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Abstract
Objective

To determine a suitable outcome measure for assessing muscle strength in neurofibromatosis
(NF) type 1 and NF2 clinical trials, we evaluated the intraobserver reliability of handheld
dynamometry (HHD) and developed consensus recommendations for its use in NF clinical
trials.

Methods

Patients >$ years of age with weakness in at least 1 muscle group by manual muscle testing
(MMT) were eligible. Maximal isometric muscle strength of a weak muscle group and the
biceps of the dominant arm was measured by HHD. An average of 3 repetitions per session was
used as an observation, and 3 sessions with rest period between each were performed on the
same day by a single observer. Intrasession and intersession intraclass correlation coefficients
(ICCs) and coefficients of variation (CVs) were calculated to assess reliability and measure-
ment error.

Results

Twenty patients with NF1 and 13 with NF2 were enrolled; median age was 12 years (inter-
quartile range [IQR] 9-17 years) and 29 years (IQR 22-38 years), respectively. By MMT, weak
muscle strength ranged from 2—/5 to 4+/S. Biceps strength was 5/5 in all patients. Intersession
ICC:s for the weak muscles were 0.98 and 0.99 in the NF1 and NF2 cohorts, respectively, and
for biceps were 0.97 and 0.97, respectively. The median CVs for average session strength were
5.4% (IQR 2.6%-7.3%) and 2.9% (IQR 2.0%-6.2%) for weak muscles and biceps, respectively.

Conclusion

HHD performed by a trained examiner with a well-defined protocol is a reliable technique to
measure muscle strength in NF1 and NF2. Recommendations for strength testing in NF1 and
NF2 trials are provided.
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Glossary

ALS = amyotrophic lateral sclerosis; CV = coeflicient of variation; HHD = handheld dynamometry; ICC = intraclass correlation
coefficient; IQR = interquartile range; MMT = manual muscle testing; MRC = Medical Research Council; NF =
neurofibromatosis; NYU = New York University; REiINS = Response Evaluation in Neurofibromatosis and Schwannomatosis.

Neurofibromatosis (NF) type 1 and NF2 are genetic disor-
ders with multisystem manifestations that include de-
velopment of tumors of the CNS and peripheral nervous
system.”” In addition, skeletal abnormalities and cognitive
deficits may be seen in NF1."” Generalized or focal muscle
weakness secondary to tumor or nontumor manifestations is a
significant concern in both NF1 and NF2**¢ and may neg-
atively affect typical motor development of children, physical
capability at work and school, and quality of life. Recent
clinical trials targeting peripheral nerve tumors in children
with NF1 have shown improvement in muscle weakness with
the 0 to 5 Medical Research Council (MRC) scale.” However,
more reliable and sensitive measures of muscle strength are
necessary to systematically assess clinical benefit of inter-
ventions on muscle strength in NF1 and NF2 clinical trials.

Handheld dynamometry (HHD) is a convenient technique
that provides a quantitative measurement of isometric muscle
strength and has been used as an outcome measure in trials for
other neurologic conditions such as amyotrophic lateral
sclerosis (ALS).*” Studies comparing HHD to isokinetic
measurement as a reference standard have concluded that
HHD can be considered a valid method for strength testing in
a clinical setting.">"" The reliability of strength measurements
using HHD has been studied in children and adults who are
healthy and those with various disease conditions. Reported
reliability has varied according to patient population and
muscle group tested.'® The objectives of this study were to
assess the reliability of HHD in measuring strength in patients
with NF and to evaluate its utility as an outcome measure in
NF clinical trials.

Methods

Standard Protocol Approvals, Registrations,
and Patient Consents

The protocol was approved by the institutional review board
at New York University (NYU) Langone Health, and all
participants or their legal guardians provided voluntary writ-
ten informed consent before participating in the study.

The goal of the functional outcomes working group of the
Response Evaluation in Neurofibromatosis and Schwanno-
matosis (REiNS) International Collaboration is to identify
standardized functional measures appropriate for use as
endpoints in NF clinical trials."” Working group members
from various disciplines therefore developed a single-
institution prospective study to assess the reliability of
HHD in patients with NF1 and NF2. From the results of the
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study, the group subsequently developed consensus recom-
mendations on use of HHD in NF clinical trials.

Outcome Measurement Selection for the
Reliability Study

The following different methods of measuring muscle
strength were considered as potential outcome measures by
the working group: manual muscle testing (MMT) using the
0 to S MRC scale, isokinetic dynamometers, handgrip
strength, and HHD. MMT using the 0 to S ordinal MRC
scale is routinely used in clinical practice to assess strength of
different muscle groups. However, published literature sug-
gests it may not provide a sensitive or reliable measure, es-
pecially for muscles that are rated between 4/S and 5/5 in
strength; therefore, this outcome measure was not se-
lected."® Isokinetic dynamometers are computerized ma-
chines that measure multiple elements of muscle strength
such as the peak force, endurance, power, and angle of
maximal force and generate strength curves.'' These dyna-
mometers are reliable and valid for testing muscle force and
are often used as a reference standard. However, the need for
complex and expensive equipment with instrument cost of
approximately $40,000 or more is a major limitation for
many centers, and thus isokinetic dynamometers were not
considered practical for NF clinical trials."' Handgrip
strength using a grip strength dynamometer measures the
maximal voluntary muscular force of muscles of the hand,
and it has been used as a measure of generalized weakness
such as myopathy. It has been widely studied in different
patient populations, including NF1, and is relatively in-
expensive and easy to use in a clinical setting.”'* Handgrip
strength was not recommended for measurement of tumor-
related weakness because it cannot measure focal weakness
of specific muscle groups. HHD is a convenient technique
that provides a quantitative measurement of force generated
by an individual muscle.® HHD can measure strength in
various muscle groups, is relatively inexpensive with an in-
strument cost of approximately $1,000, and can be used in a
clinic setting.'”"" Testing of each muscle group takes only a
few minutes, and HHD can measure muscle strength with-
out testing until exhaustion of the muscle.* Strength testing
by HHD is therefore less tiring for patients and allows repeat
measurements after a short period of rest. Limitations of
HHD include the increased variability in measurements
when the participant overcomes the strength of examiner
(ceiling effect), as well as dependence of the measurement
on patient effort and consistency of testing procedure.'”"®
On the basis of the need for outcome measures to be rela-
tively quick and easy to perform in an outpatient clinic
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setting and the ability to measure focal weakness, strength
testing by HHD was selected for further evaluation.

Study Participants

Patients with clinically confirmed NF1 using the NIH con-
sensus criteria,"® NF2 (NIH or Manchester criteria), or a
known germline NFI or NF2 pathogenic variant were eligible
to participate and were recruited from the NF clinic at NYU
Langone Health. Additional eligibility criteria included age >5
years, ability to follow instructions and to cooperate with
strength examination, and weakness on neurologic examina-
tion (defined as <5/5 strength on the 0 to S MRC scale by
MMT) in at least 1 of the 11 muscle groups listed in table 1.
Patients were excluded if they had undergone any orthopedic
procedure or other major surgery that could influence ex-
tremity strength in the 6 months before enrollment and if they
had any history of tibial dysplasia.

Data Availability
Anonymized data will be shared by request from any qualified
investigator.

Study Design

Patients were enrolled in the study into 2 cohorts: cohort 1 for
patients with NF1 and cohort 2 for patients with NF2. Muscle
strength was assessed by MMT either as part of routine
clinical examination or as part of this study to identify weak
muscle groups. For each patient, 1 weak muscle group was
identified for testing reliability by HHD (referred to as the
weak muscle hereafter). Potential muscle groups to be studied
included wrist extensors (extensor carpi ulnaris/radialis), bi-
ceps, triceps, shoulder external rotators, deltoid, gastrocne-
mius, hamstring, quadriceps, iliopsoas, gluteus medius, and
gluteus maximus (table 1). For participants with >1 weak
muscle group, 1 muscle group was randomly selected for the
study. In addition, to systematically measure a common
muscle group in all patients, the strength of the biceps muscle
on the dominant side was also measured (referred to as the
dominant biceps hereafter). The dominant biceps would be
measured regardless of strength by MRC scale, and if the
biceps on the dominant side was the only weak muscle, then
only the biceps on that side would be evaluated.

Testing was performed by a single trained physical therapist
using a standardized testing protocol (table 1). Each muscle
group strength was measured in 3 sessions, and each session
consisted of 3 repetitions of strength testing (figure 1). Pa-
tients who completed at least 1 session for at least 1 muscle
group were included in the analysis. Reasons for testing failure
were noted such as if testing was unable to be completed due
to patient inability to comply with instructions or if the ex-
aminer was unable to overcome the strength of the participant
and keep the dynamometer stationary.

Clinical data were extracted from patients’ medical records,

including participant age, sex, weight, height, muscle strength
by modified MRC scale,'” and history of NF manifestations
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such as presence of spinal or peripheral nerve tumors, CNS
manifestations, attention-deficit/hyperactivity disorder, skel-
etal deformities, and prior surgeries. Each patient was given a
unique identification, and deidentified clinical and strength
testing data were entered into a secure REDCap database.

Strength Testing Protocol

Muscle strength was measured in Newtons with the Ametek
Chatillon DFE2 handheld dynamometer (Carrollton, TX).
The standardized testing protocol defined the correct posi-
tioning of patient, handheld dynamometer placement, and
stabilization of the limb for each potential muscle group to be
tested (table 1). For muscle strengths <3/5 per the modified
MRC scale, when the patient would be unable to maintain the
limb and joint position against gravity without support,
modified participant/joint positions (gravity-eliminated po-
sitions) were developed. A “make test” in which the patient
was asked to exert maximal force while the examiner held the
handheld dynamometer stationary was used to ensure an
isometric muscle contraction. Hand dominance was de-
termined by asking the patient directly or by asking them to
write down their name or to draw a picture (for younger
pediatric patients).

Statistical Analysis

Intraobserver reliability of HHD was estimated by calculating
the intraclass correlation coefficient (ICC) in the NF1 and
NF2 cohorts. Intrasession and intersession ICCs were cal-
culated for the weak muscle group and the dominant biceps
group separately. For calculating the intersession ICC, the
average strength from the 3 repetitions within a session (av-
erage session strength) was calculated and used as 1 obser-
vation, and the average strength measurements from the 3
sessions were used for the analysis. The w” was estimated to
assess the partial variation accounted for by the repeat mea-
surements within a patient compared to the variability be-
tween patients. In addition, the coefficient of variation (CV)
was calculated as an estimate of measurement variability.
Percent difference between the average session strength
measurements for each muscle was also calculated. For de-
scriptive statistics, unless otherwise indicated, percentages,
median, interquartile ranges (IQRs), and ranges are provided.
The study planned to enroll 20 patients each in the NF1 and
NF2 cohorts because a sample size of 20 participants with 3
observations per participant would achieve a 90% power to
detect an ICC of 0.91 under the alternative hypothesis when
the ICC under the null hypothesis is 0.75 using an F test with a
significance level of 0.0S.

Results

Between October 8,2018, and December 2, 2019, 20 patients
with NF1 and 13 patients with NF2 were enrolled. Clinical
characteristics of the enrolled patients are summarized in table
2. Common NF1-associated clinical manifestations in the 20
enrolled patients included learning difficulties (n = 15, 75%),

August 17, 2021

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

$101


http://neurology.org/n

$102

Table 1 Standardized Testing Protocol

Muscle Group

Position; Limb/Joint Position

Modified Participant and Limb/Joint Position
(Gravity-Eliminated Position if Needed for MMT <3/5)

Dynamometer Placement

Wrist extensors
(extensor carpi
ulnaris/radialis)

Sitting; elbow 90° flexion, forearm resting
on support surface and fully pronated,

wrist in neutral position

Sitting; elbow 90° flexion, forearm and wrist resting on
support surface and in neutral position

Just proximal to third
metacarpal head

Elbow flexors
(biceps brachii)

Supine; shoulder 0°, elbow 90° flexion,

forearm in full supination

Side-lying (lying on side contralateral side of muscle
being tested); shoulder 0°, elbow 90° flexion, forearm in
full supination

Most distal on flexor surface of
forearm, just proximal to wrist

Elbow extensors
(triceps)

Supine; shoulder 0°, elbow 90° flexion,

forearm in full supination

Side-lying (lying on side contralateral side of muscle
being tested); shoulder 0°, elbow 90° flexion, forearm in
neutral position

Most distal on extensor
surface of forearm, just
proximal to wrist

Shoulder external
rotators

Supine; shoulder 0°, elbow flexed 90°,

forearm in neutral position

Side-lying (lying on side contralateral side of muscle
being tested); shoulder 0°, elbow 90° flexion, forearm in
neutral position

Most distal on posterior
surface of forearm, just
proximal to wrist

Shoulder Supine; shoulder and elbow 0°, forearm in  NA Most distal on lateral surface
abductors neutral of arm, just proximal to lateral
(deltoid-middle) epicondyle of humerus
Ankle Supine; hip and knee extended 0°, ankle in  NA Plantar aspect of foot, just

plantarflexors
(gastrocnemius)

neutral and resting off the end of the mat/

examination table

proximal to the first
metatarsal head

Knee flexors
(hamstrings)

Sitting; knee flexed 90°, hip flexed 90°,

trunk straight; feet on floor

Side-lying (lying on side contralateral side of muscle
being tested); knee flexed 90°, hip flexed 90° with leg
resting on supportive surface

Most distal on posterior
surface of leg, just proximal to
malleoli

Knee extensors
(quadriceps

Sitting; knee flexed 90°, hip flexed 90°,

trunk straight; feet on floor

Side-lying (lying on side contralateral side of muscle
being tested); knee flexed 90°, hip flexed 90° with leg

Most distal on anterior surface
of leg, just proximal to malleoli

femoris) resting on supportive surface
Hip flexors Supine; hip and knee 90° with leg restingon  Side-lying (lying on side contralateral side of muscle Anterior aspect of thigh, most
(iliopsoas) supportive surface being tested); hip and knee 90° with leg resting on distal, just proximal to knee

supportive surface

joint

Hip abductors
(gluteus medius)

Supine; hip and knee 0°, contralateral limb NA
stabilized on table with foot flat on surface

Most distal on lateral surface
of thigh, on lateral femoral
epicondyle

Hip extensors

(gluteus maximus) supportive surface

Supine; hip and knee 90° with leg resting on  Side-lying (lying on side contralateral side of muscle
being tested); hip and knee 90° with leg resting on

Posterior aspect of thigh, most
distal, just proximal to knee

supportive surface joint

Abbreviations: MMT = manual muscle testing; NA = not applicable.

Verbal/written instructions provided before testing and verbal encouragement during testing were also standardized. Subjects were instructed to avoid
explosive contractions and asked to gradually increase their effort with verbal cueing “3, 2, 1, go”. Each contraction was held for 5 seconds followed by a 60-
second rest time between repetitions. For patients with hearing impairment in the neurofibromatosis type 2 cohort, cueing was modified using hand gestures

(and/or mouth reading) indicating “3, 2, 1, go".

plexiform neurofibromas (n = 11, $5%), hypotonia (n = 10,
50%), and scoliosis (n = 8, 40%). One patient reported pre-
existing pain on the day of the evaluation. All of the patients
with NF2 had bilateral vestibular schwannomas and other
additional schwannomas, and a majority had other NF2-
associated tumors. Gait problems were reported in 10 pa-
tients, and 12 had history of surgery.

In the NF1 cohort, the weak muscles tested included deltoid
(n=1), gluteus medius (n = 10), iliopsoas (n = 3), quadriceps
(n = 3), shoulder external rotators (n = 2), and wrist extensors
(n=1). In the NF2 cohort, the weak muscles tested included
biceps (n = 1), deltoid (n = 1), iliopsoas (n = 3), quadriceps
(n =), and shoulder external rotators (n = 3). The strength
in the weak muscles ranged from 2-/5 to 4+/S on the
modified MRC scale by MMT, with 28 of 33 patients having
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4—/5 to 4+/S strength. The strength in the dominant biceps
was 5/5 by MMT in all patients tested (table 3).

A session testing 2 muscle groups typically lasted <10 mi-
nutes, and none of the patients requested testing to be ter-
minated secondary to pain or fatigue. In some patients with
NF], increased time for testing was required due to higher
rates of attention and behavioral issues, including impulsivity
and decreased ability following commands. Children often
required increased redirection to task. Accommodations for
visual instructions or sign language interpretation for patients
with NF2 with hearing impairment were also necessary. De-
spite implementation of alternative test positions for muscles
that do not have full antigravity strength (strength <3/5),
some compensatory use of proximal musculature during
testing was appreciated. In addition, participants with muscles
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Figure 1 Study Design

Obtain informed consent. 1A
Screen for eligibility
Strength assessment by MMT in the
selected weak muscle group and
dominant biceps by a single observer
| Strength measurement by HHD |
Average Session Repetition | Repetition | Repetition
session 1 1 2 3
strength
measurement
(average of 3 Session Repetition | Repetition | Repetition ‘
repetitions 2 1 2 3
within each @
session) i i P =
calculated [ Session ] ‘ Repetition | Repetition ‘ Repetition ‘
3 1 2 8

(A) Study schema. After 1 to 2 practice trials with the same muscle group of the contralateral side, strength of the weak muscle and the dominant biceps was
measured with handheld dynamometry (HHD) in 3 sessions (sessions 1, 2, and 3, respectively). Each session consisted of 3 repetitions of strength testing with
aminimum of 1 minute of rest time provided between the 3 repetitions. Repeat sessions (sessions 2 and 3) were performed on the same day after a minimum
of 15 minutes of rest between sessions. The average of the 3 repetitions within a session was calculated and used as the strength measurement for that
session. The same observer performed all 3 sessions, with the 3 repetitions per session using the same standardized protocol. (B) Example of testing biceps
strength. (C) Example of testing iliopsoas strength. MMT = manual muscle testing; NF = neurofibromatosis.

with <3/5 strength demonstrated increased fatigability and
decreased endurance with repeat measurements.

Overall, excellent (>0.9) intrasession and intersession ICCs
were observed for the weak muscles group and the dominant
biceps group in both the NF1 and NF2 cohorts (table 4).
The high reliability and similar ICCs noted in both cohorts
allowed reliability to be analyzed in both cohorts together,
and the study was therefore stopped after 13 patients with
NF2 were enrolled. For the weak muscle group, the partial
w” attributed to repeat measurements within a patient was
0.10 (90% confidence limits 0.03-0.22), whereas that at-
tributed to variation between patients was 0.99 (90% con-
fidence limits 0.98-0.99), suggesting that most of the
variation in the data came from variability noted between
patients with very little variability contributed by the repeat
measurements within a patient. Similarly, for the biceps
muscle, the partial w” attributed to repeat measurements
within a patient was 0.03 (90% confidence limits 0.00-0.12),
whereas that attributed to variation between patients was
0.98 (90% confidence limits 0.97-0.98). For the weak
muscle group, in the NF1 cohort, the median CV between
the repeat measurements taken during the 3 sessions was
5.4% (IQR 2.8%-7.1%, maximum 15.4%). The median CV
in the NF2 cohort was 5.9% (IQR 2.3%-7.3%, maximum
17.4%). For the biceps, the median CV was 2.7% (IQR
1.7%-6.1%, maximum 22.1%) in the NF1 cohort and 3.5%
(IQR 2.8-6.1%, maximum 6.8%) in the NF2 cohort (table
3). The CV was <10% in 59 of 64 (92%) of the muscle
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groups tested. The corresponding difference in the average
session strength measurement between the highest and
lowest reading for each muscle group was <25% in 60 of 64
(94%) muscle groups tested (table 3). The CV did not vary
on the basis of the measured strength (figures 2, A and B).

Discussion

There is a great need for developing clinical and functional
outcome measures for patients with NF1 and NF2 that can
assist in the study of the disease natural history and the effect
of interventions in clinical trials. These measures are needed
in clinical trials for noncancerous conditions in which tumor
measurement responses alone are insufficient for registration
and there is a need to document clinical benefit."* Muscle
weakness is a well-described morbidity in both NF1 and NF2,
and early clinical trials targeting plexiform neurofibromas in
children with NF1 have shown improvement in muscle
strength with the use of the MRC 0 to S scale by MMT.”
MMT, however, is not a sensitive or reliable measure, espe-
cially for muscles with strength rated as 4/5 to 5/5."
Therefore, outcome measures that can reliably and sensitively
measure muscle strength are needed for studying this key
morbidity in future clinical trials.

An effective outcome measure should be reliable (low intra-
participant variation in those whose health status is stable),

valid (change detected by the measure should be consistent

August 17, 2021

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

$103


http://neurology.org/n

Table 2 Clinical Characteristics

Patient Age,y Sex Weight, kg Height, cm Clinical History
NF1 (n = 20)
2 10 M 33.7 OPG, scoliosis, LD, hypotonia, seizures
5 10 M 224 131 ADHD, LD
6 12 M 48.8 154 Scoliosis, ADHD, LD
8 19 M 60.3 160 Scoliosis, LD, spinal ganglioglioma, 6/10 pain, Sx
9 6 F 32.2 129 PN, Sx
10 27 M 71.7 PN, other glioma, scoliosis, ADHD, LD, seizure, pseudoaneurysm, Sx
" 45 M 27.9 127 ADHD, LD, hypotonia
12 1 M 27.9 127 PN, OPG, other glioma, LD, Sx
13 9 M 34.7 128 PN, other glioma, LD, moyamoya, sphenoid wing dysplasia, Sx
14 6 M 31.3 124 OPG, ADHD, LD, hypotonia
15 6 F 20.9 118 Hypotonia
16 7 M 32.6 140 ADHD, LD, hypotonia
17 16 M 93.0 175 PN, scoliosis, LD
18 13 F 39.3 142 LD, hypotonia
20 19 F 58.6 161 PN, Sx
21 12 M 40.6 152 PN, ADHD, LD, hypotonia
22 19 M 60.5 168 PN, scoliosis, hypotonia
23 16 M 63.0 175 PN, scoliosis, hydrocephalus, Sx
29 8 F 49.7 147 PN, OPG, LD, hypotonia
31 14 M 53.8 155 PN, scoliosis, LD, hypotonia
Median 12 40.0 144
Range 6-45 20.9-93.0 118-175
NF2 (n = 13)
1 25 F 45.8 157 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, Sx
3 23 M 53.7 166 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, gait dysfn, Sx
4 22 F 70.1 160 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, gait dysfn, Sx
7 15 F 61.0 160 BLVS, schwannoma (CNS, spinal),
19 39 F 78.8 178 BLVS, schwannoma (CNS, spinal), gait dysfn, Sx
24 29 M 56.4 163 BLVS, schwannoma (CNS, spinal), meningioma, gait dysfn, Sx
25 19 F 57.5 166 BLVS, schwannoma (CNS, spinal), meningioma, gait dysfn, Sx
26 29 M 66.0 178 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, gait dysfn, Sx
27 75 F 54.9 163 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, gait dysfn, Sx
28 53 M 70.8 191 BLVS, schwannoma (spinal), meningioma, ependymoma, gait dysfn, Sx
30 32 F 47.5 164 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, gait dysfn, Sx
32 21 F 41.3 155 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, gait dysfn, pain, Sx
33 38 F 43.0 146 BLVS, schwannoma (CNS, spinal), meningioma, ependymoma, Sx
Median 29 56.4 163
Range 15-75 41.3-78.8 146-191

Abbreviations: ADHD = attention-deficit/hyperactivity disorder; BLVS = bilateral vestibular schwannoma; dysfn = dysfunction; LD = learning difficulties; NF =
neurofibromatosis; OPG = optic pathway glioma; PN = plexiform neurofibroma; schwannoma = other schwannomas; Sx = history of surgery.
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Table 3 Strength Measurements and Measurement Variability

Weak Muscle

Biceps Average

Weak Muscle Average Session % Biceps Session Strength, %
Patient Weak Muscle MMT Strength, N? cv Difference® MMT N2 cv Difference®
NF1 (n = 20)
2 R iliopsoas 4/5 709 735 811 7.0 143 513 755 794 221 54.8
5 L quadriceps 4+/5 752 804 889 85 18.3 5/5 69.3 676 690 1.3 25
6 R gluteus medius  4+/5 83.7 827 86.0 20 4.0 5/5 91.2 980 954 3.7 7.5
8 R iliopsoas 3+/5 121.7 1133 117.0 3.6 7.4 5/5 156.7 157.0 144.7 4.6 8.5
9 R gluteus medius  4+/5 59.0 59.7 60.0 0.9 1.7 5/5 51.0 580 623 10.0 22.2
10 L quadriceps 4/5 119.3 113.7 1133 29 53
1 R gluteus medius 4+/5 157.0 165.7 171.0 4.3 8.9 5/5 170.7 163.7 161.7 2.9 5.6
12 R gluteus medius  4+/5 68.7 703 700 1.3 24 5/5 717 727 743 1.8 3.7
13 R gluteus medius 3-/5 463 633 563 154 36.7 5/5 570 57.7 587 15 2.9
14 R gluteus medius 4/5 450 427 393 6.7 14.4 5/5 68.0 67.7 71.0 27 4.9
15 R shoulder ext 4/5 37.0 380 377 14 2.7 5/5 60.3 640 633 3.1 6.1
rotators
16 R gluteus medius 4-/5 423 483 483 75 14.2 5/5 903 89.7 870 20 3.8
17 L gluteus medius ~ 4+/5 813 873 847 36 7.4 5/5 176.7 153.7 186.3 9.7 21.3
18 L deltoid 4+/5 670 663 730 53 10.1 5/5 89.7 920 873 26 5.3
20 L wrist extensors  4-/5 767 833 880 69 14.8 5/5 983 983 101.0 1.6 2.7
21 L shoulder ext 4-/5 493 56.7 507 75 14.9 5/5 780 783 763 1.4 2.6
rotators
22 R gluteus medius  4-/5 96.3 99.7 1013 26 5.2 5/5 86.7 80.7 99.7 109 236
23 R gluteus medius 4/5 70.7 617 647 7.0 14.6 5/5 165.7 166.7 1653 0.4 0.8
29 R iliopsoas 4/5 105.3 100.3 111.7 54 11.3 5/5 873 843 873 20 3.6
31 R quadriceps 2/5 287 280 320 73 14.3 5/5 747 787 67.7 7.6 16.3
Median 5.4 10.7 2.7 5.3
Range 2/5-4+/5 0.9-15.4 1.7-36.7 5/5-5/5 0.4-22.1 0.8-54.8
NF2 (N = 13)
1 R iliopsoas 4+/5 1255 1229 1262 1.4 2.7 5/5 100.4 100.1 955 2.8 5.1
3 R quadriceps 4+/5 52.0 46.1 458 7.3 13.6 5/5 139.2 132.7 149.7 6.1 12.8
4 L quadriceps 4+/5 238.3 247.8 2439 2.0 4.0 5/5 1919 192.8 1929 0.3 0.5
7 L quadriceps 2-/5 257 363 303 174 41.6 5/5 92.7 97.7 973 29 5.4
19 R shoulder ext 4+/5 843 953 943 6.7 13.0 5/5 118.3 120.7 123.7 2.2 4.5
rotators
24 L Shoulder ext 4-/5 640 61.0 643 29 5.5 5/5 108.7 113.7 1183 4.3 8.9
rotators
25 L biceps 4+/5 102.0 103.7 106.7 2.3 4.6 5/5 154.0 137.7 138.7 6.4 11.9
26 R shoulder ext 4+/5 105.7 103.0 104.0 1.3 2.6 5/5 120.0 113.3 122.7 4.1 8.2
rotators
27 L quadriceps 4/5 137.3 1327 1523 7.3 14.8 5/5 84.0
28 R iliopsoas 3+/5 533 627 717 147 34.4 5/5 163.0 155.0 177.0 6.7 14.2
30 L iliopsoas 4+/5 128.7 111.3 133.0 9.2 19.5 5/5 106.7 110.7 113.0 29 5.9
Continued
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Table 3 Strength Measurements and Measurement Variability (continued)

Weak Muscle

Biceps Average

Weak Muscle Average Session % Biceps Session Strength, %
Patient Weak Muscle MMT Strength, N® cv Difference® MMT N? cv Difference®
32 R quadriceps 4-/5 740 703 727 26 5.2 5/5 63.0 550 60.0 6.8 14.5
33 L deltoid 4/5 740 690 77.7 5.9 12.6 5/5 125.0 119.0 124.7 2.7 5.0
Median 5.9 12.6 35 71
Range 2-/5 to 4+/5 1.3-17.4 2.6-41.6 5/5-5/5 0.3-6.8 0.5-14.5

Abbreviations: CV = coefficient of variation; ext = external; MMT = manual muscle testing; N = Newtons; NF = neurofibromatosis.
2 Average session strength is the average measurement readings from 3 repetitions within a session. CV is for the 3 sessions tested per muscle.
b Percent difference in average session strength for the 3 sessions tested per muscle = [(maximum - minimum value)/minimum value] x 100 among the 3

observations (average session strength measurements) per muscle.

with an external standard of change), and responsive to
change (able to detect change over time).'® A systematic
review of 17 articles that included 19 studies compared
HHD to isokinetic dynamometers as a reference standard
and concluded that HHD can be considered a valid mea-
sure of strength in a clinical setting."' However, reported
reliability of HHD has been variable in the literature
according to the study population tested and the muscles
to be tested. Given the importance of assessing the re-
liability of a measure within the target population of in-
terest, we decided to conduct this reliability study in
patients with NF1 and NF2 who have known muscle
weakness in at least 1 muscle group.'® Muscle weakness in
these patients can be secondary to tumors (such as plexi-
form neurofibromas in NF1 or spinal tumors in NF1 and
NF2) or nontumor manifestations (such as primary my-
opathy or neuropathy in NF1). In addition, patients can
have different phenotypes with muscle weakness of varying
degrees that can be focal or generalized, depending on the
etiology.>*®'* This contrasts with other neuromuscular
conditions in which generalized weakness or a defined

Table 4 Reliability of HHD

Intrasession ICC; Sessions 1-3 Intersession ICC

Weak muscle

NF1 (n = 20) 0.96-0.98 0.98

NF2 (n=13) 0.97-0.98 0.99

All (n =33) 0.97-0.98 0.99
Biceps?®

NF1(n=19) 0.97-0.98 0.97

NF2 (n=13) 0.93-0.95 0.97

All (n = 32) 0.96-0.97 0.97

Abbreviations: HHD = handheld dynamometry; ICC = intraclass correlation
coefficient; NF = neurofibromatosis.

2 Biceps strength was unable to be tested in 1 patient with NF1 and was
tested for only 1 session in 1 patient with NF2.
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pattern of focal weakness is noted. The eligibility re-
quirements and the design of this reliability study were
chosen considering this large variation in phenotype in the
NF1 and NF2 population.

The results of our study suggest that HHD is a reliable
technique for pediatric and adult patients with NF1 and NF2
when measurements are performed by a trained examiner
with a well-defined protocol. The intrasession and in-
tersession ICCs were excellent, and the CVs for most muscles
tested were <10%. Testing for 1 muscle group was brief and
did not cause any discomfort or pain. Special considerations
for pediatric patients, patients with attention or behavioral
issues, those with skeletal issues limiting limb/dynamometer
placement, or those with hearing impairment needed to be
considered in this population.

Potential limitations of the study include the cross-sectional
design, which cannot provide data on the longitudinal
changes in the muscle strength in the NF population; thus,
further evaluation in longitudinal studies will be needed. In
addition, only intraobserver reliability was tested. To mini-
mize observer and participant bias, the instrument was held in
a position such that the reading would not be visible until the
end of the muscle contraction. However, because a single
observer performed all measurements, observer bias could not
be completely excluded. In this study, reliability was tested in
the selected weak muscle that differed across patients.
Therefore, this study cannot provide the reliability estimates
for individual muscle groups in the NF population. However,
given the variable phenotype in NF and concern for focal
weakness, we anticipate different target muscle groups to be
affected in different patients in NF1 and NF2 clinical trials.
Therefore, the design for our study was chosen to most closely
resemble the study population of interest in therapeutic or
intervention trials in NF 1 and NF2.

On the basis of the results of this study and review of litera-
ture, the REINS functional group has the following recom-
mendations and considerations for strength testing in NF1
and NF2 trials.
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Figure 2 CV and Interaction Plots
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(A and B) Coefficients of variation (CVs) for the average session strength measurements (3 strength measurements per muscle tested) plotted vs the average
muscle strength. Patients with neurofibromatosis (NF) type 1 are shown in purple; patients with NF2 are shown in pink. (A) Plot for the weak muscle; (B) plot for
the dominant biceps. The majority of CVs were <0.1 (i.e., £10%). (C and D) Interaction plots for measured muscle strength in the (C) weak muscle and (D)
dominant biceps. Session number is on the x-axis; muscle strength is on the y-axis. Each line represents 1 patient. Each value represents the mean of the 3

repetitions within a session.

Muscle strength as measured by HHD should be evaluated
prospectively as an outcome measure in NF trials. We rec-
ommend measuring at least 3 replicates per muscle and using
an average of the replicates as the main outcome strength
measurement. This is based on reduced variability with av-
erage of repetitions within a session compared to individual
strength trial measurements (figure 3).

On the basis of the measurement variability observed in this
study (CV <10% in 92% of the muscle groups tested and the
percent change in the average session strength measurements
<25% in 94% muscle groups tested), an increase in strength
(measured in Newtons) of >25% from baseline can be con-
sidered a measurable improvement in the strength of an in-
dividual muscle group (functional response), and a decrease

Neurology.org/N

Neurology | Volume 97, Number 7, Supplement 1 |

in strength (measured in Newtons) >25% from baseline can
be considered measurable worsening in the muscle strength
(functional progression).

The number of muscle groups to be tested should depend on
the study objectives. In studies in which patients are required
to have preexisting weakness in a particular muscle group at
baseline for eligibility, change in the strength of the involved
muscle group or the patient-reported most clinically signifi-
cant weak muscle should be followed.

When >1 muscle group per patient is measured, in addition to
changes in individual muscle groups, overall response for the
patient may need to be analyzed, depending on the study
objectives. Prior clinical trials have used different approaches
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Figure 3 CV Plots of Individual Strength Trial Measurements
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respectively. Unlike in figure 2, A and B, instead of the average session strength measurements, all 9 readings were used to calculate the CV. Variability is
higher compared to CV calculated for the average session strength measurements, suggesting that averaging 3 repetitions decreases the variability in

measurement.

to assess changes in muscle strength as an outcome measure
for a particular extremity, a body quadrant, or the patient
overall such as the phase 2 trial of selumetinib in children with
inoperable plexiform neurofibromas (using the 0-S MRC
scale) and phase 3 trials for ALS (using HHD).””

Strength is expected to increase with age in children.'” Thus,
for studies that measure change in strength over long periods of
time such as >1 year, the change in strength needs to be
interpreted in the context of anticipated changes with age. Age-
and sex-adjusted z scores can potentially be used to interpret
change in strength in children in these situations. In addition,
strength measurements with HHD in growing children are
anticipated to improve just by virtue of an increase in the
distance between the position of the dynamometer placement
and the joint as the child grows taller. Measurement of strength
and the distance between the position of the dynamometer
placement and the joint and estimation of torque are recom-
mended in the pediatric age group when significant changes in
height are anticipated during the study follow-up period: tor-
que = force (strength) of the muscle tested by HHD x distance
between the joint and the position of the dynamometer.'**°

From this study and literature evaluating HHD in children >4
years of age,”* we recommend that HHD can be used in children
as young as 5 years of age. However, studies need to account for
the inability of very young children or children and adults with
cognitive or behavioral issues to provide reliable estimates of
muscle strength using HHD because testing does require par-
ticipant cooperation. These issues may be particularly relevant to
the NF1 population. In contrast, hearing impairment, which can
be a concern particularly in the NF2 population, was overcome
in our study with the help of sign language interpretation and
visual cues for encouragement during the testing,
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On the basis of the high reliability in measuring the unaffected
biceps muscle in both patients with NF1 and those with NF2
in this study and some studies in the literature reporting good
reliability even in strong muscles in healthy adults,'">*" we
recommend that HHD can be used to assess strength in af-
fected (strength <5/5 by MMT) and unaffected (no evidence
of clinical weakness and strength 5/5 by MMT) extremity
muscles. HHD provides a quantitative measure of strength in
Newtons, kilogram-force, or pound-force; therefore, there is
no upper limit in terms of strength measurement by HHD.
Hence, change may be observed in strength even in muscles
that are assessed to be 5/S by MMT at baseline. However, the
measurement of strong muscle groups such as hip flexors and
knee extensors may be less reliable. Using biomechanically
sound setups and procedures, obtaining repeat baseline
measures, and excluding observations in which the examiner
was unable to overcome the strength of participant should be
considered in those instances. Stabilizing belts have also been
used in other studies to help overcome the limitations im-
posed by examiner strength in measuring strength of strong
muscles with HHD.>*** There is relatively less literature on
the measurement of core muscle strength using HHD,"* and
core muscles were not tested in this study.

Testing with HHD should be performed by an experienced
examiner because measurements are operator dependent.
Testing should require a standardized protocol that should
aim to decrease measurement variability and to minimize
observer bias. Ideally, each patient’s baseline and follow-up
measurements should be performed by the same examiner
who has received hands-on training in using the dynamometer
and the testing protocol and has demonstrated high reliability
in their measurements similar to that observed on this study.
However, a core group of examiners who have been trained on
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the use of the instrument and the testing protocol may need to
be considered if a single examiner cannot perform all the re-
quired evaluations. In our study, a single experienced examiner
performed all the evaluations, and only intraobserver reliability
was assessed. Therefore, if future studies include multiple ex-
aminers, then agreement on the testing protocol and a baseline
assessment of interobserver variability will be crucial to in-
terpret the results because interobserver reliability may be less
than intraobserver reliability. A similar approach was used in
the ALS trials in which a core group of trained examiners were
required to have tested at least 4 healthy volunteers before
evaluating patients in the studies to ensure agreement on the
testing protocol and to assess interobserver variability.”

Each patient should be tested with the same instrument at
baseline and follow-up, and appropriate calibration of the
instrument should be ensured before use. If multiple instru-
ments are to be used in a study, the instruments should be
cross-calibrated to ensure comparable measurements.

Timing of follow-up evaluations should depend on the study
objectives and anticipated outcomes. They should also cor-
respond to timing of other evaluations such as imaging,
patient-reported outcomes, and other functional measures.
Getting a repeat set of baseline measures when no significant
change is anticipated (such as screening and cycle 1 day 1), if
feasible, should also be strongly considered to assess for
baseline test-retest variability.

In trials focusing on reducing long-term morbidity, confir-
mation of functional response or progression is desirable
because that would increase the confidence that an observed
response is the result of the intervention and is not due to
baseline variability.

We recommend testing muscle strength by MMT using the
MRC scale in addition to obtaining measurements with HHD
for each of the muscle groups being evaluated to help correlate
the values observed by HHD to the commonly assessed clinical
evaluations. Depending on the study objectives, testing of other
functional measures that assess motor function may also be
considered at the time of strength assessment such as grip
strength, functional strength measurement score, functional
reach, timed up and go, and 10-m walk tests. Correlating
measurements obtained by HHD to other functional measures
or patient-reported outcomes can help provide additional data
to study clinically meaningful improvement in strength.

The definition of duration of functional response and stable
disease and the reporting of best response in trials have been
described in previous REINS recommendations.”® In addi-
tion, because these recommended outcomes for strength
measurement have not yet been used prospectively in NF
clinical trials, the REiINS International Collaboration expects
to reassess and potentially revise these recommendations on
the basis of additional data obtained from incorporation of
HHD into future NF clinical trials.
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