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Abstract

Introduction: The Hammersmith Functional Motor Scale Expanded (HFMSE) and

the Revised Upper Limb Module (RULM) have been widely used in natural history

studies and clinical trials. Our aim was to establish how the scales relate to each

other at different age points in spinal muscular atrophy (SMA) type 2 and 3, and to

describe their coherence over 12 mo.

Methods: The study was performed by cross-sectional and longitudinal reanalysis

of previously published natural history data. The longitudinal analysis of the 12-mo

changes also included the analysis of concordance between scales with changes

grouped as stable (±2 points), improved (>+2) or declined (>�2).

Results: Three hundred sixty-four patients were included in the cross-sectional analysis,

showing different trends in score and point of slope change for the two scales. For type

2, the point of slope change was 4.1 y for the HFMSE and 5.8 for the RULM, while for

type 3, it was 6 y for the HFMSE and 7.3 for the RULM. One-hundred-twenty-one

patients had at least two assessments at 12 mo. Full concordance was found in 57.3%

of the assessments, and in 40.4% one scale remained stable and the other changed. Each

scale appeared to be more sensitive to specific age or functional subgroups.

Discussion: The two scales, when used in combination, may increase the sensitivity to

detect clinicallymeaningful changes inmotor function in patientswith SMA types 2 and 3.

K E YWORD S

disease severity, motor, neuromuscular disorders, outcome measures, spinal muscular
atrophy

1 | INTRODUCTION

Spinal muscular atrophy (SMA) is caused by mutations in the survival

motor neuron 1 gene (SMN1) on chromosome 5q.1 Historically, SMA

has been classified into different types according to onset and maxi-

mum motor function achieved, with types 1 to 3 being the most fre-

quent forms with pediatric onset.2The advent of clinical trials has

highlighted the need to have reliable tools to measure functional

changes in SMA patients.3 Two disease specific scales, in their original

forms or their revised versions, have been used in most trials in

patients with later-onset SMA. The Hammersmith Functional Motor

Scale,4 and the expanded version, HFMSE,5 have been used to assess

gross motor function. Upper limb function has been assessed using the

Upper Limb Module (ULM)6 and more recently, its revised version, the

Revised Upper Limb Module (RULM).7 We and others have reported

longitudinal data using the HFMSE in both types 2 and 3, exploring dif-

ferent statistical analyses to establish the patterns of progression in

large cohorts as part of international efforts.8-15 Less has been

reported on the RULM also because the scale was developed more

recently.

Although both scales have been used in several natural history

studies8-15 and in clinical trials, the RULM and the HFMSE results

have always been analyzed separately,16 and their relationship to one

another has not been systematically explored.

Only one study explored the correlation between the HFMSE and

upper limb function but used the previous version of the module

(ULM).17 In that study, we reported a good correlation (Pearson: 0.65)

between the HFMSE and the ULM, highlighting how the ULM appeared

to fill the gap caused by the floor effect observed in the HFMSE in

patients who had lost the ability to sit or were just able to sit for a few

seconds. In contrast, the ULM appeared to have a ceiling effect in stron-

ger patients, as it had been specifically designed for use in young weak

children.17 The RULM was developed to overcome some of these short-

comings7 and as the scales are being increasingly used in clinical trials, it

has become important to assess how the two scales relate to each

other. In this study we analyzed the results obtained in a large interna-

tional cohort of type 2 and 3 patients assessed with both HFMSE and

RULM in order to establish their correlations with one another. We also

analyzed the 12-mo changes on the two scales and the level of concor-

dance between them, in an attempt to identify possible patterns of dis-

cordance in relation to age, functional status, or SMA type.

2 | METHODS

The study was performed using cross-sectional and longitudinal data

collected by three SMA networks in the United States, Italy, and UK

from September, 2015, to January, 2020.18
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The study was approved by the Ethical Committee of each

center (Catholic University of Sacred Heart, Fondazione Policlinico

Universitario Agostino Gemelli IRCCS; Columbia University; Boston

Childrenʼs Hospital; UCL Institute of Child Health & Great Ormond

Street Hospital; University of Messina; Stanford University; Childrenʼs

Hospital of Philadelphia; IRCCS Bambino Gesù Childrenʼs; University

of Milan, Niguarda Hospital; IRCCS Istituto Giannina Gaslini). Parents

of participants (of minors) and/or patients were informed that the

data collected as part of our routine clinical assessment were going

to be used anonymously for an observational study defining the

natural history of the diseases and all provided informed consent/

assent.

All patients had a genetically confirmed diagnosis of SMA, were

not treated with experimental or approved drugs (nusinersen,

risdiplam, onasemnogene abeparvovec-xioi) and only those with a

diagnosis of type 2 and 3 SMA were included in the study. Patients

received best available supportive care, as outlined in the SMA

standard-of-care consensus statement,19,20 that was generally

applied in a uniform way among the sites, depending partly upon

local healthcare practices. Patients who had corrective surgery for

scoliosis during the period of observation were excluded from this

analysis.

2.1 | HFMSE

The scale consists of 33 items, investigating the patientʼs ability to

perform various activities.5 Each activity, categorized in items, is

scored on a 3-point system, with a score of 2 for “performs without

modification”, 1 “performs with modification/adaption/compensa-

tion” and 0 for “unable to perform the task”. Total score is the sum of

the itemʼs individual scores and can range from 0, if all the activities

are failed, to 66, if all the activities are completed. All items were

tested without spinal jacket or orthoses.

2.2 | RULM

The scale includes an entry item to establish functional levels and

19 items covering distal to proximal upper limb function.7 Eighteen of

these 19 items are scored using a 3-point system and 1 item is scored

using a 2-point system. The total score ranges from 0, if no activities

can be completed, to 37, if all the activities are achieved fully without

any compensation or task modification.

2.3 | Evaluator training sessions

The physical therapists in the participating clinics received the same

training programs with establishment of yearly intra- and inter-rater

reliability, and standardized procedures of scale administration. Inter-

and intra observer reliability of the HFMSE and RULM have already

been reported.21

2.4 | Statistical analysis

The relationship between HFMSE and RULM was evaluated cross-

sectionally, including all patients and all assessments. Despite the limi-

tations of dichotomizing SMA into two types (types 2 and 3), as this is

rather a spectrum of disease with respect to age of onset and severity,

we analyzed the results in the two types separately in order to allow

comparison with previous studies.8,9,12,16

Summary statistics (N, mean, SD, range) were used. The cohort

was subdivided into age subgroups on the basis of cutoff points iden-

tified on our previous observations reporting slopes of progression in

types 2 and 3 at different age points.10,22 The same criteria were used

to group patients by SMA type and baseline functional status (non-sit-

ter, sitter, walkers).10,22

A polynomial line was assessed in order to graphically describe the

population trends on the cross-sectional dataset; age of slope change

was found by calculating the local maxima of the curve from the curve

equation. Spearmanʼ correlations were assessed between scales.

In order to describe the HFMSE/RULM trends over 12-mo, as

performed for other papers in patients with long-term follow-up,10,12

we included multiple 12-mo paired assessments from individual

patients. Each interval was considered independently, with a new age

point and HFMSE/RULM baseline for each calculated interval. Mann–

Whitney U test was performed in order to compare 12 mo changes

on HFMSE and RULM between SMA type 2 and 3.

We also analyzed the data with a different approach. As previ-

ously reported in other papers9,12 12-mo changes were clustered in

three groups: patients with stable results (± 2 points), those with

losses of more than 2 points and those with improvements of more

than 2 points. We examined if the scores on each scale were stable

(±2 points) improved (>+2) or declined (>�2).

The percentages of patients within each group were compared

across age classes, functional status, and SMA type. Tables of contin-

gency were used in order to describe paired assessments that showed

fully concordant changes, that is, stable on both HFMSE and RULM;

fully discordant changes, that is, improving on the HFMSE while

declining on the RULM or improving on the RULM while declining on

the HFMSE; and the ones in which one scale was stable while the

other was moving. Chi-squared testing was used to analyze the distri-

bution by SMA type of fully concordant changes, fully discordant

changes or the ones in which only one scale changed, while Cohen

kappa was used to assess the agreement of distribution of fully con-

cordant changes, fully discordant changes or the in which only one

scale changed.

3 | RESULTS

3.1 | Cross-sectional cohort

Eight hundred thirty-seven assessments from 364 patients were

included in the study. Baseline characteristics of the enrolled partici-

pants are presented in Table 1. Of the 837 assessments, 462 were
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available from 213 type 2 patients and 375 were available from

151 type 3 patients. All the patients included in the present study

have already been reported in previous studies reporting one of the

two scales.8-13

3.1.1 | SMA 2

In the type 2 patients, 367 of 462 assessments (79.4%) were from sit-

ters and 95 (20.5%) from non-sitters (patients who had lost the ability

to sit). No patients had spinal surgery prior to age 5 y. The HFMSE

point of slope change was at 4.1 y and the RULM point of slope

change was 5.8 y (Figure 1A). The correlation between HFMSE and

RULM in the overall type 2 assessments was 0.730. Supporting Infor-

mation Table S1, which is available online, reports details on the mean

age, HFMSE and RULM of the type 2 cohort according to age groups

and functional status (non-sitter, sitter). Table 2 reports correlation

between the scales by functional status.

3.1.2 | SMA 3

In the type 3 patients, 218 of 375-assessments (58.1%) were from

walkers, 152 (40.5%) from sitters (who lost the ability to walk), and

5 (0.01%) from non-sitters. No type 3 participants had spinal surgery

prior to age 7. The HFMSE point of slope change was 6 y and the

RULM point of slope change was 7.3 y (Figure 1B). The correlation

between HFMSE and RULM was 0.787. Supporting Information

Table S2 reports details on the mean age, HFMSE and RULM of the

type 3 cohort according to age groups and functional status (sitter,

walker). Table 2 reports correlations between the scales by functional

status.

3.2 | Longitudinal observations: 12-mo changes
and correlation between scales

One hundred twenty-one patients with ages ranging from 2.67 to

29.61 y (mean 11.76; SD 6.07) had at least two assessments at 12-mo

interval, with 63 having more than one paired assessment (mean:1.89,

SD: 1.10), for a total of 225 12-mo paired assessments.

The correlation between HFMSE and RULM 12-mo changes in

the whole cohort was 0.214 (0.186 and 0.253 in type 2 and type

3, respectively). No difference was found in 12-mo mean change

between SMA 2 and SMA 3 for HFMSE (P = .820) and

RULM (P = .159).

3.2.1 | SMA 2

One-hundred twelve assessments were available from 65 type

2 patients. Three patients classified as “sitters” at baseline, lost their

ability to sit during the 12-mo follow-up.T
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For the cohort, the HFMSE 12-mo changes was �0.54 (SD 2.75)

and the RULM change was �0.13 (SD 3.12). Supporting Information

Table S3 reports details of descriptive statistics on 12-mo changes of

the SMA 2 cohort subdivided by age group and functional status

(non-sitter, sitter).

3.2.2 | SMA 3

One-hundred thirteen assessments were available from 56 type

3 patients. One patient classified as a “walker” at baseline lost ambu-

lation during the 12-mo follow-up. For the cohort, the HFMSE 12 mo

was �0.85 (SD 3.93) and the RULM change was 0.29 (SD 2.47).

Supporting Information Table S4 reports details of descriptive statis-

tics on 12-mo changes for the SMA 3 cohort subdivided by age group

and functional status (sitter, walker).

3.3 | Concordance between HFMSE and RULM
changes

The 12-mo changes were also computed in a contingency table to

verify percentage of concordance and discordance regarding decline,

stability, and improvements between the HFMSE and RULM. The dis-

tribution of stable, declined, or improved assessment on the HFMSE

was different by SMA type (X2 [2, N = 264] = 17.294, <0.001) with

type 2 being overall more stable than type 3 (75.96% vs. 51.84%,

respectively). This held true even when patients with scores indicative

of a floor score (scores lower than 2) (X2 [2, N = 225] = 7.260,

P = .027), or ceiling score (score = 66) (X2 [2, N = 264] = 17.294,

P = <.001) at baseline were excluded. No difference in distribution

was observed on the RULM by SMA type (X2 [2, N = 264] = 4.773,

P = .092), even when excluding the ones with floor score (scores

lower than 2) (X2 [2, N = 255] = 5.874, P = .054) or ceiling score

(score = 37) (X2 [2, N = 220] = 1.373, P = .503) at baseline.

Table 3 reports the table of contingency for HFMSE and RULM

subdivided by SMA type. More details on results by age groups can

be found in Supporting Information Table S5.

In type 2, concordance between the RULM and the HFMSE

12-mo change (both declining, stable, or improving) was found in

67/112 (59.82%) paired 12-mo assessments. Fully discordant results

(one scale improving and the other one declining) were found in

3/112 (2.67%), with 2 of the 3 showing improved RULM while declin-

ing on the HFMSE (κ = 0.089, P = .187).

In 42 patients (37.50%), one of the two scales remained stable

while the other had changes >2 points. In 24 of the 42, the HFMSE

F IGURE 1 Distribution of scores according to age and total score for SMA 2 patients (panel A) and SMA 3 patients (panel B). Color
coding = blue: HFMSE, orange: RULM. Blue line: polynomial line for HFMSE (ribbon: 95% confidence interval [CI]). Orange line: polynomial line
for RULM (ribbon: 95% CI). Polynomial line describes progression overtime, local maxima of the curve is indicative of the point of slope

TABLE 2 Correlations between HFMSE and RULM by SMA type
and functional status

Spearman rho

SMA 2 All 0.730

Non-sitter 0.422

Sitter 0.629

SMA 3 All 0.787

Non-sitter 0.548

Sitter 0.800

Walker 0.493
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was stable, with the RULM decreasing in 14/24 and increasing in 10.

In the 24 with stable HFMSE, 6 had a floor score (HFMSE score <2) at

baseline, with the RULM decreasing in 5/6 and increasing in 1. None

reached a ceiling score (HFMSE score = 66).

In 18/42, the RULM was stable, with the HFMSE decreasing in

13/18 and increasing in 5. In the 18 with stable RULM, none reached

a floor (RULM score <2) or ceiling (RULM score = 37) score.

In type 3 patients, concordance between the RULM and the

HFMSE 12-mo change (both declining, stable, or improving) was

found in 59/113 (52.21%) paired 12-mo assessments. Fully discordant

results (one scale improving and the other one declining) were found

in 2/113 (1.76%) showing improvements on the RULM, while declin-

ing on the HFMSE (κ = 0.179, P = .001).

In 49 patients (43.36%), one of the 2 scales remained stable, while

the other had changes >2 points. In 7/49, the HFMSE was stable, with

the RULM decreasing in 4/7 and increasing in 3.

In the seven with stable HFMSE, none had floor (HFMSE score

<2) or ceiling (HFMSE score = 66) scores.

In 42/49, the RULM was stable, with the HFMSE decreasing in

28/42 and increasing in 14. In the 42 with stable RULM, none had a

floor score (HFMSE score <2), while 11 had the maximum RULM

score (37 points).

4 | DISCUSSION

The results of our cross-sectional analysis confirm the overall correla-

tion between the HFMSE and upper limb function previously

observed using the original version of the upper limb module in a

smaller cohort of 74 non-ambulant patients.8 In this paper, the use of

the RULM in a larger cohort, also including ambulant patients, allowed

us more detailed information, overcoming some of the limits of the

ULM, a scale that was not designed for stronger ambulant patients.

Our results clearly indicate that the scores on the two scales

show different trends over time. In both type 2 and type 3 patients,

the peak indicating the highest scores achieved prior the subsequent

decline occurred at a younger age on the HFMSE compared with the

RULM. The mean decline in RULM scores was overall milder.

When we analyzed the 12 mo changes, we also found that the

changes in the two scales often occurred at different times in the two

SMA types, and the two scales were complementary to detect

changes in one or the other domain. This was particularly true in

subgroups in whom one of the two scales was relatively stable

because of floor or ceiling effects. After the age of 13 y in type

2 patients the HFMSE scores are generally low and relatively stable,

and the changes are mainly observed on the RULM. In contrast, many

type 3 patients reach top scores on the RULM, that often remain sta-

ble, and the changes are mainly observed on the HFMSE. This may

partly explain the low correlation of the 12 mo changes in the two

scales that is probably also partly due to the fact that, even when

trending in the same direction, the magnitude of the changes was

often different. In order to establish the overall level of concordance

between the changes on the two scales, we also used a different

approach. Changes beyond ±2 points on both HFMSE and RULM

have previously been reported as clinically meaningful.8,9,12,16,23 This

has also been confirmed by studies reporting patient perspective. We

therefore also analyzed the level of concordance between the two

scales by using these criteria. In both type 2 and 3 full concordance

was found in approximately half of the assessments while full discor-

dance was rare. It is of note that, in type 2 SMA below the age of 7 y,

we never observed a concurrent deterioration on both scales; con-

versely, after the age of 5 y, with the exception of one patient, there

was never an improvement on both scales.

In the great majority of the remaining cases, one scale remained

stable while the other changed. This relative discordance largely

reflects the differences observed on the curves reporting the scores

at different age in the two scales.

These results indicate that the two scales are in some way com-

plementary to each other, and when used in combination, not only

capture relevant domains of function of these patients, but may also

increase the possibility to detect changes at different ages and func-

tional levels. The changes occurring at different times in the two

scales reflect the different gradient of weakness and progression

between upper and lower limbs, with the lower limb being often more

involved at earlier stages of the disease. These findings are also in

keeping with pathological findings reporting that the motor neurons

in the anteromedial zone at the cervical segments of the spinal cord

are relatively more preserved than those in the other segments.24

This raises the question on how to use the two scales in combina-

tion to assess possible changes following interventions in large

cohorts including patients at different ages and with different SMA

types and functional levels. One option could be that of counting

responders on each scale and in combination. The alternative could be

to develop different scoring systems, combining the two different

TABLE 3 SMA II and III table of
contingency for HFMSE and RULM
subdivided by SMA type SMA type HFMSE

RULM

Decline Stability Improvement

SMA 2 (N:112) Decline 4 (3.57%) 13 (11.60%) 2(1.78%)

Stability 14 (12.50%) 61 (54.46%) 10 (8.92%)

Improvement 1 (0.89%) 5 (4.46%) 2 (1.78%)

SMA 3 (N:113) Decline 4 (3.54%) 28 (24.77%) 2 (1.76%)

Stability 4 (3.54%) 52 (46.01%) 3 (3.54%)

Improvement 0 (0.88%) 14 (12.38%) 6 (5.31%)
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domains as previously used in the Motor Function Measure-32

(MFM 32),25,26 a scale that covers a large spectrum of activity that

was, however, not specifically designed for SMA. For the stronger

patients, other measures, such as the 6 Minute Walk Test (6MWT),

may further contribute to the assessment of possible changes. This

has been also suggested in the past by a paper that combined the

HFMSE, ULM, and 6MWT.27 In that publication, statistical methods

similar to those used in the development of the MFM25,28,29 were

used to assess the relative contributions of the individual scales to the

total composite score.

Combining the two scales would help identify patients in whom

the possibility of showing a response over time may be limited in one

of the two scales. Combining the scales may, more generally, be used

for patient stratification or for trial design in future interventional

studies.

Work is in progress to use appropriate statistical approaches to

combine the existing scales, in order to increase the possibility of

detecting any possible change in function in types 2 and 3 SMA

patients of different ages and functional levels.
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