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The recent approval of disease-modifying therapies for spinal mus-
cular atrophy (SMA) raised the need of alternative outcome mea-
sures to evaluate treatment efficacy. In this study, we investigat-
ed the potential of muscle quantitative MRI (qMRI) as a biomarker of 
disease progression in adult SMA3 patients during nusinersen treatment.  
Six adult SMA3 patients (age ranging from 19 to 65 years) underwent 2-point 
Dixon muscle qMRI at beginning of nusinersen treatment (T0) and after 14 
months (T14) to evaluate the muscle fat fraction (FF) at thigh and leg levels; pa-
tients were clinically assessed at T0 and T14 with the Hammersmith Functional 
Rating Scale Expanded (HFMSE), the Revised Upper Limb Module (RULM) 
and the 6-minute walk test (6MWT). At T0, vastus lateralis muscle displayed 
the highest mean FF (67.5%), while tibialis anterior was the most preserved one 
(mean FF = 35.2%). At T0, a slightly significant correlation of FF with HFMSE 
(p = 0.042) and disease duration (p = 0.042) at thigh level and only with HFMSE 
(p  =  0.042) at leg level was found. At T14, no significant change of mean FF 
values at thigh and leg muscles was found compared to T0. Conversely, a sta-
tistically significant (p = 0.042) improvement of HFMSE was reported at T14.  
We observed no significant change of FF in thigh and leg muscles after 14 months 
of nusinersen therapy despite a significant clinical improvement of HFMSE. 
Further studies with longer follow-up and larger cohorts are needed to better 
investigate the role of qMRI as marker of disease progression in SMA patients.
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Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive disease 

caused by a homozygous deletion or smaller mutations of SMN1 gene 
causing a reduction of survival motor neuron (SMN) protein, and lead-
ing to bulbar and spinal motor neuron degeneration. Four clinical SMA 
subgroups have been described according to age at onset and maximal 
motor function achieved, with SMA1 being the most severe phenotype 
and SMA4 presenting in adult age and characterised by non-progressive 
mild muscle weakness  1. Recently, the introduction of new therapeu-
tic approaches has changed the disease natural history  2-4. The first dis-
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ease-modifying treatment approved in US and EU was 
the antisense oligonucleotide nusinersen, as reported by 
two randomized double-blind clinical trials in infantile 
and later-onset SMA  2,3. Furthermore, nusinersen has 
been proved to be effective even in adult age according to 
observational studies 5,6. 

The progression of SMA2 and SMA3 in untreated 
adult patients is typically slow over the years, regardless 
the age 7. However, available clinical outcome measures 
to assess SMA progression have been validated in pe-
diatric patients and mainly focused on motor function; 
in addition, they are not always able to catch clinical 
changes reported by patients 8. Hence, alternative clini-
cal and nonclinical outcome measures are needed to as-
sess disease progression and evaluate treatment effects 
in adult SMA patients. In this regard, muscle quantita-
tive magnetic resonance imaging (qMRI) represents a 
promising biomarker in neuromuscular disorders, being 
able to discriminate and quantify sub-clinical modifica-
tions of the fatty changes in the muscle tissue due to dis-
ease progression or treatment response. Indeed, muscle 
qMRI has been already included as outcome measures 
in pharmacological clinical trials or natural history stud-
ies, particularly in Duchenne muscular dystrophy 9-11. To 
date, 4 studies investigating SMA disease progression 
through qMRI have been reported 12-15; among them, on-
ly 2 focused on nusinersen treatment effect, including 
respectively 3 and 2 adult SMA3 patients 15,12. 

Here, we aimed to study clinical and qMRI modifi-
cations in 6 adult SMA3 patients treated with nusinersen 
over a 14-month period. 

Methods

Patients

In this longitudinal study inclusion criteria were the 
following: (1) clinical and molecular diagnosis of SMA3; 
(2) ongoing treatment with nusinersen. Patients with con-
traindications to MRI were excluded. 

Standard protocol approvals, registrations and patient 
consents

This monocentric study has been approved by the 
Ethics Committee of Fondazione IRCCS Istituto Neu-
rologico ‘Carlo Besta’, on 17 March 2021. Written in-
formed consent was obtained from all the participants, 
according to the Helsinki declaration.

Nusinersen administration

All patients received nusinersen intrathecal loading 
doses of 12 mg at baseline (T0), day 14, day 28 and day 
63, followed by maintenance doses every 4 months ac-
cording to the standard protocol.

Intrathecal injections were performed with standard 
lumbar access or via X-ray-guided procedure.

qMRI protocol

Patients underwent 2 muscle qMRI (Fig. 1), at base-
line (T0) and after 14 months of treatment (T14), respec-
tively. The study focused on the proportion of fatty infil-

Figure 1. Examples of muscular involvement at thigh (1) and leg level (2) in SMA3 patient with mild (A), medium (b) 
or severe (c) muscular fat infiltration.
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tration of the thigh and leg muscles, defined as fat fraction 
(FF) and measured using the 2-point Dixon imaging tech-
nique, as follows. The subject images were acquired with 
a 1.5T MRI scanner (Avanto, Siemens, Erlangen, Germa-
ny). The MRI protocol included the following sequenc-
es: 1) a standard axial T1-weighted sequence (TR/TE = 
550/8.6 ms, matrix = 192 × 192 × 30, flip angle = 146°, vox-
el size = 1.98 × 1.98 × 5 mm); 2) a 2-point Dixon sequence 
for fat/water fraction quantification (TR = 11.1 ms, TE = 
2.39/4.78 ms, matrix = 352 × 260 × 192, flip angle = 10°, 
voxel size = 1.13 × 1.13 × 1.1 mm). The mean duration of 
the muscle MRI protocol was around 30 minutes. 

Post-processing

The fat fraction (FF), expressed as F/(F+ W) × 100 
(F = signal of the fat-only image, W = signal of the wa-
ter-only image), was estimated from the Dixon sequence 
using Matlab (www.mathworks.com).

Regions of interest (ROIs) were traced on water im-
ages by a neurologist (AG) and a neuroradiologist (MM) 
on two slices, at the midlevel of thighs and at the midlevel 
of calves, covering all the cross-sectional area of a muscle 
(Fig. 2). ROIs were traced on 11 muscles in the thighs: rec-
tus femoris, vastus lateralis, vastus medialis, vastus interme-
dius, sartorius, gracilis, adductor magnus, adductor longus, 
semimembranosus, semitendinosus and biceps femoris. Six 
muscles were included for the calves: tibialis anterior, medi-
al head of gastrocnemius, lateral head of gastrocnemius, so-
leus, tibialis posterior, peroneus longus. Then, using ROIs as 
binary masks and applying them to the maps, all the metrics 
were extracted. Mean FF in each muscle of both sides were 
averaged together (global mean) at thigh and calf levels.

Clinical assessments

The following clinical outcome measures were assessed 
by trained evaluators at T0 and T14: the Hammersmith 
Functional Rating Scale Expanded (HFMSE) 16; the Revised 
Upper Limb Module (RULM)  17; the 6 minute walk test 
(6MWT) 18. HFMSE assesses the global motor performance 
and includes 33 items, each scored from 0 to 2, up to a max-
imum of 66 points. RULM is a scale focused on the upper 
limb motor function and consists of 20 items with a maxi-
mum score of 37. Higher scores correspond to a better motor 
performance for both scales. The 6MWT test measures the 
distance in meters walked by the patient in 6 minutes.

Clinically meaningful changes were considered as an 
improvement from T0 to T14 by at least 3 points with 
HFMSE, 2 points with RULM or 30 meters with 6MWT, 
as defined in previous studies 16,19,20. 

The patients were considered as wheelchair-bound 
when not able to walk at least few steps without the aid 
of other people.

Statistical analysis

This study was exploratory, thus, a formal sample 
size was not provided. The number of patients recruited 
was based pragmatically on the number of patients known 
to have the disease of interest and eligible for enrolment.

Wilcoxon Signed Rank test was used to research pos-
sible significant modification of fat fraction and clinical 
measures between T0 and T14 assessments. The association 
between muscle FF and disease duration or clinical variables 
has been described with the use of Spearman correlation co-
efficients. Statistical significance was set at p < 0.05.

Results
All included patients (4 females and 2 males) were 

affected by SMA3 caused by a homozygous deletion of 
exons 7 and 8. Mean age at onset was 7 ± 6.6 years and 
mean age at T0 was 40.7 ± 18.8 years. At baseline, no 
patient had received ventilator support or spinal surgery 
for scoliosis. Clinical and molecular features of patients 
and their performance on clinical assessments at T0 and 
T14 are shown in Table I.

Figure 2. Examples of water images at middle thigh lev-
el (A) and middle calf level (B) in a SMA3 patient before 
and after drawing the muscle regions of interest (ROIs). 
SM: semimembranosus; ST: semitendinosus; BF: biceps 
femoris; VI: vastus intermedius; VL: vastus lateralis; RF: 
rectus femoris; VM: vastus medialis; Sa: sartorius; G: 
gracilis; AM: adductor magnus; AL: adductor longus; TA: 
tibialis anterior; PL: peroneus longus; TP: tibialis poste-
rior; So: soleus; MG: medial head of gastrocnemius; LG: 
lateral head of gastrocnemius.

http://www.mathworks.com
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Clinical scores

HFMSE scores were significantly (p  =  0.042) im-
proved in our cohort at T14, with a median change of 
3.5 (range  =  0-9); except for patient 1, displaying nor-
mal HFMSE and RULM scores already at T0, HFMSE 
score improved in all patients by at least 3 points. RULM 
score did not significantly improved during the follow-up 
(median change = 1.5; range = 0-4); clinically meaning-
ful improvement with RULM was found at T14 only in 
patients 3 and 4. Similarly, 6MWT did not significantly 
improve at T14 (median change = 25; range = 10-104); 
clinically meaningful improvement with 6MWT was ob-
served only in patient 1.

qMRI

Pattern of muscle involvement at T0

FF for thigh and leg muscles at baseline was reported 
in Figure 3 and 4, respectively. At thigh level the ante-
rior compartment (vastus intermedius, vastus lateralis, 

rectus femoris and vastus medialis) was the most in-
volved at baseline, showing a mean FF of 65.4%, with 
vastus lateralis (mean FF = 67.5%; range = 11.0-87.4%) 
representing the most impaired muscle. The posterior 
(semimembranosus, semitendinosus, biceps femoris) and 
middle compartment (sartorius, gracilis, adductor mag-
nus and adductor longus) displayed a comparable mean 
FF (respectively 56.8 and 55.5%). At the thigh level the 
adductor longus was the most preserved muscle (mean 
FF = 47.9%; range = 7.2-91.2%). At leg level the exten-
sor compartment (tibialis anterior and peroneus longus) 
showed a mean FF of 40.4%, comparable to the mean FF 
(41.3%) of the flexor compartment (soleus, medial head 
of gastrocnemius, lateral head of gastrocnemius and tibia-
lis posterior). Soleus was the most fat-replaced muscle in 
the leg (mean FF = 47.0%; range = 6.4-90.7%), while tib-
ialis anterior showed the lowest mean FF value (35.2%) 
with a range of 4.5-74.5%.

Leg muscles were more preserved in ambulant patients 
compared to wheelchair-bound patients (patients 3 and 4), 

Table I. Clinical and molecular features of patients.

Patient/
gender

SMN2 
copy 
number

Age at 
onset 
(y)

Ability to 
walk/age 
at loss of 
ambulation (y)

Comorbidities Age at 
T0 (y)

Disease 
duration 
at T0 (y)

HFMSE RULM 6MWT

T0 T14 T0 T14 T0 T14
1/F 4 16 yes no 17 1 66 66 37 37 536 m 640 m

2/F 4 15 yes bipolar 
disorder 65 50 45 49 36 37 375 m 400 m

3/M 4 3 no/16 no 32 29 12 18 19 22 wb wb
4/F 3 2 no/45 no 55 53 14 23 21 25 wb wb
5/F 4 3 yes no 25 22 54 57 37 36 275 m 300 m
6/M 4 3 yes no 50 47 44 47 29 27 172 m 182 m

n: number; y: years; HFMSE: Hammersmith Functional Motor Scale Expanded (score); 6MWT: six-minute walk test distance (m); 
RULM: Revised Upper Limb Module (score); wb: wheelchair-bound; T0: baseline; T14: 14 months of therapy. Clinically meaningful 
changes at T14 are underlined.

Figure 3. Heatmap of muscle fat fractions at thigh level (baseline). Values are an av-
erage of right and left FF. Red colour corresponds to the highest FF levels, green col-
our to the lowest one; orange and yellow colours correspond to intermediate values of fat fraction.  
Pt: patient; Muscles: SM: semimembranosus; ST: semitendinosus; BF: biceps femoris; VI: vastus intermedius; VL: vas-
tus lateralis; RF: rectus femoris; VM: vastus medialis; Sa: sartorius; G: gracilis; AM: adductor magnus; AL: adductor 
longus.
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showing severe fatty changes in both proximal and distal 
muscles. Notably, patient 1 displayed overall a mild muscle 
fat replacement, with the greatest FF in the vastus interme-
dius (24.1%), in agreement with the short disease duration 
and the normal motor performance by HFMSE and RULM. 
Conversely, patients with the longest disease duration (pa-
tients 2, 4 and 6) exhibited the highest FF in sartorius (range: 
83.7%-88.1%). In this subgroup patient 2 had a lower global 
FF at thigh (64.8%) and leg (12.6%) level compared to pa-
tients 4 and 6, mainly as a consequence of a lower fat infiltra-
tion of semimembranosus, biceps femoris, adductor magnus 
and of all the leg muscles. These data are probably related to 
a relatively mild disease severity, being this patient still able 
to walk after a 50-year disease duration. 

FF at thigh level resulted slightly correlated with dis-
ease duration (p = 0.044) and HFMSE (p = 0.042) score; 
conversely, FF at leg level was slightly associated only 
with the HFMSE (p = 0.042) score (Tab. II). 

FF changes at T14

Total mean FF at thigh and calf levels at T0 and T14 
are shown for each patient in Table III. Considering the 
whole cohort, the mean thigh FF resulted unchanged from 
baseline (59.8%) to T14 (60.9%); similarly, no significant 
change of mean FF at leg level was detected between T0 
(41.0%) and T14 (41.8%). Although not significant, the 
mean increase of FF across the 2 timepoints was higher 
in vastus intermedius (3.9%), vastus medialis (3.6%) and 
adductor longus (3.3%). All remaining muscle showed 
mean FF modifications below 3%. 

Discussion
SMA natural history in adult age still needs to be 

completely elucidated. Moreover, better comprehension 

of factors predicting disease progression and response to 
new treatments is needed. In this regard, qMRI is increas-
ingly recognised as a promising biomarker for disease 
severity and progression in different neuromuscular dis-
orders. However, poor data on qMRI have been reported 
in SMA, especially in patients under treatment. 

In our study, we did not find any significant change of 
FF values at thigh and leg levels after a 14-month period 
of treatment with nusinersen, regardless clinically mean-
ingful changes detected by HFMSE and RULM. Lack of 
significant modification of FF and concordance with clini-
cal improvement may be related to different factors, as the 
small sample size, the relatively short observational peri-
od and the high muscle fat fraction detected at the base-
line in our cohort (thigh FF > 50% in 5/6 patients and leg 
FF > 30% in 3/6 patients), suggesting a relevant muscle fat 
replacement before the beginning of the treatment. Howev-
er, we cannot exclude that unchanged FF values in our co-

Table II. Correlation between FF and clinical scores or 
disease duration at T0.

Spearman 
p-values

Correlation 
coefficients

FF at thighs HFMSE 0.042 - 0.829
RULM 0.050 - 0.812
6MWT 0.200 - 0.800
DD 0.044  0.829

FF at legs HFMSE 0.042 - 0.829
RULM 0.084 - 0.754
6MWT 0.200 - 0.800
DD 0.544  0.314

Significant p values are highlighted in bold. FF, fat fraction; 
HFMSE, Hammersmith Functional Rating Scale Expanded; 
RULM, Revised Upper Limb Module; 6MWT, six-minute walk 
test; DD, disease duration

Figure 4. Heatmap of muscle fat fractions at leg level (baseline). Values are an aver-
age of right and left FF. Red colour corresponds to the highest FF levels, green colour to 
the lowest one; orange and yellow colours correspond to intermediate values of fat fraction.  
Pt, patient. Muscles: TA: tibialis anterior; PL: peroneus longus; TP: tibialis posterior; So: soleus; MG: medial head of 
gastrocnemius; LG: lateral head of gastrocnemius.
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hort may be the result of the ongoing treatment with nusin-
ersen. The discrepancy between qMRI data and the small 
clinical improvement could be related to the inability of FF 
to catch the positive treatment effect, which could instead 
be linked to other mechanisms acting on the spared mus-
cle tissue. Savini and colleagues 15 reported a progression 
of FF in thigh muscles of 3 SMA3 adult patients during 
21 months of treatment and a concurrent slight reduction 
of wT2 over time. This apparent mismatch with our da-
ta could be related to the longer follow-up period in the 
aforementioned study (21 months against 14 months in our 
study) and a smaller sample size. In this landscape, consid-
ering also literature data about nusinersen efficacy in adult 
SMA patients during the first 14 months of treatment 6, we 
cannot exclude that nusinersen could be more effective in 
preventing the muscle degeneration during the first year 
of therapy, followed by possible resumption of the muscle 
deterioration. Conversely, Barp and colleagues 12 showed 
a reduction of fractional anisotropy through diffusion ten-
sor imaging MRI after 24 months of nusinersen therapy in 
2 SMA3 adult patients, suggesting a disease stabilization 
during the treatment, in agreement with our data. Howev-
er, the application of different qMRI techniques (DTI vs 
2-point Dixon) do not allow a real comparison among the 
two studies.  

Furthermore, a considerable limitation of all the 
aforementioned studies, including the present one, is the 
absence of a control group of untreated SMA patients. 
In this regard, 2 longitudinal studies investigated muscle 
deterioration through qMRI in SMA patients, providing 
contrasting data  13,14. Bonati and colleagues  13 did not 
report any significant progression of muscle FF in 18 
SMA3 patients over a period of 13 months, suggesting 
that a longer observation period could be necessary to 
detect possible FF modifications. Conversely, Otto and 
colleagues  14 showed a significant increase of FF and a 
significant decrease of T2 over a 13-month follow-up in a 
cohort of 10 (5 SMA3 and 5 SMA2) patients, despite any 
decline of muscle power and motor function scores. The 
discrepancies between these two studies could be partial-
ly explained by the inclusion of more severe patients in 
the study by Otto and colleagues. Indeed, a further lim-
itation of data from literature and our study is represent-
ed by the heterogeneity of the investigated population in 
terms of age and disease severity. 

In addition, considering that the pattern of muscle 
involvement in SMA could be the result of a degener-
ation more prominent in specific groups of motor neu-
rons 21, the different study design in the aforementioned 
studies represent a further confounding factor. Barp and 
colleagues  12 focused their analyses on 4 leg muscles, 
without including thigh muscles; on the other side, the 
remaining 3 longitudinal studies 13-15 were limited to thigh 

muscles. To our knowledge, thigh and leg muscles were 
both investigated for the first time in the present study. 
Higher FF values were detected in leg muscles in wheel-
chair-bound than in ambulant SMA3 patients at T0, re-
gardless the disease duration, without any apparent dif-
ference at the thigh level. With the limitations of the small 
sample size, these data may suggest that focusing qMRI 
on leg muscles could be more helpful to predict clinical 
decline and loss of walking ability; further studies are 
needed in this regard on large cohort of patients. Besides, 
longitudinal studies are needed to investigate the role of 
the upper limb muscle qMRI, particularly in patients with 
severe phenotypes characterized by residual upper limb 
motor function and loss of lower limb motor abilities.

A correlation at baseline between FF and HFMSE 
score and between FF and disease duration at thigh level 
and between FF and HFMSE at legs further strengthen 
the role of FF as a marker of disease severity, as already 
reported in SMA patients 22.

Our study revealed a pattern of muscle involvement in 
agreement with data already reported in literature 21,23-25, 
although in our cohort sartorius was severely involved as 
the gracilis and the adductor magnus was relatively pre-
served. However, utilization of semiquantitative scales in 
place of qMRI to assess the amount of fatty degeneration 
in most of these studies, may explain some discrepancies 
with our data. Notably, vastus intermedius displayed the 
highest FF in our patient with only a 1-year disease dura-
tion, suggesting that this muscle is early involved in the 
pathological process. 

Conclusions
Our study showed stability of fatty infiltration values 

in thigh and leg muscles of SMA3 adult patients during 

Table III. Total mean fat fractions for each patient.
Total mean FF THIGHS Total mean FF LEGS

Pt T0 T14 T0 T14

1 9.4% ± 
27.1%

10.4% ± 
27.4%

5.6% ± 
31.6%

6.1% ± 
31.4%

2 64.8% ± 
27.1%

64.4% ± 
27.4%

12.6% ± 
31.6%

11.8% ± 
31.4%

3 75.4% ± 
27.1%

80.8% ± 
27.4%

82.6% ± 
31.6%

82.8% ± 
31.4%

4 81.4% ± 
27.1%

81.6% ± 
27.4%

74.1% ± 
31.6%

73.7% ± 
31.4%

5 49.2% ± 
27.1%

51.1% ± 
27.4%

39.4% ± 
31.6%

43.3% ± 
31.4%

6 76.7% ± 
27.1%

77.2% ± 
27.4%

31.5% ± 
31.6%

33.4% ± 
31.4%

FF, fat fraction; T0, baseline; T14, 14 months of therapy; pt, pa-
tient
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14 months of therapy with nusinersen, regardless the clin-
ical improvement. Further studies with longer follow-up, 
larger cohorts of patients and including other techniques 
as T2 and DTI or upper limb muscles are needed to better 
investigate muscle qMRI value as marker of disease se-
verity and progression in SMA patients.
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