL (160)
61 F Cauda equina syndrome R 17 Tst Dysport SOL (300); GM (200) GL (200);
(L4-L5) TP (300)

The (most) affected side with a pROM > 20° was selected as measured side during experiments

AlS: American Spinal Injury Association (ASIA) Impairment Scale; BoNT-A: Botulinum Neurotoxin type-A; GM: Gastrocnemius Medialis; GL: Gastrocnemius Lateralis; SCI:

Spinal Cord Injury; SOL: Soleus; TP: Tibialis Posterior
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Instrumented experimental setup

The instrumented evaluations (SPAT and PC technique)
were performed with participants seated on an adjust-
able chair, see Fig. 1. The (most) affected side in compli-
ance with the inclusion/exclusion criteria was measured.
The measured foot was placed on a rigid footplate and
secured using Velcro straps. The rigid footplate was part
of the robotic manipulator fixed onto the frame of the
adjustable chair. The chair supported the participant’s
back and upper leg to achieve a fixed posture with 70°
hip and 30° knee flexion. The hip and knee angles were
selected to be attainable by all participants and to avoid
muscle slack in order to allow for proper elicitation of
the stretch reflex even with the small amplitude (2°) per-
turbations used for the PC technique [30, 36]. For each
participant, the chair was adjusted to these hip and knee
angles in the first session. For subsequent sessions, the
chair was re-adjusted to the position of the first session
to ensure constant posture across sessions. As such, the
upper leg was firmly supported across all sessions to
minimize movement of the leg that could introduce bias
and variability in the instrumented measures. The ankle
and manipulator axes of rotation were visually aligned by
minimizing knee translation in the sagittal plane while
rotating the footplate.

The robotic manipulator used a one degree-of-freedom
actuator (MOOG, Nieuw-Vennep, the Netherlands) to
apply the desired joint perturbations in the sagittal plane.
Ankle angle and angular velocity were measured using
an encoder situated at the actuator axis. Ankle torque
was measured using a torque sensor placed between
the actuator and footplate. The ankle angle, velocity and
torque were recorded at 2048 Hz with the dorsiflexion
direction defined as positive. For ankle angle, the neutral
(0°) angle was determined using a goniometer at 0° dor-
siflexion/plantarflexion. For safety, manipulator move-
ment was restricted to the maximal ankle pROM, which
was re-evaluated every session, using adjustable hard-
ware endstops. Measurements over full pROM (SPAT)
were executed with a 2° margin at both endstops. Meas-
urements over a limited pROM (PC technique) started
10° below the dorsiflexion endstop to avoid slack of
the calf muscles. As pROM was re-evaluated every ses-
sion, anatomical angles for both instrumented measure-
ments could vary across sessions. At the start of each
measurement, mean torque was measured over a 1 s
period to determine the neutral (0 Nm) torque for that
measurement.

Experimental protocol

The same protocol was executed in all three sessions. A
clinical evaluation was executed with participants lying
supine on an examination table to obtain scores for the
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MAS (overall joint resistance) [9] and Tardieu Scale
(reflexive joint resistance) [37]. During clinical evalua-
tion, the knee was supported by a cushion to achieve 30°
knee flexion, similar to the instrumented setup. For the
MAS, the ankle joint was rotated three times over the
full pPROM in 1 s [9]. The MAS was scored on an ordinal
six-point scale from 0, no increase in muscle tone, to 4,
affected part(s) rigid in flexion or extension. For the Tar-
dieu Scale, the ankle joint was rotated over the full pPROM
at three different velocities: V1, as slow as possible; V2,
velocity approximately equal to limb falling under grav-
ity; and V3, as fast as possible [37]. The quality (TSq) of
the joint response was scored for all velocities on an ordi-
nal five-point scale from 0, no resistance throughout the
movement, to 4, infatigable clonus at a precise angle [37].

The instrumented SPAT evaluation consisted of two
measurements at different velocities emulating V1 and
V3 of the Tardieu Scale, see Fig. 2A [22, 23]. First, three
slow (10°/s) dorsiflexion perturbations over the full
pROM were applied. Second, three fast (150°/s) dorsi-
flexion perturbations over the full pPROM were applied.
At both velocities, repetitions were separated by 20s of
rest. The maximum dorsiflexion angle was held for 1s
before returning towards plantarflexion with an opposite
profile to the dorsiflexion perturbation. Participants were
instructed to relax and not respond to the perturbations.

The PC technique evaluation consisted of two measure-
ment blocks (2min) with 1min rest in between. In each
block, a series of small (2° amplitude) ramp-hold-return
perturbations were continuously applied, see Fig. 3A [38].
These ramp-and-hold perturbations had a 125°/s max.
velocity, 15800°/s*> max. acceleration and 40ms duration.
Perturbations randomly switched between ’steps, i.e. the
maximum dorsiflexion angle was held for 580 ms, and
"pulses; i.e. no hold period at the maximum dorsiflexion
angle [39]. The manipulator returned towards plantar-
flexion with an opposite profile to the dorsiflexion per-
turbation. Participants were again instructed to relax and
not respond to the perturbations.

Data analysis

All data was analyzed using Matlab 2017b (Mathworks,
Natick, MA, USA). For the instrumented SPAT, the
work, i.e. product of force and displacement, around
the ankle was used to quantify joint resistance [22, 23].
Work was computed as area under the torque-angle
curve, ranging from 10% to 90% pROM. The torque-
angle curve was corrected for gravitational effects of
the footplate and foot. Work was computed as measure
of: (1) intrinsic joint resistance from the slow veloc-
ity trials Wg,,; (2) overall joint resistance from the
fast velocity trials Wy,y; and (3) reflexive joint resist-
ance from the difference between the fast and slow
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ankle pROM each session for safety, reflected by the varying pROM depicted across sessions
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Kearney et al. [10]. The algorithm consisted of the follow-
ing steps:

1. The measured angle, velocity and torque signals were
anti-alias filtered (2nd-order, 65.8 Hz, critically-
damped) and downsampled to 146.3 Hz.

2. Measured acceleration was extracted from the state
vector of the velocity low-pass filter and also down-
sampled to 146.3 Hz.

3. Non-parametric estimation of intrinsic, reflexive
and voluntary torque contributions were obtained
via an iterative procedure. Iterations continued until
variance accounted for (%VAF) did not improve (<
0.005%) or reached max. 10 iterations.

(a) Residual intrinsic torque was computed by sub-
tracting reflexive and voluntary torque from the
net torque. (1% — iteration) Reflexive and vol-
untary torque were set to zero.

(b) A 35 ms intrinsic impulse response function
(IRF) was estimated using a correlation-based
method between angle and residual intrinsic
torque. A pseudo-inverse approach based on
minimum description length was used to retain
only significant terms [40].

(c) Residual reflexive torque was computed by sub-
tracting voluntary and intrinsic torque, i.e. the
convolved intrinsic IRF with angle, from the
net torque.

(d) A 650 ms reflexive IRF was estimated between
half-wave rectified velocity and residual reflex-
ive torque using the same correlation-based
method.

(e) Residual voluntary torque was computed by
subtracting intrinsic and reflexive torque, i.e.
the convolved reflexive IRF with half-wave rec-
tified velocity, from net torque.

(f) Voluntary torque was estimated as the low-pass
filtered (2nd-order, 0.5 Hz, Butterworth) resid-
ual voluntary torque.

4. The intrinsic inertia I (acceleration-component),
damping B (velocity-component) and stiffness K
(angle-component) were estimated using linear least
squares between acceleration, velocity and angle, and
intrinsic torque.

5. The reflexive IRF was fit between half-wave rectified
velocity and reflexive torque with both signals low-
pass filtered (2nd-order, 14.6 Hz, critically-damped).

6. The reflexive delay § was estimated via a grid search
(35-65 ms, 1 ms increments), coupled to a nonlinear
least squares fit on the reflexive IRF of reflexive gain
G, damping ¢ and frequency w.
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Statistical analysis

The statistical analysis was performed using Matlab 2017b
and R3.6.2 (R Foundation for Statistical Computing,
Vienna, Austria). The outcome measures included two
clinical measures (MAS, TS(), three instrumented SPAT
measures (W, AW, Wy,,) and three PC technique
measures (G, K, B). TSg was evaluated based on the high-
est velocity (V3) assessment of the Tardieu Scale only, as
this velocity was closest to the instrumented evaluations.

On an individual level, the hypothesized longitudinal
BoNT-A effects were evaluated by comparing the meas-
ured resistance between baseline and week 6, as well as
between week 6 and week 12. For each outcome measure,
we considered the hypothesized BONT-A effect observed,
if a reduced resistance compared to baseline was meas-
ured at week 6 in combination with a return towards
baseline at week 12. On group-level, the hypotheses on
the longitudinal BONT-A effects were evaluated using the
Friedman non-parametric one-way repeated measures
analysis for all outcome measures [27]. Post-hoc mul-
tiple comparison tests between sessions were executed
for significant Friedman test results. For each multiple
comparison, p-values were adjusted using the Bonferonni
correction. Significance level was set at o« = 0.05.

To support reliability of the longitudinal BONT-A evalu-
ation, repeatability of the instrumented measures was
assessed using the intraclass correlation coefficient (ICC)
[41]. ICCs were computed with a two-way mixed effects
model, assessing absolute agreement between single rep-
etitions. ICC robustness was investigated using the 95%
confidence interval (CI) constructed via a non-parametric
bootstrap procedure using the bias corrected and acceler-
ated (BCa) method [42]. Minimal Detectable Difference
(MDD) was calculated using the IC according to [43].

Validity of the outcome measures was assessed based
on linear associations. We expected strong (r > 0.7) lin-
ear associations between outcome measures estimating
the same contribution, i.e. between the overall measures
(MAS, VVfast)» the reflexive measures (TSg, AW, G) and
the intrinsic measures (W, K, B). Furthermore, we
expected no or weak linear associations between out-
come measures estimating different contributions. The
non-parametric Spearman’s rank correlation coefficient
p was used for associations involving the ordinal clini-
cal measures. Pearson’s correlation coefficient r was used
for associations involving only instrumented measures.
Robustness of p and r were investigated using the 95% CI
based on a BCa bootstrap procedure.

Results

We investigated BoNT-A effects on the intrinsic and
reflexive contributions to ankle joint hyper-resistance in
nine participants at three sessions: week 0 (T0), 6 (T1)
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and 12 (T2) after BoNT-A injection. Joint resistance
was assessed using common clinical measures, i.e. MAS,
Tardieu Scale (TSq), an instrumented SPAT (W, AW,
Wiiow) and PC system identification technique (G, K, B).

Qualitative analysis of instrumented measures

The reflexive response elicited during the instrumented
evaluation strongly varied between participants. For
example, some participants showed a clear reflexive
response in both instrumented measures, whereas other
participants showed a small or no reflexive response, see
Figs. 2A, 3B. This heterogeneity in the reflexive response
was observed both before and after BONT-A injection,
see Figs. 2B, 3C. For the instrumented SPAT, the reflex-
ive response was mainly present in the part of the pROM
close to maximum dorsiflexion, see dark-shaded area
Fig. 2A. For the PC technique, the reflexive response was
observed 100-300ms after each dorsiflexion perturba-
tion, see Fig. 3B, C.

The observed intrinsic response also varied between
participants. For the instrumented SPAT, variation of
the intrinsic response was seen over the full pROM, see
light-shaded area Fig. 2A. For the PC technique, varia-
tion of the intrinsic response was visible in the sustained
plantarflexion torque response after step perturbations
(i.e. a 580 ms hold period at maximum dorsiflexion), see
Fig. 3B. This spring-like behavior around the joint, espe-
cially visible in the absence of a reflexive response, was
interpreted as the elastic intrinsic resistance, i.e. intrinsic
stiffness.

Longitudinal evaluation of BoNT-A injections

The longitudinal evaluation of the BONT-A effect on joint
resistance showed a heterogeneous response across all
participants, see Fig. 4 and Table 2.

For overall joint resistance, the MAS showed a reduced
resistance in 6 of 9 participants at T1 with 5 out of these
6 participants returning to baseline value at T2. The
instrumented SPAT overall resistance measure (W)
only showed reduced resistance in 4 participants at T1
with 2 out of these 4 participants returning towards
baseline value at T2. On average, both MAS and Wy,
showed a reduced resistance at T1 with MAS returning
close to baseline at T2, whereas W, showed a further
reduction. Only the MAS showed the hypothesized lon-
gitudinal BONT-A effect on group-level (x2[2] = 6.91, p
= 0.03), with post-hoc comparisons showing a signifi-
cant reduction between TO and T1 (t = 2.41, p = 0.05).
The pROM over which the instrumented assessments
were measured changed across sessions in 5 participants.
For 2 participants the dorsiflexion pPROM was reduced
(10°) at T1, whereas for 3 participants the full pROM
shifted (10°) either towards dorsiflexion (2 participants)
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or plantarflexion (1 participant). The changes in pROM
remained at T2 for 3 participants, whereas 2 participants
had a pROM in T2 equal to TO.

For reflexive joint resistance, the Tardieu Scale (TSq)
showed a reduced resistance in 4 participants with 2 out
of 4 of these participants returning to baseline value at
T2, see Fig. 4 and Table 2. Regarding the instrumented
measures a reduction in reflexive resistance at T1 was
observed in: 5 participants for AW, 6 participants for
G, and 3 participants for both G and AW. Out of these
participants with reduced resistance at T1, an increase
towards baseline value at T2 was observed in: 1 of 5 par-
ticipants for AW, 4 of 6 participants for G, and 1 of 3
participants for both G and AW. The participants that
did not show a reduction in G at T1 had the lowest val-
ues for G at baseline, see Fig. 4. Combined with the MAS,
4 participants showed reduced resistance at T1 for both
MAS and AW and 3 participants showed a reduction
for both MAS and G. On average, all reflexive resistance
measures showed a reduction at T1 with both TSg and
G returning towards baseline at T2, whereas AW showed
a further reduction. A significant longitudinal BONT-A
effect on reflexive resistance was only found for the AW
(x[2] = 11.9, p = 0.003), although post-hoc comparisons
did not find any significant differences between sessions.

For intrinsic joint resistance, a reduced resistance at
T1 was observed in: 3 participants for Wy, 5 partici-
pants for K, and 3 participants for both K and Wy, see
Fig. 4 and Table 2. Out of these participants with reduced
resistance at T1, an increase towards baseline value at
T2 was observed in: 2 of 3 participants for W, 3 of 5
participants for K, and 2 of 3 participants for both K and
Wiiow- On average, both intrinsic resistance measures
showed a reduction at T1 with Wy,,, returning towards
baseline at T2 and K showing a further reduction. No
significant longitudinal BONT-A effect on intrinsic resist-
ance was found.

The subject heterogeneity likely introduces a confound-
ing effect with the measured BoNT-A injection effect.
Participants with high baseline values, i.e. high intrinsic
and/or reflexive resistance, show larger responses to the
BoNT-A injection than participants with low baseline
values, see Fig. 5 with reflexive gain as example outcome
measure. Across all measures, moderate to strong cor-
relations between baseline value and measured BoNT-A
injection effect were observed, see Table 3. Small baseline
values provide little room to observe the hypothesized
reduction in joint resistance.

Linear associations and repeatability of joint resistance
measures

Excellent ICC values were observed for both the instru-
mented SPAT (r = [0.98,0.94,0.97]) and PC technique
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minimal detectable difference (MDD) (vertical line) is depicted for reference, see Additional file 1: Table S1

(r =1[0.98,0.97,0.99]) measures, see Table 4. The 95%
CIs lower bounds did show relatively high uncertainty for
AW (0.88), Wy, (0.89) and K (0.87). The reported ICCs
represent a best-case scenario for optimal experimental
conditions, as only short 20-60 s breaks were included
between repetitions and participants were not taken out
of the instrumented setup between repetitions.

The PC technique model showed a good model fit
effectiveness for the overall model and the specific
intrinsic and reflexive parameters. Regarding the over-
all fit (i.e. Step 1-6 of the algorithm), a median variance

accounted for (%VAF) of 92.5% [(Q1,Q3) 90.9%, 96.2%]
was obtained by the complete model on the measured
data, similar to previous PC studies [36]. For the param-
eterized intrinsic pathway (i.e. Step 4 of the algorithm),
a median %VAF of 91.4% [89.0%, 93.1%] was obtained,
whereas for the parameterized reflexive pathway (i.e.
Step 6 of the algorithm), a median %VAF of 84.4% [77.7%,
87.6%] was obtained.

Most clinical and instrumented assessments quanti-
fying the same resistance contribution showed a posi-
tive correlation as expected, see Table 5. For overall
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Table 2 Pre- and post-BoNT-A injection outcome measures for the intrinsic and reflexive contributions to ankle joint resistance (N = 9)

TO (Week 0) T1 (Week 6) T2 (Week 12) Friedman test

MAS (-) 1.501,1.6] 1[0,1.17% 101,16 p=10.03

Fast SPAT Wes (Nm/kg) 0.096 [0.059,0.148] 0.071 [0.045,0.095] 0.062 [0.049,0.091] p =048
Tardieu TSo () 4[254] 3[2.75,3.25] 3[24] p=052

Diff. SPAT AW (Nm/kg) 0.052 [0.017,0.086] 0.022[0.015,0.052] 0.022 [0.014,0.034] p=0.003

Refl. Gain G (Nm-s/rad) 31[1.540] 14[4.9,35] 13 [5.540] p=031

Slow SPAT Wejq,, (NmM/kg) 0.044[0.031,0.069] 0.039[0.028,0.060] 0.0381[0.030,0.061] p=026

Intr. Stiffness K (Nm/rad) 46 [37,74] 40[32,48] 37 [31,44] p =067

The median [25th, 75th percentile] across participants are reported. Longitudinal differences across all sessions were evaluated using the Friedman test. Significant

Friedman tests (AW, MAS) were investigated using a multiple comparisons test adjusted with the Bonferonni correction. Sessions with a significant difference

compared with week 0 are indicated (*)

Table 3 Spearman’s/Pearson’s correlation coefficient between
baseline value (TO) and BoNT-A injection effect (T1-T0) (N = 8/9)

Table 4 Intraclass correlation coefficient (ICC) and their 95%
confidence intervals (N = 54/78)

Outcome Measure plr Outcome Measure IcC

MAS — 051 Fast SPAT Wiy 098 [0.96,1.00]
Fast SPAT Wgst —053  Diff. SPAT AW 0.94 [0.88,0.98]
Slow SPAT Wejoy, - 077 Refl. Gain G 0.98[0.97,0.99]
Intr. Stiffness K —081 Slow SPAT W0y, 0.96 [0.89,0.99]
Tardieu TSo —038 Intr. Stiffness K 0.97 [0.87,1.00]
Diff. SPAT AW —034  Intr. Damping B 0.99 [0.97,1.00]
Refl. Gain G — 057

Spearman’s rank correlation coefficient p was used for all correlations involving
the ordinal clinical measures, whereas Pearson’s correlation coefficient r was
used otherwise
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Fig. 5 BoNT-A injection effect in relation to baseline value for
reflexive joint resistance.The BoNT-A injection effect (difference
between week 6 and week 0) (y-axis) is shown in relation to the
baseline value (x-axis) for reflexive gain (G, PC). Each symbol
represents a single participant, corresponding the symbols used in
Fig.4

ICCs for the instrumented assessment based on three repetitions per session for
the instrumented SPAT and two repetitions per session for the PC technique. The
95% Cls were constructed using a non-parametric bootstrap procedure

resistance, the MAS was not correlated with the SPAT
Wiase (r = 0.05). For the reflexive resistance, the Tar-
dieu Scale showed a moderate positive correlation with
the instrumented measures AW and G (r = 0.60/0.57),
whereas both instrumented measures showed a strong
correlation (r = 0.86). For the intrinsic resistance, the
SPAT Wy, showed a strong correlation with both PC
technique outcomes of stiffness K (r = 0.74) and damping
B (r=0.71).

Most clinical and instrumented assessments quantify-
ing a different resistance contribution were not correlated
as expected, see Table 5. For the overall resistance, MAS
was not correlated with intrinsic/reflexive measures (r =
[~ 0.19, — 0.01]), whereas the SPAT W/, did show strong
correlation with the PC reflexive gain G and intrinsic
damping B. For the reflexive resistance, the Tardieu Scale
was not or weakly correlated with non-reflexive measures
(r = [~ 0.09, 0.38]). The reflexive gain G showed strong
correlation with SPAT Wy, and the SPAT AW showed
strong correlation with PC intrinsic damping G. For the
intrinsic resistance, only PC technique intrinsic damping
B showed strong correlations as reported above.
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Table 5 Spearman’s/Pearson’s correlation coefficients and their 95% confidence intervals (N = 26-27)

MAS Tardieu TSq Refl. Gain G Intr. Stiffness K Intr. Damping B
Fast SPAT Wiy 0.05 [— 0.38,0.40] 0.24[— 0.22,061] 0.73[0.48,0.87] 046 [0.16,0.78] 0.83[0.73,0.90]
Diff. SPAT AW —0.01[—042,041] 0.60 [0.23,0.81] 0.86[0.71,0.93] 0.17 [- 0.15,0.51] 0.72[0.43,0.86]
Refl. Gain G —0.08[—-048,033] 0.570.21,0.80]
Slow SPAT Wejoy, — 0.03 [— 0.44,0.40] —0.09[-0.50,031] 0.27 [-0.12,0.59] 0.74[0.39,0.90] 0.71[0.41,0.83]
Intr. Stiffness K — 020 [— 0.62,0.27] — 0.07 [— 0.44,040]
Intr. Damping B — 0.04 [— 0.46,0.36] 0.38[— 0.07,0.67]

Correlations between the clinical measures (MAS, TS), instrumented SPAT (Wgs, AW, Wj)0,,) and PC technique measures (reflexive gain G, intrinsic stiffness K and
intrinsic damping B). Spearman’s rank correlation coefficient p was used for all correlations involving the ordinal clinical measures, whereas Pearson’s correlation
coefficient r was used otherwise. The 95% Cls were constructed using a non-parametric BCa bootstrap procedure

Discussion

This paper studied the intrinsic and reflexive ankle joint
resistance within participants treated with BoNT-A
injections to reduce spasticity. We hypothesized that
both reflexive and overall joint resistance would decrease
6 weeks after BONT-A injection, while returning close to
baseline value after 12 weeks. Three fundamentally dif-
ferent joint resistance assessments were used: (1) clinical
tests (MAS, Tardieu Scale); (2) instrumented SPAT meas-
ured over the full pROM with elementary processing;
and 3) data-driven PC system identification measured
over a limited pPROM with model-based processing. Indi-
vidually, the hypothesized BoONT-A effect (reduction at
week 6, return to baseline week 12) was observed in the
MAS (5 participants), Wy, SPAT (2 participants), Tar-
dieu Scale (2 participants), AW SPAT (1 participant) and
G (4 participants). On group-level, our hypothesis was
only confirmed for the MAS, a measure of overall joint
resistance, which showed a significant reduced resistance
at week 6. Regarding validity, all instrumented outcome
measures showed a strong correlation when quantifying
the same resistance contribution.

Longitudinal evaluation of BONT-A injections

On group-level, only the MAS showed the hypothesized
effect of reduced joint resistance at week 6 with a return
close to baseline at week 12. Our MAS results are in line
with larger clinical trials evaluating BONT-A effects with
the MAS [6-8]. The MAS should be interpreted with
care as the scale is subjective and a non-blinded rater
scored the participants [14, 44]. Contrary to the MAS,
all instrumented measures showed a more heterogene-
ous response and did not capture a significant reduction
on group-level 6 weeks after injection. Thus, either there
was indeed no significant reduction (true negative) or,
as implied by the MAS results and previous clinical tri-
als, we were not able to correctly measure the significant
reduction (false negative).

Previous studies using instrumented measures to
investigate BONT-A effects over the full pPROM also
reported heterogeneity between participants [24-27].
Moreover, a mix of positive/negative results were
reported 4—6 weeks after injection for these instru-
mented assessment studies. The studies executed with
a device assessing the wrist (Neuroflexor) and esti-
mating resistance components using a biomechanical
wrist model with low complexity did report a reduced
reflexive response. The study executed with a device
assessing the ankle (MOOG manipulator, similar to our
study) and estimating resistance with a neuromechani-
cal ankle model with higher complexity did not report a
reduction. Therefore, differences in the reported results
may be influenced by participant heterogeneity (such
as age, severity of impairment, time since impairment,
number of previous BoNT-A injections, BonT-A injec-
tion dose), the experimental setup, the assessed joint
and the model used for resistance estimation.

The heterogeneous response among the study popu-
lation complicated group-level evaluation of the BONT-
A effect. For example, the PC technique showed a reflex
reduction in 6 out of 9 participants at week 6. The 3
participants without reflex reduction had the low-
est reflexive response at baseline. Therefore, these 3
participants had little potential to further reduce the
reflexive response and also limited a potential group
effect. These 3 participants also had a relatively limited
dorsiflexion pROM at baseline and 2 of these 3 par-
ticipants showed an improved dorsiflexion pROM at
week 6. As such, BONT-A injections may result in bet-
ter outcomes within people with high reflexive activity
and/or clonus than people with only high resistance to
passive joint motion. Interpretation of the population
heterogeneity was also convoluted by different out-
comes for the instrumented measures. A reflex reduc-
tion was observed in 5 participants for the SPAT and
6 participants for the PC technique, yet only 3 partici-
pants showed a reduction in both outcome measures.
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As the reflexive response depends on joint angle and
pROM, the full and limited pROM used during assess-
ments could potentially explain these differences [36,
45]. Both methods simplified this complex depend-
ency through averaging over the full pROM (SPAT)
or assessing a limited pROM (PC). As a result, nei-
ther method controlled for variations in the reflexive
response due to observed changes in pPROM and poten-
tial underlying changes in e.g. muscle slack length.
Quantitative analysis of the measured individual effects
is desired to increase understanding of the heterogene-
ous response.

Quantitative analysis of individual effects would
require a larger participant group and insight into the
minimal detectable difference (MDD), which have
currently not been reported yet. To illustrate such an
analysis, the PC technique showed a reflex reduction
larger than a best-case scenario MDD (6.9 Nm s/rad)
for 3 of 9 participants at week 6. Only best-case sce-
nario MDDs could be computed as experimental con-
ditions were optimal regarding repeatability. Clinically
relevant MDDs would require a test-retest reliability
design with longer breaks between repetitions, meas-
urements on separated days and removing participants
from the measurement device between repetitions
[19, 28, 46]. The best-case results did indeed show that
both instrumented SPAT and PC technique had excel-
lent ICC between r = [0.94, 0.99], whereas typically
reported values are between r = [0.85, 0.95] for simi-
lar instrumented measures [19, 28, 46—48]. Overall, the
BoNT-A effect on the reflexive contributions remains
ambiguous.

Linear associations of joint resistance measures
In absence of a gold standard, the validity of the instru-
mented measures was shown through linear association
between the methodologies [5, 28, 29]. As expected, most
measures quantifying the same resistance contribution
(e.g. AW and G) showed moderate to strong correlations.
Strong correlations were observed between the instru-
mented measures, whereas a similar study found moder-
ate similarity between two instrumented measures [29].
However, Andringa et al. [29] compared methodologies
using a different experimental setup (Neuroflexor and
Wristalyzer) and different data processing approaches
(low complexity biomechanical and higher complex-
ity neuromechanical model) [18, 49]. In our study, the
results were obtained using the same device, which may
explain part of the relatively strong correlations observed.
Only between the MAS and SPAT (W), both meas-
ures of overall joint resistance, no correlation was
observed. While both measures compute an over-
all resistance effect, the characteristics of the applied
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perturbation differed between the relatively slow velocity
of the MAS (20-30 deg/s) and fast velocity of the SPAT,
Wiase (150 deg/s). Changing perturbation characteris-
tics could affect the relative magnitude of the intrinsic
and reflexive contributions within the measured overall
response, as both contributions contain velocity- and
acceleration-dependent components [10, 50, 51]. There-
fore, the lack of association between MAS and fast veloc-
ity SPAT could potentially be explained by the different
perturbation profiles used. In addition, the MAS, which
is a subjective measure, was scored by a non-blinded
rater and has questionable reliability, which could all have
influenced the observed correlation.

Besides, a general lack of correlation was observed
across joint resistance measures quantifying a different
resistance contributions, although unexpected correla-
tions were observed between a couple of outcome meas-
ures. The reflexive measures of the instrumented SPAT
(AW) did show a strong correlation with the intrinsic
damping (viscous) contribution of the PC technique
(B). Note, the reflexive instrumented SPAT measure was
computed as the difference in work between a fast and
slow passive movement. Thus, AW was considered fully
velocity-dependent, which can be attributed to either
a reflexive or viscous intrinsic contribution [10]. This
could explain the observed commonality with intrin-
sic damping of the PC technique. The commonality of
the reflexive SPAT measures with an intrinsic outcome
measure illustrated that the separation of joint resist-
ance contributions could be improved. On the one hand,
additional information from an extended experimental
dataset might improve the ability to disentangle joint
resistance. On the other hand, detailed model-based pro-
cessing, such as neuromechanical models or data-driven
processing, could improve the ability to disentangle joint
resistance [10, 24—27]. Andringa et al. [29] did show that
despite the use of these type of neuromechanical models,
weak correlations between reflexive and intrinsic contri-
bution may remain. Overall, at group-level the quanti-
fied intrinsic and reflexive resistance outcome measures
matched well, supporting the validity towards clinical
application.

Study limitations and clinical application

First, the clinical evaluations in this study were all per-
formed by a non-blinded, trained physiotherapist. There-
fore, knowledge of the hypotheses of this study combined
with information about the specific session (week 0, 6
or 12) could have biased the MAS and Tardieu Scale
scores. Second, spasticity is a complex symptom, which
can manifest itself differently within a the passive experi-
mental environment compared with an active or func-
tional environment [4]. Therefore, BONT-A effects as
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experienced in daily life and functional tasks may not
necessarily be captured in the clinical and instrumented
assessments used. In addition, the full complexity of spas-
ticity is difficult to capture within the limited number of
participants included in the study. Third, a low reflexive
resistance magnitude at baseline before BONT-A injec-
tion was observed in 3 participants, which limited their
potential to show a reflex reduction. Scientifically, future
studies evaluating longitudinal BoNT-A effects could
avoid this limitation by determining a threshold magni-
tude, e.g. based on MDD, for inclusion of participants in
the data analysis. Clinically, these 3 participants illustrate
the relevance of adding instrumented measures to enable
differentiation between patients with similar MAS values
in support of clinical decision making. Fourth, the instru-
mented evaluations were limited due to natural varia-
tions in the pROM shown by multiple participants across
sessions. Small variations in pROM were exacerbated in
our protocol, because the adjustable hardware endstops
restricting manipulator movement for safety could only
be adjusted per 10°. For both instrumented measures,
variability in the pROM likely translated to additional
variability in outcome measures across sessions, as joint
resistance depends on joint angle and pROM [36, 45].
Due to simplification in both instrumented measures, the
added variability of the pROM could not be controlled
for, which reduced the ability to detect BONT-A effects.

Despite these limitations and heterogeneous results,
clinical studies of instrumented measures distinguishing
the relative contributions to joint hyper-resistance remain
important. First, our results again confirm that the MAS,
on which many clinical evaluations of BONT-A effects are
based, does not correlate well with instrumented meas-
ures specifically aimed at quantifying the reflexive joint
resistance or spasticity. Second, further research into the
diagnostic properties of the instrumented measures is of
interest to potentially support clinical decision making.
For example, previous studies showed that the PC tech-
nique could discriminate spastic participants from con-
trols and paretic from non-paretic joints [30, 32]. Towards
clinical application, additional investigation into diagnos-
tic properties like the reliability (MDD) and normative
data are desired to enable clinical decision making based
on the quantified joint resistance contributions. Moreo-
ver, investigating the relation between instrumented
measures and functional or goal-oriented outcomes, like
motor recovery level or goal attainment scale (GAS) [52],
is of interest. This relation is important: given the lack of
a gold standard to evaluate the instrumented measures
against; to examine the role of increased intrinsic and
reflexive joint resistance on reduced functionality; and to
provide extended clinical context on the indication and
evaluation of BONT-A treatment.
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Conclusions

Our group-level hypothesis of a reduced joint resistance
6 weeks after injection with a return close to baseline
at week 12 was only observed in the MAS (overall joint
resistance). This observed reduction could not be attrib-
uted to an unambiguous group-level reduction of the
reflexive or intrinsic resistance as no instrumented meas-
ures confirmed the hypothesis. Several individuals did
show the hypothesized BoNT-A effect in the reflexive or
intrinsic contributions. A moderate to strong correlation
between all reflexive measures and a strong correlation
between the intrinsic measures supported the validity of
the used instrumented measures. Ultimately, objective
and reliable joint resistance quantification would improve
clinical decision making in prescription of BONT-A and
unravel the effect of BONT-A injections on spasticity.
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