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ABSTRACT

Introduction: Spasticity is a common symptom after brain injury, often interfering with functional recovery and rehabilitation.
The Tonic Stretch Reflex Threshold (TSRT) was proposed as an objective neurophysiological assessment of spasticity that could
overcome the limitations of clinical scales. This systematic review aimed to appraise the current evidence on the metric proper-
ties of TSRT.

Methods: Electronic databases (MEDLINE, CINAHL, Scopus, Web of Science, and EMBASE) were screened from inception to June
30, 2025, for studies reporting data on reliability, validity, and/or responsiveness of TSRT in adults with stroke. Two reviewers
independently selected the studies, assessed the methodological quality, and extracted relevant data. When possible, pooled
estimates for each property were computed.

Results: Of the 9804 titles retrieved, 17 were eventually included, to which 2 articles from cross-references were added. We
found insufficient values for both intra-rater (two studies, ICC = 0.548, 0.330-0.710) and inter-rater (three studies, ICC = 0.687,
0.511-0.808) reliability, with high measurement error. Data on validity were found in 14 articles, with conflicting results on the
association of TSRT with clinical scales of spasticity and motricity, but good ability to discriminate among relevant groups. Only
one study investigated responsiveness with an external anchor, finding that TSRT measurements failed to accurately detect
improved participants.

Conclusion: Despite the potential of TSRT as a measure of spasticity, its metric properties, particularly reliability, are not fully
supported. Future research should prioritize improving its reliability and investigating its validity and responsiveness with neu-
rophysiological measures rather than relying solely on clinical scales.
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What is already known about this topic? What the study adds?

e Clinical scales for spasticity have limited reliability and validity. e The reliability of the TSRT measurement is currently not fully

The Tonic Stretch Reflex Threshold (TSRT) has been proposed as
an objective measure of spasticity for use in both clinical and
research settings.

Introduction

Spasticity is one common and disabling symptom after
a first motor neuron injury (1), with prevalence ranging
from 25% to 38% in stroke survivors (2-4). It interferes with
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supported, and this might affect its validity and responsiveness.
Future research should focus on improving reliability through the
use of better instrumentation.

functional recovery and rehabilitation processes, can lead to
secondary complications such as muscle retractions, weak-
ness, and pain (5), and impairs activities of daily living and
sleep (6).

The pathophysiological mechanisms of post-stroke spastic-
ity are still debated, and several neuromusculoskeletal compu-
tational models have been used to study them. Most models
focus on reflex gains and thresholds as the main parameters
related to its severity, including both neural (alpha and gamma
motor neuron firing, afferent input mainly from muscle spin-
dles) and non-neural (viscoelastic elements of the muscu-
lar-tendon unit) components (7). The neural component is
generally accepted as being caused primarily by supraspinal
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dysregulation of the spinal reflex loop, to which growing evi-
dence indicates that imbalance of the dorsal and medial reti-
culo-spinal tracts contributes (8). The uncontrasted excitatory
input through the medial reticulo-spinal tract would increase
the intrinsic excitability of motoneurons, facilitating persistent
inward currents, i.e., depolarizing currents that tend to remain
activated and are associated with subthreshold depolarization
of spinal motor neurons (8).

There is still no complete agreement on the definition of
spasticity. Early in 1980 Lance (9) defined spasticity as “A motor
disorder caused by a speed-reflex increase of the stretch tonic
reflex with exaggerated tendon response, resulting from a
hyperexcitability of the stretch reflex as a component of the
syndrome of the first motoneuron”. Later, Pandyan et al. (10)
extended the concept to all positive symptoms of an upper
motor neuron lesion redefining it as “disordered sensorimotor
control, presenting as intermittent, or sustained involuntary
involvement of muscles”. More recently, Dressler et al. (11)
suggested a simple, operational definition as “involuntary mus-
cle hyper-activity triggered by rapid passive joint movements,”
which differentiates it from other symptoms such as rigidity,
spasm or dystonia, and from hypertonia, which may also exist
at rest. In 2017, 37 experts from 12 European countries partic-
ipating in two consensus meeting, based on a Delphi approach
(12), concluded that the term “hyper-resistance,” instead of
hypertonia or spasticity, should be preferred to describe the
abnormal neuromuscular response during passive stretch, to
which both neural and non-neural components contribute,
and that the term “spasticity” should be used with care, and
only referring, in agreement with Lance (9), to velocity depen-
dent stretch hyperreflexia as part of the neural contributions
to hyper-resistance.

The lack of a common definition is at least partly behind
the variety of methods for assessing spasticity. In a recent
review, 60 different tools were identified (13), including 33
clinical, 18 biomechanical, and eight neurophysiological mea-
sures. The Ashworth scale (AS) and its modified version (MAS)
are the most used clinical measures of spasticity in the adult
population. However, besides showing questionable metric
properties (14,15), they assess resistance to passive move-
ment without distinguishing between neural and non-neural
components of resistance (13,14), and show low correlation
with neurophysiological tests like H-reflex-based measure-
ments (16,17). The poor validity of clinical scales, including
the AS, has even been suggested as one of the causes of the
failure of many clinical trials in neurology (18).

A direct measurement of spasticity has been proposed
in the context of indirect, referent control theory of motor
control (19,20). A main mechanism in posture and movement
control is the ability to set and reset the spatial threshold of
reflexes, named lambda (A). In the healthy nervous system,
the threshold regulatory range is defined by the task-specific
ability to activate or relax muscles at each joint position
within the biomechanical range of motion (21). Thus, the
range of threshold regulation is larger than the biomechanical
range, whereas, after neurological injury, the range of possi-
ble A-shifts is limited. Spasticity is the result of a reduction in
the central regulatory range of A thresholds: when the upper
limit of A range (R+) of a muscle is within the biomechanical
range of motion, an externally imposed stretching will find
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an active muscular resistance beginning at R+ and increasing
with increasing lengthening. The A threshold decreases as the
rate of muscle stretch increases, and its equivalent parame-
ter at the joint level is called stretch reflex threshold (SRT)
(19), which represents the joint angle at which motoneurons
of the involved muscles begin to be recruited. This parameter
depends on stretch velocity and is commonly referred to as
Dynamic Stretch Reflex Threshold (DSRT), whereas the Tonic
Stretch Reflex Threshold (TSRT) represents a specific value of
DSRT for zero velocity. In particular, when the TSRT is within
the biomechanical range and the subject cannot shift it, it
discriminates the joint configurations in which the muscles
are spastic from those in which they are not (22,23).

Another parameter detected through TSRT measurement
is coefficient p, a time-dimensional parameter that character-
izes the velocity sensitivity of TSRT (19). Theoretically, it cor-
relates with the index of sensitivity, changing from dynamic to
static muscle spindle afferents, and may be partly controlled
by dynamic y-motor neurons’ activity (19). In a velocity/angle
plot, u represents the slope of the dynamic activation area
boundary of the muscle and determines a temporal varia-
tion in the entry of the muscle into the activation area (19).
This parameter is as essential as TSRT, because it is crucial
to understand the actual dependence on the velocity of the
observed hypertonia.

Surface electromyography (sEMG) combined with a
joint angle detection system is used to detect DSRTs (24).
The assessment procedure consists of applying several pas-
sive stretches to the target muscles at different speeds. For
each speed, DSRT is identified as the angle at which reflex
EMG activity appears. A linear regression through the DSRTs
obtained from repeated stretches is conducted to com-
pute the TSRT (24). In the original procedure, stretches are
applied manually, and measures are taken with the Montreal
Spasticity Measure instrumentation, which comprises an
electrogoniometer, a two-channel surface electromyograph,
and dedicated software (24). A complete description on
how the TSRT is calculated can be found in a recent critical
review on this topic (25), which, however, highlights that the
methodologies used by different researchers vary greatly in
terms of equipment, number, velocity and mode of appli-
cation of stretches (manually or with a torque motor), time
interval between stretches, criteria for defining the onset of
reflex muscle activity, analyses conducted to calculate TSRT
and . All these features considerably impact the measure-
ment and might explain some inconsistencies in the findings
of different research groups.

The aim of this review is to critically appraise, summarize,
and meta-analyze the current literature on the metric prop-
erties of TSRT as a measure of spasticity in adults with upper
motor neuron lesions.

Methods

This review was conducted according to COSMIN
(Consensus-Based Standards for the Selection of Health
Measurement Instruments) guidelines (26). It was registered
prospectively in the PROSPERO database (PROSPERO 2023
CRD42023412289) as a more general systematic review on
instrumental methods for assessing spasticity.
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Data Sources and Searches

We searched five databases (MEDLINE, EMBASE, CINAHL,
SCOPUS, and WOS) for literature published in English on April
20, 2023, with no initial date limit. The search strategy fol-
lowed the COSMIN guidelines (27) and contained the follow-
ing words: (1) spasticity, (2) tone, (3) cerebral palsy, (4) stroke,
(5) spinal cord injury, (6) upper motor neuron, (7) measure,
(8) evaluation, and (9) assessment. A combination of logic
Boolean operators was implemented to finalize the existing
COSMIN search filters for each database (Supplementary
material). The reference list of all relevant articles was also
searched for other eligible publications. An updated search
was conducted on June 30, 2025, including only the term
Tonic Stretch Reflex Threshold or TSRT.

Study Selection

We included studies that investigated any metric property
(28) of the TSRT measurement in adults with spasticity, with
no restrictions regarding spasticity etiology. We included only
studies where the TSRT was measured following the proce-
dure described by Calota et al. (24), so excluding the articles
where this term was used with a different meaning, e.g.,
to simply indicate the joint angle of onset of reflex muscle
contraction triggered by a passive stretch, even if instrumen-
tally measured. Subjects with cerebral palsy outcomes were
included if they were assessed when older than 18 years.
Studies reporting data on metric properties were included
even if this evaluation was not the primary aim. Two authors
independently performed the study selection. After remov-
ing duplicates, titles, abstracts, and, when needed, full texts
were analyzed for eligibility. Disagreements were solved by a
third researcher.

Data Extraction

Two authors independently extracted the following data
from the articles: authors, year of publication, population,
comparator tool, when applicable, muscles evaluated, metric
properties evaluated, statistics conducted, and values found
for each property, as detailed below. In case of disagree-
ment, consensus was reached with the intervention of a
third author.

Reliability

Intraclass correlation coefficients (ICC) were considered
the most appropriate index, and the statistics used for their
computation were also recorded, when provided; other cor-
relation coefficients were also considered appropriate if the
study assessed and excluded significant differences between
the two measurements. Standard Error of the Measurement
(SEM), Minimal Detectable Change (MDC), Coefficient of
Variation, and Bland-Altman’s Limits of Agreement were con-
sidered appropriate indices of measurement error.

Criterion validity

If the study used a reference measure for spasticity, the
correlation with the TSRT was noted. If the study dichoto-
mized the threshold measurement result (e.g., spasticity

present/absent), diagnostic accuracy values (sensitivity,
specificity, area under the receiver operating characteristic
curve, AUC) were collected.

Construct validity

All data about the a priori hypotheses tested were col-
lected, including convergent (e.g., correlation between TSRT
and motor impairment severity) and discriminative validity,
i.e., the ability of the TSRT to discriminate among relevant
subgroups.

Responsiveness

Any index of responsiveness, both internal (e.g., effect
size) or external (e.g., correlation with an anchor measure
of change), was collected. When provided, the Minimal
Clinically Important Difference (MCID) computed in the study
was noted.

Quality Assessment

Two authors independently assessed the risk of bias of
the included articles, and disagreements were resolved by
consensus, with the intervention of a third author. For reli-
ability studies, the Quality Appraisal for Reliability (QAREL)
checklist was used (29), which consists of 11 items that can
be answered “yes” if the item is satisfied, “no” if the item
is not satisfied, “unclear” if the information is insufficient,
or “not applicable.” Although the COSMIN checklists on risk
of bias (30) also cover reliability, the QAREL checklist was
preferred for reliability because it lists all possible sources
of error in more detail. The COSMIN checklists (30) were
used instead for validity (boxes 8 and 9) and responsiveness
(box 10). Each COSMIN item may be rated as “very good,”
“adequate,” “doubtful,” or “inadequate,” when applicable,
and the lowest score assigned to any item of a box is taken to
establish the risk of bias.

Data Synthesis and Analysis

Pooled estimations were obtained after Fisher’s z trans-
formation of correlation coefficients to normalize their dis-
tribution (31), including the estimation of the prediction
interval (Pl), as recommended (32). All meta-analyses were
based on random effects models to account for the het-
erogeneity of estimates (33). Heterogeneity and inconsis-
tency were assessed using the Q statistic and the |2 statistic,
respectively (34).

When missing, SEM and MDC,, were computed provided
that authors reported the necessary data, by applying the for-

mulas SEM =DSx,/(1~ICC) and MDC = SEMx1,96x~/2 .

Convergent validity was assessed through the correlation
of TSRT and u with clinical scales of spasticity and motricity.
When relevant indices were not reported in the article, they
were computed provided that the authors reported the nec-
essary data. When data were provided in graphical form, val-
ues were extracted from graphs using Microsoft PowerPoint
2021. If this was not possible, the authors were contacted
and asked to provide the requested values or raw data
for computation.

A‘ © 2025 The Authors. Arch Physioter - ISSN 2057-0082 - www.archivesofphysiotherapy.com
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Results

Out of 9804 titles retrieved from the databases, 17
(35-51) were ultimately included (see Fig. 1 for details on the
selection process). Cross-referencing led to the inclusion of
two other studies (19,52). Table 1 shows the characteristics
of the included studies.

All studies enrolled individuals with stroke outcomes,
more often in the chronic phase (at least six months after the
event) (19,35,37,42,43,45,49,51,52). Four studies enrolled
participants in the subacute phase (less than 6 months)
(44,46, 48, 50), and five studies had a mixed population
(36,38-41), whereas in one study (47), this information is
not reported. In one study (44), the sample also included
two patients with spinal cord injury and one with traumatic
brain injury. Sample size ranged from 4 to 55 participants.
TSRT was measured at the elbow flexors (19,35-37,39-50,52),
elbow extensors (19,36,39), and ankle plantar flexors. (38,51)

Four articles (35,37,38,46) evaluated TSRT reliability,
whereas in 14 articles (19,35,36,39,41-48,51,52) data about
TSRT validity were reported or retrievable. One article (46)
studied both internal and external responsiveness of TSRT,
using the upper limb motor section of the Fugl-Meyer
Assessment Scale (53) (FMA-UL) as an anchor for the latter.

Records identified from bibliographic Records identified from searching other

database searches sources
N =10053 n T 0

Records after duplicates removed
n =9804

Duplicates removed
n =249
Records after title and abstract
screening —b|
n =603
Articles retrieved at full text Unretrievable full texts
n=603 n=0

Excluded full texts (n = 586)

Reasons:
Population (n = 81)

Excluded titles and abstracts
n=9201

prop (n=245)
Proceedings (n = 25)
Study design (n = 94)

Clinical measurements (n = 57)

Other instrumented measurements (n = 84)

Articles after full text screening I No
n =603 |

Pre-screened articles
from other sources
n=2
Cross referencing

Articles/studies included in the review
n=19/n=19

|

Studies included after critical appraisal Excluded from further synthesis
n=19 n=0

Studies included in narrative synthesis
n=19

Studies included in quantitative Studies not included in further
synthesis synthesis
n=19 n=0

FIGURE 1 - Flow-chart of the process of study selection.
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However, we were able to extract data about internal respon-
siveness from three other studies (40,49,50).

Reliability and measurement error

Dataonintra-rater and inter-rater reliability were reported
by two (35,37) and three (35,38,46) articles, respectively.
Ferreira et al. (37) did not compute any reliability coefficient,
so we analyzed their data to calculate the ICC, , including
only participants with stroke who completed all the assess-
ments. Only one of these studies (46) provided the measure-
ment error, but we computed it from the raw data reported
in the other three articles (35,37,38). All studies obtained
a QAREL score <50% (Fig. 2), indicating a possible high risk
of bias.

Intra-rater reliability

The intra-rater reliability of biceps brachii TSRT mea-
surement in a sample of subjects with stroke outcome was
assessed by Calota et al. (35) (15-18 participants assessed
twice, with a 2-7 days delay, by three different raters) and
by Ferreira et al. (37) (14 participants assessed three times,
with 2-5 days delay, by the same rater). We meta-analyzed
the data of these studies (Fig. 3, top), finding a pooled
ICC =0.548 (95% Cl: 0.330, 0.710; 95% PI: 0.330, 0.710; sam-
ple size = 64), with no heterogeneity and high consistency
(Q=0,778, p = 0.855; I’=0,00%). The pooled MDC,, was 41°.

Inter-rater reliability

TSRT inter-rater reliability was evaluated for biceps bra-
chii (35,46) and triceps surae (38), involving two (46), three
(35), or nine (38) raters. Since Calota et al. (35) reported
data measured by three raters at two different occa-
sions, data from four comparisons were meta-analyzed.
The pooled ICC was 0.687 (95% ClI: 0.511, 0,808; 95%
Pl: 0.346, 0.868; I>= 50,41%; Q = 6,049, p = 0.109; sample
size = 123) (Fig. 3, bottom). Including only data on biceps
brachii resulted in a lower value of pooled ICC (0.618; 95%
Cl:0.471,0,732; 95% PI: 0.471, 0,732; sample size = 95), with
no heterogeneity (Q = 0,454, p = 0,796) and inconsistency
(1= 0.00%). The MDC,, was 14.55° for triceps surae and
35.16° for biceps brachii.

We classified the overall rating of inter-rater and intra-rater
reliability and measurement error of TSRT as insufficient for
using the measure both at the group and individual levels. We
rated the level of evidence as low (risk of bias and imprecision).

Validity

Convergent and discriminative validity of TSRT was eval-
uated by analyzing the correlation with measures of simi-
lar constructs (clinical scales of spasticity) or of a construct
that might theoretically be associated (motor function), and
comparing values measured in different groups (healthy, sub-
acute or chronic stroke, Parkinson’s disease), respectively.
The quality of ratings of included studies is shown in Table 2.
Usually, the authors did not state their a-priori hypotheses
about the expected correlations.
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We could retrieve data on the association of TSRT with
spasticity clinical scales from 14 articles that used the Modified
Ashworth Scale (MAS) (35,36,41,43-48,51) or the Composite
Spasticity Index (CSl) (19,39,42,52). CSI (54) sums up three
features, namely resistance to passive movement, clonus,
and exaggerated tendon reflexes. Only few studies reported
the Spearman correlation coefficient (19,35,43,45,46,48),
so we computed it from the raw data of the other articles
(36,39,41,42,44,47,51,52), in two cases by extracting val-
ues from graphs (44,47), and in one case from data pro-
vided on request by the authors (39). Figure 4 shows the
meta-analysis conducted aggregating data from all studies,

resulting in a pooled coefficient of -0.305 (95% Cl: —0.500,
-0.081; 95% PI: -0.822, 0.487; sample size = 283) with high
heterogeneity and inconsistency (Q = 66.862, p < 0.001; I
= 74.57%). Pooling the data separately for each compara-
tor, heterogeneity persists with MAS (rho = -0.327; 95% Cl:
-0.557, -0.050; PI: -0.853, 0.528; Q = 60.060, p < 0.001;
I2= 81.68%; sample size = 238), not with CSI (rho = -0.240;
95% Cl: -0.537,0.011; PI: -0.670, 0.311; Q=6.717, p = 0.243;
I2=25.56%; sample size = 45).

We estimated the association of biceps brachii TSRT
with motor impairment as measured by the FMA-UL from
data presented in five studies (19,39,41,42,48). Only one

A © 2025 The Authors. Arch Physioter - ISSN 2057-0082 - www.archivesofphysiotherapy.com
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TABLE 2 - Quality appraisal of studies on TSRT construct validity and responsiveness

Convergent validity
(COSMIN box 9a)

Discriminative validity
(COSMIN box 9b)

Study 1 2 3 4  Risk-of-bias score 5 6 7 Risk-of-bias score
Levin et al., 2000 (19) — CSI VG D VG D* doubtful

Levin et al., 2000 (19) — FMA-UL VG A VG D* doubtful

Calota et al., 2008 (35) — MAS VG D VG D* doubtful

Kim et al., 2011 (36) — MAS VG D VG D* doubtful

Turpin et al., 2017 (39) — CSlI VG A VG D* doubtful

Turpin et al., 2017 (39) — FMA-UL VG A VG D* doubtful

Levin et al., 2018 (41) — MAS VG D VG D* doubtful

Levin et al., 2018 (41) — FMA-UL VG A VG D* doubtful

Levin et al., 2018 (41) — chronic vs subacute patients VG VG D*  doubtful
Subramanian et al., 2018 (42) — CSl VG A NAM D* doubtful

Subramanian et al., 2018 (42) — FMA-UL VG A NAN D* doubtful

Mar+ques et al., 2019 (43) — MAS VG D VG D* doubtful

Zhang et al., 2019 (44) — MAS VG D A D* doubtful

Zhangetal.,, 2019 (44)—healthy vs spastic participants VG VG D*  doubtful
Alves et al., 2021 (45) — MAS VG D VG D* doubtful

Frenkel-Toledo et al., 2021 (46) — MAS VG D VG D* doubtful

Frenkel-Toledo et al., 2021 (46) —=FMA-UL VG A VG D* doubtful

Wang et al., 2021 (47) — MAS VG D NAA D* doubtful

Frenkel-Toledo et al., 2022 (49) — MAS VG D VG D* doubtful

Frenkel-Toledo et al., 2022 (49) —FMA-UL VG A VG D* doubtful

Longo et al., 2023 (51) VG D NAA D* doubtful

Mullick et al., 2013 (52) — CSI VG A VG D* doubtful

Mullick et al., 2013 (52) — UPDRS VG VG VG D* doubtful

Mullick et al., 2013 (52) — healthy, stroke vs Parkinson VG VG D*  doubtful

Responsiveness (COSMIN box 10a and 10d)
Study 10a_1 10a_2 10a_3 10d_11 10d_12 10d_13 Risk-of-bias score

Frenkel-Toledo et al., 2021 (46) VG NA D** VG VG VG doubtful

1: Is it clear what the comparator instrument(s) measure(s)? 2: Were the measurement properties of the comparator instrument(s) sufficient?
3: Was the statistical method appropriate for the hypotheses to be tested? 4: Were there any other important flaws in the design or statistical methods of the
study? 5: Was an adequate description provided of important characteristics of the subgroups? 6: Was the statistical method appropriate for the hypotheses
to be tested? 7, 10a_3, 10d_13: Were there any other important flaws in the design or statistical methods of the study? 10a_1: For continuous scores: were
correlations between change scores, or the AUC calculated? 10a_2: For dichotomous scales: were sensitivity and specificity determined? 10d_11: Was an
adequate description provided of the intervention given? 10d_12: Were statistical methods appropriate for the before-after comparison being made? VG =
very good; AD = adequate; D = doubtful; IN = inadequate; N/A = not applicable.

* Blinding to the comparator or to groups.

** Suitability of the anchor.

Not applicable because the study did not aim to evaluate the TSRT metric properties.

study (19) also measured triceps brachii TSRT and reported
a significant positive correlation with motor impairment for
both muscles, whereas one study reported a non-significant
negative correlation (48); two studies (39,41) just reported
the absence of significant correlation, and one study (42)
did not investigate such an association. We computed the
Spearman correlation from the raw data presented in the
articles (41,42) or provided on request by the authors (39)
The meta-analysis (Fig. 5, top) showed a pooled correlation
coefficient = 0.117 (95% Cl: -0.140, 0.360; PI: -0.293, 0.492;
Q=6.970; p = 0.223; I>= 28.26%; sample size = 109).

© 2025 The Authors. Published by AboutScience - www.aboutscience.eu

Only two studies also investigated the association
between FMA-UL and p of biceps brachii (19,41), with con-
flicting results, i.e., non-significant negative correlation (41),
and significant positive correlation (19). A pooled rho =0.119
(95% CI: -0.391, 0.574; PI: -0.575,0.714; Q=3.439; p = 0.064;
12 =50.9%; sample size = 44) resulted from the meta-analysis
(Fig. 5, bottom).

We classified the overall rating of TSRT and u convergent
validity with clinical scales of motor impairment or spasticity
as indeterminate, with a very low level of evidence (impreci-
sion, risk of bias, and very serious inconsistency).
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FIGURE 4 - Meta-analysis of
studies on TSRT convergent
validity: correlation with clinical
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As for discriminative validity, significant differences were
found between TSRT values measured in healthy and spastic
subjects (44,52), and between TSRT and p values measured
in participants with stroke and Parkinson’s disease (52).
Conversely, no differences were found between persons with
subacute and chronic stroke (41). We classified the overall
rating of TSRT discriminative validity as positive, with a low
level of evidence (imprecision, risk of bias).

Responsiveness

We found only one study (46) that comprehensively
evaluated this property in 44 participants who received
10 sessions of upper limb intervention combining Virtual
Reality and real/sham transcranial direct current stimulation.
Contrary to MAS, TSRT changed significantly in the whole
group, detecting a medium treatment effect (mean change:
8.79 * 24.96; Effect Size = 0.40; Standardized Response
Mean = 0.35). External responsiveness was examined using
a receiver-operating characteristic curve approach and classi-
fying participants as improved or unimproved according to a

A

change in FMA-UL above or below, respectively, the MDC of
this scale. A cut-off value of 6.8° TSRT change was found with
near significance (Area Under Curve, AUC =0.671, p = 0.056).
The risk of bias of this study was rated as doubtful due to the
doubtful suitability of the chosen anchor (Table 2).

We retrieved data on internal responsiveness (Effect
Size, ES) in three other studies not specifically designed to
evaluate this psychometric property. We found large ESs
in a study (40) enrolling a small number of persons with
stroke outcomes who were treated with biofeedback (N =
6, ES = 1.17) or conventional physical therapy (N = 6, ES =
0.86), and in another study (49) where 10 participants with
chronic stroke practiced 15 sessions of training based on
serious game and virtual reality (ES = 0.92). A third study
(50) reported an ES = 0.570 in a group of 46 participants
with chronic stroke who were engaged in 10 sessions of per-
sonalized reaching training. Considering the very different
rehabilitation interventions, which probably have different
effectiveness, we decided not to aggregate the data from
these studies.

© 2025 The Authors. Arch Physioter - ISSN 2057-0082 - www.archivesofphysiotherapy.com
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FIGURE 5 - Meta-analysis of
studies on convergent validity

10 05 00 0.5 10 of TSRT (top) and coefficient
* * t : : M (bottom): correlation with
) ) ' Fugl-Meyer Assessment Scale—
Levin et al., 2000; BB | — 0.650 [ 0.050, 0.892] .. A A
: motrl(;]ty sech9n. (BB = b/feps
Levin etal., 2000; TB 1 0.720 [-0.528, 0.975] brachii; TB = triceps brachii).
Turpin etal., 2017; BB 4 0.007 [-0.569, 0.578]
!
Levin et al., 2018; BB —_— -0.154 [-0.471, 0.202]
Subramanian et al., 2018; BB E = 0.175 [-0.450, 0.676)
Frenkel-Toledo et al., 2023; BB — . 0.066 [-0.247, 0.365]
!
I
RE overall 95% Cl -~ 0.117 [-0.140, 0.360)]

RE overall 95% PI

[-0.293, 0.492]

Correlation coefficient p - FMA-UL
-1.0 -0.5 0.0 05

1.0

Levin et al., 2000; BB
Levin et al., 2018; BB

RE overall 95% CI % CI

RE overall 95% PI % PI

0.450 [-0.227, 0.819]
-0.083 [-0.413, 0.269]

0.119 [-0.391, 0.574]
[-0.575, 0.714]

We classified the overall rating of TSRT responsiveness as
insufficient, with a very low level of evidence (imprecision,
risk of bias).

Discussion

This systematic review investigated the psychomet-
ric properties of TSRT as a potential objective measure of
spasticity, finding only four articles on reliability and up to
14 articles reporting data on its convergent validity, even if
many of them do not explicitly refer to TSRT validity. This
is surprising since reliability is a prerequisite for exploring
criterion and construct validity of any assessment tool (28),
but it is rather common in this field. A narrative review on
new tools for assessing spasticity (55), i.e., tools that were
developed from 2016 to 2022, identified four new clinical
scales, eight medical imaging methods, and three spastic-
ity assessment devices. From the data presented, it appears
that none of them have been subjected to a thorough eval-
uation of metric properties, and in particular, reliability. In a
recent systematic review (56) aimed at evaluating the quality
of clinical assessment tools for spasticity, the Tardieu scale
was the only clinician-reported instrument recommended,
since it is consistent with the definition of spasticity as a
speed-dependent increase of stretch reflexes. The authors,
however, did not meta-analyze data on Tardieu scale metric
properties and pointed out that its reliability has not been
fully established.

© 2025 The Authors. Published by AboutScience - www.aboutscience.eu

We will first discuss the results concerning TSRT reliability
because, in our opinion, they may partly explain the conflict-
ing results regarding validity.

Reliability

The data presented show that TSRT reliability, either intra-
or inter-rater, is not sufficiently supported. Although different
criteria are used for ICC interpretation, the values found in
the present review should be considered low when referring
either to the COSMIN criteria (30) (ICC = 0.70 at least), or to
the more conservative criteria proposed by Fitzpatrick et al.
(57) (ICC =0.70 or = 0.90 at least for use in assessing groups
or individual performance, respectively). The insufficient reli-
ability is confirmed by the high measurement error for both
biceps brachii [over 35° out of a total range of about 150°
(58)] and triceps surae [14.55° out of a total passive range
of approximately 74° (58)]. For biceps brachii, MDC, is far
higher than the MCID of TSRT reported by Frenkel-Toledo
et al. (46), so it should be rated as negative also according to
COSMIN criteria (30).

One source of error might be the data collection pro-
cedure and, in particular, the assessment of joint angles
through electrogoniometry. Very few studies evaluated the
reliability of electrogoniometry, with results that raise seri-
ous doubts about this property. Two studies assessed the
reliability of range of motion measurement at the ankle
(59,60) in small samples (<20) of healthy subjects. The first

A
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study (59) only stated that no significant differences were
found between the repeated measurements, whereas the
other (60) reported high test-retest reliability (ICC = 0.987;
SEM = 3,63°), but computing the average measure ICC, which
overestimates reliability. Only one non-recent study (61)
evaluated the reliability of electrogoniometry at the elbow in
23 female healthy volunteers, finding very low ICCs (ranging
0.00-0.43).

The main issue of this kind of assessment is the difficulty
of avoiding small shifts of the goniometers’ arms and axis
during limb mobilization that might generate artefacts in data
recording. In order to reduce this source of error, it would
likely be better to replace the electrogoniometer with more
reliable motion analysis instruments. Marker-based motion
capture systems, for example, are considered a gold standard
in human biomechanics assessment (62). Such systems are
hardly feasible as a routine evaluation procedure in clinical
practice, but a recent study reports that markerless systems
could be quite reliable, with significant advantages in terms
of usability and rapidity of procedures (63). Indeed, some
authors (19,39,52) measured the TSRT with different devices
(a horizontal manipulandum coupled to a torque motor, with
an angular position sensor placed on the axis of the manip-
ulandum to measure joint angles) that could reduce the ran-
dom variability of the measurement. Unfortunately, none of
them investigated the reliability of this alternative procedure.

SEMG has been more widely investigated in terms of
reliability at both elbow (64-67) and ankle muscles (68-70),
and showed high test-retest reproducibility in different con-
ditions. However, a key point for TSRT measurement is the
detection of the onset of muscle activity from EMG signals,
which depends on the criteria adopted. Silva et al. (71) com-
pared the performance of four different criteria — two of
which were employed in two studies (36,38) included in the
present review — and found that the TSRTs measured by each
method differed significantly from one another. However,
this should affect the validity of the measurements, rather
than their reliability.

Validity

The lack of consistent correlations between TSRT and
clinical measures of spasticity is somewhat surprising.
However, some authors underline the difficulty in distin-
guishing between spasticity and spastic dystonia, the latter
considered due to the secondary soft tissue changes that
occur in upper motor neuron syndrome (72-74) because both
features may co-occur in these patients (72). A clinical eval-
uation of the resistance to passive stretch could hardly dis-
criminate between these intrinsic components of spasticity
that are strictly related to the phase of recovery after stroke.
For this reason, we could expect different results when
enrolling chronic or subacute subjects, but such a difference
was not evidenced by the results of our review. We found
conflicting results between studies that enrolled only chronic
patients (19,42,52) and between studies that enrolled only
subacute patients (44,46). In both cases, we find studies
reporting strong negative correlation (19,44) or no correla-
tion (42,46, 52). Therefore, the phase after stroke does not

seem to be a relevant factor for this association. Indeed,
recent findings show that architectural changes in muscles
are driven by both reduced mobility and muscle overactivity,
which increase passive resistance and promote progression
to fibrosis, and may also increase stretch sensitivity and reflex
mechanisms (75).

In a very recent article, Piscitelli et al. (76) reported data
about the correlation between elbow flexors TSRT measured
in subjects with acute, subacute, or chronic stroke, and clin-
ical scales of motor impairment (FMA-UL) and spasticity
(MAS). The authors found a significant, negative correlation
between TSRT and MAS in the total sample (N = 247) and in
the subgroup of acute/early subacute participants (N = 158),
and a significant, positive correlation between TSRT and
FMA-UL in the subgroup of chronic participants (N = 33). We
decided not to include these data in our review because in
this article, the authors pooled data from eight studies con-
ducted in their laboratory, five of which are unpublished
studies and therefore cannot be assessed for risk of bias.
Moreover, we already included two (35,39) of the three pub-
lished studies reported in this article in our meta-analysis
on the correlation of TSRT with clinical scales, both enroll-
ing only, or overwhelmingly, participants with chronic stroke.
The first one (35) found conflicting results on correlation
with MAS at two different assessments, and the other (39)
found no correlation with CSI nor with FMA-UL. We could
not include in the meta-analysis the third study that enrolled
participants with subacute stroke because the published
article (50) reports no data on correlation with clinical scales
and only provides data on changes in TSRT after a period of
training, which was included in our analysis of TSRT internal
responsiveness. Nevertheless, the pooled correlation coeffi-
cients found in the present meta-analysis are about the same
as those reported by Piscitelli et al. (76) for the whole sample,
both for MAS (-0.327 vs —-0.32) and FMA-UL (0.117 vs 0.08),
although in our analyses the high heterogeneity resulted in
wide prediction intervals.

We believe that insufficient TSRT reliability may be a fac-
tor behind the high inter-study variability, but the lack of reli-
ability of clinical scales (MAS and CSI) might also contribute.
Indeed, poor to moderate reliability was found for both the
original and the modified AS (14,77-79). Not sufficient data
are available for CSI reliability; instead, it was evaluated only
in two studies (80,81) in very limited samples of patients
who had a stroke (N = 10), with different results. The authors
reported ICC =0.87 (80)and ICC = 0.97 (81), but did not com-
pute the measurement error. From the data presented in the
two articles, we estimated an MDC,, of 3.4 and 0.67, respec-
tively, i.e., quite different values.

Conflicting results might also depend on the method used
to measure TSRT, which varied among studies. However,
this does not seem to be the case, as conflicting data were
also reported in studies that adopted the same method. For
example, two studies on participants with chronic stroke
(19,52) adopted same device, same algorithm to detect EMG
activity onset, and same clinical scale as a comparator (CSI).
However, results ranged from a strong, negative correlation
(19) to no correlation (52).

A‘ © 2025 The Authors. Arch Physioter - ISSN 2057-0082 - www.archivesofphysiotherapy.com
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Similar considerations can be made for the conflicting
results on the association between TSRT and motor scales;
in this case, problems mainly concern the reliability of TSRT,
since the reliability of the FMA scale is fairly well established
(82,83). However, the lack of correlation with motor scales
is not necessarily an unexpected finding; in fact, TSRT and
FMA assess quite different aspects of motor control, and we
may find people with severe paresis who have either high
spasticity or no spasticity. Thus, the conflicting findings might
also be related to the very limited sample sizes, ranging from
4 to 33 participants, who are likely not fully representative
of the population with stroke outcomes. It is worth noting
that one study (39) found that motor impairments as mea-
sured by FMA-UL were negatively associated with the abil-
ity to modulate stretch reflex thresholds between active and
passive stretch rather than to passive-state values. This is an
interesting finding, because during active stretch, inhibitory
circuits responsible for reciprocal inhibition may be involved
(84), as well as central inhibition of motor neurons (85), and
both may be related to impairment of active movement (72).
In our opinion, this finding could support the validity of TSRT
measurements more than the correlation between motor
scales and TSRT during passive stretch, but it needs to be
confirmed in studies with adequate power.

Given the lack of reliable and valid clinical scales for
spasticity, and the different constructs assessed by motor
function scales, not necessarily correlated with spasticity as
defined by Lance (9), we would have expected to find studies
comparing TSRT to other neurophysiological measures, such
as H-reflex-related measures. The H-reflex is a neurophysio-
logical technique for evaluating spasticity that offers insights
into spinal cord excitability and sensorimotor integration and
can be employed to investigate different spinal mechanisms
involved in motor control, such as presynaptic and recip-
rocal inhibition (86). Indeed, we found two articles (87,88)
that assessed the association between some parameters
detected by H-reflex test and a parameter somewhat related
to TSRT, named Reflex Threshold Angle (RTA), measured in
plantar flexors of patients with post-stroke spasticity. Both
studies found that dysfunctions in reciprocal and presynaptic
inhibition, as measured by H-reflex, correlated very weakly
with RTA. However, RTA is defined as the angle at which a
simultaneous increase in torque and EMG activity occurs
during a passive stretch (87). It seems fully comparable with
DSRT rather than with TSRT, so these studies were excluded
from the present review. Future research should investigate
whether TSRT, which specifies where the spastic zone begins
along the muscle length, shows a stronger association with
H-reflex parameters.

Conversely, the findings on between-groups differences,
although obtained on still very limited samples, strongly sup-
port the discriminative validity of the measure, in particular
with regards to differences between spasticity (participants
who had a stroke) and rigidity (participants with Parkinson’s
disease). It should be noted that, in group comparisons, less
precision of measurements is required, so insufficient reli-
ability has less impact on the results. This indirectly supports
the hypothesis that reliability problems affect the results of
correlations with clinical scales.

© 2025 The Authors. Published by AboutScience - www.aboutscience.eu
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Responsiveness

Responsiveness of TSRT has not been largely investi-
gated, but the single study that comprehensively evalu-
ated this property (46) reported rather negative results.
Although the estimation of responsiveness is still a matter
of debate, and several different methods are employed
(89), only the use of an external anchor makes it possi-
ble to evaluate whether an instrument is able to detect
important changes (90). In this respect, Frenkel-Toledo et al.
(46) found that TSRT measurements failed in detecting
participants who had changed, since the AUC was not sig-
nificantly different from 0.50. However, two factors should
be considered when interpreting their results. First, the
sample size (N = 44) is too low for evaluating responsive-
ness (30). Most important, the authors used changes in
FMA-UL as an external anchor, a questionable choice con-
sidering the low correlation between the two measures, as
highlighted above. Future research on this property should
enrol an adequate number of subjects and choose differ-
ent anchors. We believe that subjective anchors such as
the Global Rating of Perceived Change questionnaire are
hardly applicable to this symptom, and instrumental mea-
sures of spasticity should be preferred. Conceivably, H-
reflex-related measures are better suited to detect true
changes in spasticity and could therefore be a more appro-
priate anchor in responsiveness studies.

Limitations

Some limitations impose caution in interpretating the
results, primarily the low quality of many studies, the
small sample size, and the high heterogeneity of many
meta-analytical estimates. A more direct limitation might
be the failure to retrieve all relevant titles, since about 10%
of the articles were not found through database searches.
However, this can largely be explained by the fact that in
these studies, the evaluation of the TSRT metric properties
was not an objective or was not explicitly stated. Indeed,
1 out of 2 articles included by cross-referencing (52) did
not conduct any analyses of metric properties, and we
re-analyzed the data reported in this article to compute
correlations between TSRT and clinical scales, whereas
the other article (19) is a study on motor control where
the authors just mention results on correlation between
TSRT and clinical scales in the main text. Nevertheless,
we can wonder whether useful data, particularly on the
association with clinical scales, might be found in other
published studies.

Conclusions

Despite the potential of TSRT as an objective measure
of spasticity, its metric properties are currently not fully
supported, particularly with regard to reliability. Likely, the
high measurement error contributes at least in part to the
inconsistent results regarding convergent validity with clinical
measures of spasticity. In order to reduce the random error,
the use of alternative instruments to the electrogoniometer
is recommended, as already implemented by some authors.
Future research should prioritize improving the reliability of
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TSRT by using alternative instrumentation. Once reliability is
established, the validity and responsiveness of the measure
should be evaluated using neurophysiological measures as a
reference standard rather than relying solely on clinical spas-
ticity scales, because the reliability and validity of the latter
are also questionable.
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