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Abstract.
BACKGROUND: Sex is a significant risk factor in many neurodegenerative disorders. A better understanding of the molec-
ular mechanisms behind sex differences could help develop more targeted therapies that would lead to better outcomes.
Untreated spinal muscular atrophy (SMA) is the leading genetic motor disorder causing infant mortality. SMA has a broad
spectrum of severity ranging from prenatal death to infant mortality to normal lifespan with some disability. Scattered evi-
dence points to a sex-specific vulnerability in SMA. However, the role of sex as a risk factor in SMA pathology and treatment
has received limited attention.
OBJECTIVE: Systematically investigate sex differences in the incidence, symptom severity, motor function of patients with
different types of SMA, and in the development of SMA1 patients.
METHODS: Aggregated data of SMA patients were obtained from the TREAT-NMD Global SMA Registry and the Cure
SMA membership database by data enquiries. Data were analyzed and compared with publicly available standard data and
data from published literature.
RESULTS: The analysis of the aggregated results from the TREAT-NMD dataset revealed that the male/female ratio was
correlated to the incidence and prevalence of SMA from different countries; and for SMA patients, more of their male family
members were affected by SMA. However, there was no significant difference of sex ratio in the Cure SMA membership
dataset. As quantified by the clinician severity scores, symptoms were more severe in males than females in SMA types 2
and 3b. Motor function scores measured higher in females than males in SMA types 1, 3a and 3b. The head circumference
was more strongly affected in male SMA type 1 patients.
CONCLUSIONS: The data in certain registry datasets suggest that males may be more vulnerable to SMA than females.
The variability observed indicates that more investigation is necessary to fully understand the role of sex differences in SMA
epidemiology, and to guide development of more targeted treatments.
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INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal
recessive genetic disorder, and the most common
genetic cause of infant mortality [1]. The majority
of SMA cases are caused by the mutation or dele-
tion of the survival motor neuron 1 (SMN1) gene [2],
which leads to progressive motor neuron degenera-

ISSN 2214-3599 © 2023 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

1

1This article received a correction notice (Erratum) with 
the reference: 10.3233/JND-249002, available at http://doi.
org/10.3233/JND-249002.

http://doi.org/10.3233/JND-249002.
http://doi.org/10.3233/JND-249002.


848 J. Sun et al. / Sex Difference in Spinal Muscular Atrophy

tion resulting in progressive muscle weakness [3].
The characteristic symptoms of SMA include hypo-
tonia, muscle atrophy, and weakness of proximal
muscles, predominantly affecting the lower extrem-
ities [4]. SMA has a broad disease spectrum. It
has been classified into five types: 0 –4, accord-
ing to age of symptom onset and maximum motor
milestones achieved. SMA1 and SMA3 have been
further divided into subtypes of 1a, 1b, 1c, and 3a,
3b respectively [5]. However, the current demarca-
tion of SMA types is not very strict [6]. The human
genome contains the SMN2 gene, an almost identical
duplicate of SMN1. A single nucleotide difference
in SMN2 alters its splicing pattern causing exclusion
of exon 7 in most of the transcripts and resulting
in low levels of SMN protein [7]. The severity of
the SMA phenotype is correlated with SMN2 copy
number, with more copies resulting in a milder phe-
notype. However, this correlation is not absolute
[4].

Recently, the therapeutic landscape for SMA has
changed dramatically with the approval by the U.S.
Food and Drug Administration of three very costly
treatments. Even though all three therapies have
an established short-term efficacy in SMA, not all
patients respond to the treatments, and the long-term
effects among responders are not clear [4, 5]. While
promising, these treatments do not represent a cure
for SMA [1].

SMN2 is the main modifier for the severity of
SMA. But there are also other SMN-dependent and -
independent modifiers that influence the phenotype
of SMA. SMN-independent modifiers facilitate or
counteract disease progression via SMN-downstream
pathways. A growing number of proteins have been
suggested to modify SMA severity including: plas-
tin (PLS3) [8, 9], neurocalcin delta (NCALD) [10],
TIA1 cytotoxic granule associated RNA binding pro-
tein (TIA1) [11], ubiquitin like modifier activating
enzyme 1 (UBA1) [12], ubiquitin specific pepti-
dase 9 X-linked (USP9X) [13], stathmin-1 (STMN1)
[14], myostatin (MSTN) [15] and ZPR1 zinc protein
(ZPR1) [16]. Of these modifiers, PLS3, USP9X and
UBA1 are encoded by genes on the X chromosome
and affect SMA severity in a sex-specific manner [8,
12, 13], indicating that sex may play a role in SMA
incidence and severity.

There have been reports of sex difference in SMA
patients, but these have not been consistent, nor com-
plete. Pearn (1978) reported a male to female ratio
of 2.0 in SMA type 1 patients from Britain, but the
sex ratio of cases among family members did not dif-

fer significantly from 1.0, and no sex difference was
reported in age of onset, or life expectancy [17]. Some
studies have indicated the infantile form of SMA is
more severe in males [18]. However, other studies
have reported no sex differences in sex ratio or symp-
tom severity in SMA types 1 or 2 [18–22]. For the less
severe forms of SMA, a male predominance has been
reported in most studies, with symptoms reported as
milder and the clinical progression course slower in
females than males [18, 19, 21, 23–25]. However, a
few other studies have not supported this finding [20,
22]. There is a strong correlation between SMN2 copy
number and the severity of the SMA phenotype, how-
ever no significant difference has been found between
the sexes in the number of SMN2 copies [26]. In
family case studies, the unaffected or more mildly
affected siblings have been reported to be mostly
female [25, 26]. These studies indicate a role for sex
in the development and severity of SMA pathology.

Sex differences have been demonstrated in brain
physiology and behavior during development and
adulthood [27–30], and sex is also a significant vari-
able affecting the prevalence and incidence of some
neurological disorders [28, 31–33]. Furthermore, sex
affects the age-of-onset, progression, disease sever-
ity, neuropathology and response to treatment of a
number of neurological diseases [28, 30, 34, 35].
Among neurodegenerative disorders, males are more
susceptible to Parkinson’s disease [36–38] and motor
neuron disease such as amyotrophic lateral sclero-
sis [39, 40], while females are more susceptible to
Alzheimer’s disease [41–43] and multiple sclerosis
[44, 45]. A better understanding of the mechanisms
leading to these sex difference could help develop
more targeted therapies with better outcomes in dis-
eases where sex differences are prominent [46].

In SMA, accumulating evidence of the sexu-
ally dimorphic nature of the pathology in many
affected tissues suggests the presence of sex-specific
vulnerabilities [47]. The ISS-N2-targeting antisense
oligonucleotide (ASO) treatment has also shown
some sex-specific outcomes in a mouse model [11].
Studying sex difference in SMA is critical both for
understanding disease pathogenesis and in devel-
oping more effective treatments. The contradictory
findings related to the role of sex in SMA may be
the result of studies carried out with limited data and
small patient populations. To systematically investi-
gate sex difference across different SMA types from
large patient population, we obtained aggregated data
from two of the biggest SMA registry databases in the
world, TREAT-NMD and Cure SMA. While the pic-
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ture is complex, our data suggest that there are sex
differences across different SMA types, in the sex
ratio of the patients, in symptom severity, in motor
function and in the sex of affected family members. In
addition, sex differences in SMA may be more promi-
nent in certain registry datasets. This study highlights
the potential value of more in-depth studies of the role
of sex in SMA pathogenesis and the consideration of
sex difference in SMA treatments.

MATERIALS AND METHODS

Delaware State University’s Institutional Review
Board (IRB)-Human Subjects Protection Committee
has granted an exemption from the IRB as this project
meets Category 4 of Exempt Research specified in 45
CFR 46.101(b).

TREAT-NMD Global SMA Patient Registry

TREAT-NMD (https://treat-nmd.org) is a network
for the neuromuscular disease field focused on pro-
viding an infrastructure to ensure that the most
promising new therapies reach patients as quickly as
possible. Since its launch in January 2007 the net-
work’s focus has been on the development of tools for
industry, clinicians, and scientists to bring novel ther-
apeutic approaches through preclinical development
and into the clinic, and on establishing best practices
for treating neuromuscular patients worldwide.

The Global SMA Registry of TREAT-NMD links
national SMA patient registries from all over the
world. It collects data from genetically confirmed
SMA patients. The data can be self-reported and/or
provided by professionals. More than 5,000 geneti-
cally confirmed SMA patients worldwide have been
enrolled in the Global SMA Registry database. The
TREAT-NMD Global Registry Network (also known
as TGDOC) is governed by a Charter and managed by
the TGDOC Executive Board. The Board is responsi-
ble for reviewing the requests for data from the Global
Registry Network and managing the enquiry gover-
nance and contracting. Our enquiry was approved by
the TGDOC, and the contract was signed in January
2022. The requested data and data report were sent
back in March 2022.

Our enquiry consisted of four primary questions
which had been further stratified by the sub-group
data items listed below:

Q1: Are there sex-specific difference between dif-
ferent types of SMA, and patients with different
SMN2 copy numbers? Sub-group items included:

number of SMN2 copies, SMA type (by age of first
symptoms), and sex assigned at birth.

Q2: Is the disease severity different between
the sexes within the same type of SMA based
on motor measures? Sub-group items included:
SMA type (by age of first symptoms), clinician
global impression of severity total score – at
diagnosis/symptom onset, and one motor measure
score– at diagnosis/symptom onset. Motor mea-
sure scores included were Children’s Hospital of
Philadelphia Infant Test of Neuromuscular Disor-
ders (CHOP-INTEND), Hammersmith Functional
Motor Scale (HFMS) and Expanded (HFMS-E),
and Revised Upper Limb Module (RULM) scores.
CHOP-INTEND is a clinician-reported outcome
measure designed to assess motor function in very
weak individuals with neuromuscular disorders and
respiratory compromise [48]. It contains 16 items
scored from 0 to 4, the total possible score is 64.
It is a reliable measure of motor skills in patients
with SMA type 1 and neuromuscular disorders pre-
senting in infancy [49]. The HFMS is an assessment
of the physical abilities of SMA type 2 and type
3 patients with limited ambulation. It is an ordinal
scale consisting of twenty items with individual item
scoring as 2 for unaided, 1 for performed with modi-
fication an adaption and 0 for unable [50]. To enable
its use in the ambulant types 3 population, the HFMS
was expanded to include 13 items from the Gross
Motor Function Measure to form the HFMSE [51].
The RULM is a revised version of the Upper Limb
Module, specifically designed to assess upper limb
function in SMA type 2 and type 3 patients. It con-
sists of 19 scorable items, graded on a three-point
system with a maximum total score of 37 points [52].

Q3: What is the SMA type and sex of affected
family member (s)? Sub-group items included: SMA
type (by age of first symptoms), sex assigned at birth
(patient), affected genetically related family member
sex assigned at birth, and affected genetically related
family member SMA type.

Q4: Is the brain development affected differently
between the sexes of type 1 patients? Sub-group items
included: sex assigned at birth, current weight, and
current head circumference.

Twenty-six patient registries representing twenty-
five countries were contacted by the TGDOC and
asked to provide the requested data within the time-
frame of three weeks. The countries contacted includ-
ing Australia, Belgium, Canada, China, Columbia,
Croatia, Czech Republic/Slovakia#, Egypt*, Geor-
gia, Germany/Austria#, Hungary, India, South Korea,

https://treat-nmd.org
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Latvia, Lebanon, New Zealand, Poland, Slovenia,
Spain, Switzerland, Turkey*, Ukraine, and the United
Kingdom (# Represents a registry with dual country
coverage, * This country has more than one patient
registry). TREAT-NMD Data Enquiries include only
data that has been updated in the last 12 months,
however given the disruptions caused by the global
Coronavirus pandemic this has been extended to 24
months for this enquiry.

Cure SMA membership database

The Cure SMA database constitutes one of
the largest patient-reported data repositories on
SMA patients worldwide [53]. Self-identified SMA
patients were automatically assigned a household
and a personal contact ID number in the database.
Aggregated data from the membership of affected
individuals included personal contact ID number,
birthdate, gender, deceased date, date of first con-
tact to Cure SMA, type of SMA, and diagnosis
date [53]. Great thanks to the Chief Medical Officer,
Mary Schroth MD, FAAP, FCCP and the Direc-
tor of Research Data Analytics, Lisa Belter, MPH
for voluntarily providing the aggregated data from
Cure SMA database according the Q1 query for the
TREAT-NMD enquiry. The data included 9542 SMA
patients and it was provided on May 2nd of 2022.

Analysis

Sex ratio difference in SMA patients of different
types and patients with different SMN2 copy
numbers

The proportion (percentage) of male and female
patients of total SMA patients, within different
types of SMA based on symptoms onset and with
different SMN2 copy numbers were calculated.
Significances were tested with a one proportion
Z-test online (https://www.statology.org/one-
proportion-z-test-calculator/). The test statistic is
calculated as: z = (p-p0)/

√
(p0(1-p0)/n), Where:

P = observed sample proportion, p0 = hypothesized
population proportion, n = sample size. P0 was
0.5 based on the estimated overall sex ratio of
the world by the United Nations Population Divi-
sion, Department of Economic and Social Affairs
(https://population.un.org/wpp/Download/Standard/
Population/). The SMA incidence and prevalence
ratio, and carrier frequency were adopted from pub-
lished literature for the analysis of their correlation
with the sex ratio of different countries. To analyze the

correlation between the sex ratios of total population
and SMA in the same country, the average sex ratio
from 1950-2020 was cited from a file downloaded
from the Population Division at United Nations
(https://population.un.org/wpp/Download/Standard/
Population/).

Sex difference in severity and motor scores
To quantify the score of severity, the clinician

global impression of severity score was assigned back
to individual patients based on the result of query.
The severity score was then compared between male
and female patients with different types of SMA
with a student’s t-test. This score was also com-
pared across SMA types among male and female
patients with one-way ANOVA. As the motor scores
of CHOP-INTEND, HFMS-E and RULM total score
were returned with different ranges, the exact score of
individual patients could not be determined. To quan-
tify the motor measurements, the estimated scores of
the median value of each range were assigned to indi-
vidual patients based on the aggregated query result.
For example, if there were 17 males who had CHOP-
INTEND scores in the range of 1–10, the estimated
score of 5.5 [(1 + 10)/2] was assigned to these 17 male
patients, and so for other score range and motor mea-
surements (Table 6). Motor scores were compared
between male and female with different types of
SMA, it was also compared across SMA types among
male and female patients. To minimize the error of
the midpoint motor score estimation described above,
motor score ranges between male and female patients
were ranked and compared with Mann Whitney U
Test (Wilcoxon Rank Sum Test).

SMA1 head circumference and body weight
estimation

The 50th percentiles of head circumference
and body weight of control males and females
at different ages were obtained from the “head
circumference-for-age” and “weight-for-age” charts
of the World Health Organization (WHO) child
growth standards (https://www.who.int/tools/child-
growth-standards/standards), respectively. For
SMA1 patients, the median values of each range
for head circumference and body weight were
assigned to the aggregated patient number from
the database query to estimate the values for each
patient. Similarly, each patient in an age range was
assigned the age of the median value of each range.
The cumulative data was plotted for each age group
and fitted with “Fit Spline/LOWESS” function with

https://www.statology.org/one-proportion-z-test-calculator/
https://population.un.org/wpp/Download/Standard/Population/
https://population.un.org/wpp/Download/Standard/Population/
https://www.who.int/tools/child-growth-standards/standards
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Prism 9 (GraphPad Software, San Diego CA), the
50th percentile value was then read out from the
fitted curve for each age group. The median values of
the age ranges were chosen to get the control value
from the WHO standard charts and plotted together
with the estimated SMA patients’ data. Please see
data conversion in Tables 8, 9.

Statistics

Student’s t-test (two-tailed), Mann Whitney U
test, Pearson correlation, and one-way ANOVA with
Tukey post-hoc test were applied with Prism 9
(GraphPad Software, San Diego CA) unless other-
wise noted. Statistical significance was set at P < 0.05.
The data shown represent mean ± SEM.

RESULT

Sex difference in different types of SMA patients

TREAT-NMD reported a total of 3,838 geneti-
cally confirmed 5q SMA patients from 17 registries
representing 19 counties, which consists of more
than two-thirds (17/26) of the TREAT-NMD Global
SMA Registry Network. Of the reports, eight were
clinician reported, four were patients and clinician
reported, three were patient reported and clinician
verified, and two were patient reported. Details of
responding registries and data entry are included in
Table 1. Cure SMA reported data from 9,542 SMA
patients.

SMA types were classified by symptom onset as
follow: SMA1, between birth and 6 months; SMA2,
between 7 and 18 months; SMA3a, between 18
and 36 months; SMA3b, between 3 and 18 years;
SMA4, over 18 years old. Of the 17 responding
registries, Turkey and the United Kingdom did not
distinguish SMA3 subtypes, so patients of this type
from these countries were included in SMA3a. For
the Cure SMA data, the SMA type of patients was
not verified with age at symptom onset or proof of
genetic testing and the SMA3 type was collected
as a single category. The percentages of patients
classified into different types of SMA in TREAT-
NMD data were as follows: SMA1 23%; SMA2 38%;
SMA3a 24%; SMA3b 10%; SMA4 1%; and age
of symptoms onset unknown 3%. The percentages
of patient classified into different types of SMA in
the Cure SMA data were as follows: SMA1 39%;
SMA2 31%; SMA3 19%, SMA4 3%; and age of
symptoms onset unknown 9%. Of all the patients

from TREAT-NMD, only 1 patient was in the inter-
sex/unspecified/unknown category, and about 5% of
Cure SMA patients were in this category. Please see
the sex distribution in SMA patients of different types
in Table 2.

The percentages of males and females were cal-
culated with the numbers of patients for whom sex
was known from the two databases. Total male and
female patients from TREAT-NMD database were
2,022 and 1,815 respectively (Table 2). The per-
centage of males (52.7%) was significantly higher
than females (47.3%) with one-proportional two-
tailed Z-test (Fig. 1A). The total number of male
(n = 4,528) and female (n = 4,526) patients was about
same for the Cure-SMA data (Table 2; Fig. 1B).
The Cure SMA membership included patients from
United States and from over 100 countries interna-
tionally, and U.S. members make up 76% of the
total membership database. There was no significant
difference in the total number of males (n = 3,423)
and females (n = 3,548) among SMA patients from
U.S. However, the percentage of males (52%) trended
higher than females (48%) in the Cure SMA clini-
cal data registry (Fig. 1C, n = 689, P = 0.05 one-tailed
Z-test).

In the TREAT-NMD data, the percentage of males
was significantly higher than females in most SMA
types except SMA2, and the differences were larger
in the milder SMA types (Fig. 1D). For the Cure
SMA data, there was no significant difference in
sex ratio for any types, but the percentage of male
patients (54.8%) was higher than females (45.2%)
for which the SMA type was unknown (Fig. 1E).
The percentages of females of SMA2 (51.2%) and
SMA3 (51.7%) were higher than males, although
there was no statistical difference. As the patient
numbers in these two types were much larger than
the unknown SMA type group. It is likely that
patients in the SMA type unknown group have
milder forms of SMA, so the skewed sex ratio in
the SMA type unknown group data may not repre-
sent a true difference. The lack of a sex difference
overall in the Cure SMA data is likely due to the
skewed sex ratio in the SMA type unknown group
(Fig. 1B). The contribution of the SMA type unknown
group to the overall difference was even clearer in
the data for American patients in the Cure SMA
database, where the percentage of females (53.8%)
was significantly higher in SMA3 patients, but males
(53.5%) were a higher percentage of the SMA type
unknown group, so overall there was no difference
(Fig. 1F).
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Table 1
TREAT-NMD responding registries and data entry. “Name” is the name of patient registry, “Patients (n)” is the number of patients reported

in the registry, and “Patient (%)” is the percent of the total number of patients represented in the entry

Country Registry Data Entry type Patient (n) Patient (%)

Australia Australian Neuromuscular
Disease Registry

Patient and Clinician reported 152 4.0

Belgium Belgian Neuromuscular
Diseases Registry (BNMDR)

Clinician reported 229 6.0

Canada Canadian Neuromuscular
Disease Registry

Clinician reported 191 5.0

Croatia Croatian Registry for
Pediatric Neuromuscular
disorders

Clinician reported 41 1.1

Czech Republic
and Slovakia

REaDY – DMD & BMD Patient and Clinician reported 312 8.1

Georgia Georgian Pediatric NMD
Registry

Clinician reported 47 1.2

Germany German NMD Registry
(Munich)

Patient reported / clinician
verified

548 14.3

Hungary Hungarian SMA Registry Patient reported/ Clinician
verified

161 4.2

India MDA India – NMD registry Clinician reported 8 0.2
Latvia NMS datu kolekcija Clinician reported 39 1.0
Poland Polish Registry of Patients

with NMDs
Patient reported/ Clinician
verified

848 22.1

Slovenia Registry of Slovenian
Children with NMD

Clinician reported 40 1.0

Spain RegistrAME – Registro
Nacional de Pacientes
FundAME

Patient reported 290 7.6

Switzerland Swiss Registry for
Neuromuscular Disorders

Clinician reported 130 3.4

Turkey KUKAS Patient and Clinician reported 341 8.9
Ukraine Ukrainian Registry of SMA Patient and Clinician reported 314 8.2
United Kingdom UK SMA Patient Registry Patient reported 147 3.8

Table 2
Sex distribution in different types of SMA patients, “unknown” is for the group of SMA patients with unknow age of symptoms onset

SMA types SMA1 SMA2 SMA3a SMA3b SMA4 unknown Total

Treat-NMD Male (n) 474 728 488 232 36 64 2,022
Female (n) 407 744 430 153 12 69 1,815
IUU (n)* 1 1

Cure SMA Male (n) 1,789 1,381 818 138 402 4,528
Female (n) 1,746 1,449 876 123 332 4,526
IUU (n)* 149 129 89 18 103 488

*Intersex/Unspecified/Unknown.

Sex difference in SMA patients with different
copy number of SMN2

The SMN2 copy number is known to corelate with
the severity of SMA symptoms [4]. The percent-
ages of patients for whom the SMN2 copy number
was known were 22.8% of the Cure SMA dataset,
and 70.1% of the TREAT-NMD dataset (Table 3).
Both sets of data showed that with increased SMN2
copy number, the severity of symptoms gets milder
(Fig. 2A, C). The percentage of males (62.9%) was
significantly higher for patients with 4 + SMN2 copies

in the TREAT-NMD data (Fig. 2B). For the Cure
SMA data (Fig. 2D), the percentage of females was
higher in patients with two copies (56.4%) and three
copies (56.2%) of SMN2, but the percentage of males
was higher for patients with unknown SMN2 copy
number (51.4%). The U.S. data for SMN2 copy num-
ber showed the same difference as in the total Cure
SMA data (not shown). As the majority of patients in
the Cure SMA data (77.2%) had an unknown SMN2
copy number (Table 3), the sex ratio observed in
patients with two and three SMN2 copies may not
represent a true difference.
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Fig. 1. Male/female ratio of different types of SMA patients. A–C, the percentage of total male and female patients from TREAT-NMD (A),
Cure SMA membership (B) and Cure SMA clinical data registry (C) databases; D–F, the male and female percentage of different types of
SMA patients from TREAT-NMD (D), Cure SMA membership total (E) and U.S. only (F). *P < 0.05, **P < 0.01 two-tailed Z-test.

Table 3
Sex distribution in SMA patients with difference SMN2 copy numbers, “unknown” is for the group of SMA patients with unknow age of

symptoms onset

SMN2 copy number 1 copy 2 copies 3 copies 4 + copies unknown Total

Treat-NMD Male (n) 20 308 759 334 601 2,022
Female (n) 18 278 774 197 548 1,815
IUU (n)* 1 1

Cure SMA Male (n) 41 363 384 143 3,597 4,528
Female (n) 42 470 492 126 3,396 4,526
IUU (n)* 0 10 14 2 462 488

*Intersex/Unspecified/Unknown.
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Fig. 2. Male/female ratio of SMA patients with different SMN2 copies. A and C, the percentage of patients with different SMN2 copies
in different types of SMA from TREAT-NMD (A) and Cure SMA membership (C) datasets; B and D, the percentage of male and female
patients with different SMN2 copies from TREAT-NMD (B) and Cure SMA membership (D) databases. **P < 0.01 two-tailed Z-test.

Correlation between sex ratio of SMA patients in
a region and the incidence and prevalence of
SMA

It has been reported that the rate of incidence of
SMA varies in different racial and ethnic populations
[53, 54]. The differences we have observed in the sex
ratios of patients in our two datasets may be related
to demographic differences in the populations from
which the data were collected. To test this hypoth-
esis, the available incidence and prevalence rates
for SMA, and the carrier frequency of SMA from
different counties were determined from published
literature [54–62]. The U.S. data from Cure SMA,
and the TREAT-NMD data were stratified by coun-
try of origin of the patients and the sex ratio among
patients was plotted against the male/female ratio
in the country, SMA incidence, prevalence, and car-
rier frequency (Table 4). The male/female ratio was
significantly positively correlated with SMA inci-
dence (Fig. 3A) and prevalence (Fig. 3B), but not
with the carrier frequency (Fig. 3C). This data sug-
gests that higher male/female sex ratio among SMA
patients is associated with higher SMA incidence and
prevalence rates. The sex ratio among SMA patients
was negatively correlated with the population sex
ratio of individual countries averaged from data from
the United Nations Population Division for 1950 to
2020 (Fig. 3D). These results indicate that regional

demographic characteristics may play a role in sex
differences in SMA patients.

Sex difference in symptom severity and motor
function among SMA patients of different types

The above data address whether there are more
males affected than females among SMA patients.
The next question we investigated was whether
males are more strongly affected by the disease
than females. We compared the severity of symp-
toms between male and female SMA patients
with the clinician global impression of severity
total score (Table 5), and patient motor func-
tion with the Children’s Hospital of Philadelphia
Infant Test of Neuromuscular Disorders (CHOP-
INTEND), Hammersmith Functional Motor Scale
Expanded (HFMS-E) and Revised Upper Limb Mod-
ule (RULM) scores from the TREAT-NMD data
enquiry (Table 6). To estimate and quantify differ-
ences in the scores of symptom severity and motor
function, the aggregated data were converted to indi-
vidual data as described in methods (Tables 5, 6), then
the scores were compared between male and female
patients.

For severity scores, the dataset did not have enough
samples for SMA4 for comparison, so that type
was excluded (Table 5). Overall, severity scores
were lower in patients with milder SMA. A one-



J. Sun et al. / Sex Difference in Spinal Muscular Atrophy 855

Fig. 3. Male/female ratio of SMA patients correlates with incidence and prevalence ratio by country. A–D, male/female ratio plotted with (A)
SMA incidence (n = 12, r = 0.67, P = 0.02 two-tailed), (B) SMA prevalence (n = 10, r = 0.68, P = 0.03 two-tailed), (C) SMA carrier frequency
(n = 8, r = 0.27, P = 0.26 one-tailed), (D) the average male/female sex ratio of total population (1950–2020) from United Nations Population
Division (n = 17, r = –0.54, P = 0.03 two-tailed).

Table 4
Male/female ratio, SMA carrier frequency, incidence, and prevalence from different countries

Country Male (M) Female (F) M/F UN M/F Carrier
frequency

Incidence* Prevalence*

Australia 69 83 0.831 0.995 1/50[56] 8.7[57] 0.07[55]

Belgium 116 113 1.027 0.966 11.3[55]

Canada 101 89 1.135 0.983 1/54[57] 0.23[55]

Croatia 23 18 1.278 0.930 21.1[55]

Czech+Slovakia 157 155 1.013 0.951 11.9[55]

Germany+Austria 285 263 1.084 0.955 1/30[57] 25.5[55] 0.43[55]

Hungary 94 67 1.403 0.907 22.6[55] 0.86[55]

Latvia 23 16 1.438 0.850 1/47[58]

Poland 449 399 1.125 0.941 1/35[59] 12[55] 0.88[55]

Slovenia 20 20 1.000 0.970 15.8[55]

Spain 149 141 1.057 0.968 0.30[55]

Switzerland 76 54 1.407 0.967 0.87[55]

Turkey 193 148 1.304 0.971 1/28[60] 0.34[55]

Ukraine 164 150 1.093 0.865 1/31[61] 9.8[55] 0.37[55]

UK 76 71 1.070 0.962 1/50[62] 10.9[55] 0.63[55]

USA 3423 3548 1.000 0.974 1/54[54] 9.1[54]

UN, United Nations; *Per 100,000 population.

way ANOVA test identified the severity score of
male SMA3a patients was significantly lower than of
male SMA1 patients, the severity scores for SMA3b
patients were significantly lower than SMA1 and
SMA2 in both male and female patients; With a two-
tailed t-test, the severity scores of SMA2 and SMA3b

males were shown to be significantly higher than
females in the same SMA type (Fig. 4A). This differ-
ence was also confirmed by Mann Whitney U test (not
shown) in SMA2 (P < 0.05) and SMA3 (P = 0.05),
which suggests that for SMA2 and SMA3, male
patients are more severely affected by the disease.
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Table 5
Clinician global impression of severity total score of SMA patients from TREAT-NMD SMA registry

SMA types SMA1 SMA2 SMA3a SMA3b SMA4

Clinician severity
score

male (n) female (n) male (n) female (n) male (n) female (n) male (n) female (n) male (n) female (n)

1 – Not at all affected 0 0 0 0 0 0 0 0 0 0
2 – Borderline
affected

2 3 0 0 0 0 0 1 0 1

3 – Mildly affected 5 7 3 6 7 3 7 9 1 2
4 – Moderately
affected

5 8 12 13 3 3 6 0 0 1

5 – Markedly affected 15 13 11 14 4 2 0 0 0 1
6 – Severely affected 22 23 7 2 4 1 1 0 0 0
7 – The most
extremely affected

3 3 5 1 1 0 0 0 1 0

Total patients 52 57 38 36 19 9 14 10 2 5

Table 6
Motor scores of SMA patients from TREAT-NMD SMA registry

HFMS-E SMA1 SMA2 SMA3a SMA3b SMA4

range median male (n) female (n) male (n) female (n) male (n) female (n) male (n) female (n) male (n) female (n)

1–11 6 9 6 44 45 15 8 5 3 0 0
12–22 17 1 1 21 30 10 5 4 4 1 1
23–33 28 2 0 21 19 5 4 10 2 0 1
34–44 39 0 1 6 11 9 12 17 11 1 0
45–55 50 1 0 6 14 21 7 17 13 3 2
56–66 61 0 1 3 3 15 17 17 16 4 1

Total patients 13 9 101 122 75 53 70 49 9 5

RULM SMA2 SMA3a SMA3b SMA4

Range median male (n) female (n) male (n) female (n) male (n) female (n) male (n) female (n)

0–5 2.5 8 7 3 0 0 0 1 0
6–12 9 11 7 4 1 0 1 0 0
13–19 16 11 16 4 1 2 2 0 0
20–25 22.5 4 6 5 4 3 2 0 0
26–31 28.5 0 3 1 4 1 2 1 0
31–37 34 1 1 15 11 13 10 2 1

Total patients 35 40 32 21 19 17 4 1

CHOP-INTEND SMA1

range median male (n) female (n)

1–10 5.5 17 15
11–20 10.5 21 13
21–30 25.5 24 26
31–40 35.5 17 19
41–50 45.5 16 15
51–64 57.5 6 14

Total patients 101 102

For motor measurements, the TREAT-NMD
dataset reported aggregated patient numbers for
both CHOP-INTND and HFMS-E scores for SMA1
patients. The estimated CHOP-INTEND score of
female SMA1 patients trended higher than males
(P < 0.05, one-tailed t-test), but no difference was
found in HFMS-E scores between male and female

SMA1 patients (Fig. 4B). For the milder types of
SMA, both estimated HFMS-E and RLUM scores
were reported. Overall, the HFMS-E scores were
higher in milder types of SMA, as the scores of
SMA3a, 3b and SMA4 were significantly higher than
SMA2 in both male and female patients. However,
no difference was found in HFMS-E scores between
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Fig. 4. Sex difference in severity and motor function among different types of SMA patients. A, the clinician global impression of severity
total score of different types SMA patients; B, the CHOP-INTEND and HFMS-E total score of SMA1 patients; C and D, the HFMS-E (C)
and RULM (D) total scores of milder types of SMA patients. *P < 0.05, **P < 0.01 two-tailed t-test, males were compared with females;
#P < 0.05, ##P < 0.01, one-way ANOVA to compare different types of SMA males and females, respectively.

male and female patients in the same type of SMA
(Fig. 4C). The RLUM scores of SMA3a and SMA3b
were higher than SMA2 in both male and female
patients, and the RULM score of females was higher
than SMA3a male patients (Fig. 4D). These data sug-
gest that the motor function of female patients in both
severe and mild SMA trends better. This is consistent
with a recent study which showed a relevant gen-
der effect on motor function in SMA patients, with
higher disease severity reported in males especially
in the young adult age and in SMA3 patients [63].

To confirm our midpoint motor score estimation
above, motor score ranges were ranked and analyzed
with the Mann Whitney U test. We found no signifi-
cant sex differences in motor score ranks in any of the
motor measurements for any type of SMA. This may
be because of the limitation of converting the aggre-
gated scores over such a big range of motor scores.
It also points out the necessity of analyzing individ-

ual data from a large population for a more accurate
comparison of motor measurements.

Affected family members of SMA patients tend to
be male

To study whether SMA equally affects males
and females in the same family, the TREAT-NMD
database was queried by males only and females
only separately (Table 7a), the percentage of affected
family members who were male and female was
compared. The percentages of patients with no
affected family member were not different between
the queries for male patients only and female patients
only (Fig. 5A). The male/female ratio of affected fam-
ily members was significantly higher for the male
patients only query, while being nearly 50 : 50 in the
female patients only query (Fig. 5B). Breaking down
the male patients only query by the SMA type of the
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Fig. 5. Male/female ratio of family member of SMA patients diag-
nosed with SMA. A, the percentage of male and female patients
with no SMA affected family member (Chi-Square test, P = 0.09);
B, the percentage of male and female family member diagnosed
with SMA queried with male patients only and female patients only
respectively; C, the percentage of males and females in affected
family members with different types of SMA queried with male
patients only. **P < 0.01 two-tailed Z-test.

affected family members, the percentages of males
among the SMA1, SMA3a, SMA3b, and symptom
onset unknown groups were significantly higher than
for females (Table 7b, Fig. 5C). This is similar to the
overall male/female ratio for SMA patients of dif-
ferent types shown in Fig. 1D. The non-significance
in the SMA4 group among affected family mem-
bers may be because the number of SMA4 family
members was low (n = 10).

Differences in the developmental trajectories of
male and female SMA1 patients

Our current study and other studies [25, 26] sug-
gest that males appear to be more strongly affected
by SMA, so we looked in more detail at the devel-
opment of patients with SMA1 by comparing the
body weight and head circumference of males ver-
sus females. As described in the methods, to quantify
the data, the aggregate numbers of patients in the
different ranges of body weight and head circumfer-
ences in the TREAT-NMD dataset were assigned the
median value of the range in which they fell. Cumu-
lative distributions of the data were fitted with Spline
to determine the 50th percentile values. To compare
the development of body weight and head circum-

ference to the WHO standards, the median values
for the age ranges in the dataset were used to find
the body weight and head circumference values from
the WHO standard charts and compared with SMA
patients (Tables 8, 9; Fig. 6).

The body weight and head circumference of both
male and female SMA1 patients were lower than the
WHO standards at all ages reported, and both val-
ues were lower in SMA1 female patients than males
as compared to the WHO standards. The inconsis-
tency of values for age 1 month old is likely caused
by the very small patient number in this age group
(Tables 8, 9; Fig. 6). In female SMA1 patients,
both body weight and head circumference showed
the same developmental trend as the WHO standard
but with lower values. In SMA1 males, there was
no significant difference in growth pattern of body
weight from WHO standard and from female SMA1
patients (Fig. 6A). However, the growth pattern of
head circumference in SMA1 males was significantly
slowed by age of 15 months, so that the average
value of age 21 months was lower than 15 months
(Fig. 6B). These results suggest that both body and the
head circumference development are slower in SMA1
patients, and the slower growth of head circumfer-
ence in male patients indicates that brain development
may be more strongly affected in male than female
patients.

DISCUSSION

Sex differences have been reported in many neu-
rodegenerative disorders, however sex differences in
SMA have received limited attention. It is not clear
whether, or how, sex plays a role in SMA pathogen-
esis and responses to treatment. The current study
systematically investigated sex differences in dif-
ferent types of SMA patients with data enquiries
from the two largest databases of SMA patients in
the world: TREAT-NMD Global SMA Registry and
Cure SMA membership database. Our data show that
more males are affected by SMA, male SMA patients
have more male family members affected by SMA,
and male SMA patients have more severe symp-
toms. In addition, head circumference data suggest
that male patients may have greater developmen-
tal deficiencies in the brain. Taken together, these
results from certain registry datasets indicate that
males appear to be more vulnerable to SMA than
females.
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Table 7a
The number of SMA affected family members queried with male and female patients respectively from TREAT-NMD SMA registry

Query seed No affected family Male family Female family IUU family Total

Male patients only 668 249 129 61 1107
Female patients only 600 149 133 55 937

Table 7b
The patient number of different SMA types of affected family members with male patients only query from TREAT-NMD SMA registry

Male patients only query SMA1 SMA2 SMA3a SMA3b SMA4 Unknown

Male family member 29 27 33 43 6 111
Female family member 7 20 15 11 4 72

Fig. 6. Developmental sex differences in the 50th percentile body weight and head circumference in SMA1 patients. A and B, the growth
curve of body weight (A) and head circumference (B) of SMA1 patients plotted with WHO standards.

Modifiers influence the phenotype of SMA

The three officially approved treatments for SMA
(Spinrasa, Zolgensma, and Evrysdi) are based on
an SMN-restoring strategy [64]. They have had
impressive results in extending patient lives and
improving motor function. However, they are not
curative [1]. The overall limitations of these treat-
ments, including the number of non-responders
remain a significant problem, as do adverse effect
complications, and the unknown long-term efficacy
– especially the newly developed treatment Evrysdi
[65]. Optimizing current treatments and develop-
ing combinatorial and alternative approaches are
needed to improve outcomes for SMA patients.
Modifiers that could influence the phenotype of
SMA patients open novel therapeutic possibilities
for SMA treatment [66]. These modifiers act in both
SMN-dependent and SMN-independent ways. SMN-
dependent factors include the genomic integrity of
SMN gene copies, cis- and trans-regulatory factors,

and factors influencing RNA transcription, transla-
tion, or protein stability. SMN-independent factors
facilitate or counteract disease progression via SMN-
downstream pathways. They are involved in major
cellular pathways including cytoskeletal dynamics,
synaptic vesicle recycling and neurotransmission,
axonal transport, control of gene expression and tran-
scription [67].

The SMN complex is involved in many cellu-
lar processes, including DNA replication and repair,
transcription and splicing [68]. Many different pro-
cesses have been reported to be modulators of SMN
complex activities. Recent evidence has identified
post-translational modifications (PTMs) including
phosphorylation, methylation, ubiquitination, acety-
lation, and SUMOylation etc., as ways that the
pleiotropic functions of the SMN complex are regu-
lated [69]. Moreover, epigenomic profiles in the early
embryo and developing germ cells have revealed dra-
matic differences in the distribution of the histone
PTMs and DNA methylation in female and male mice
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(for review see [70]). These studies indicate the pos-
sibility that sexual dimorphism in these chromatin
marks, could interact with SMN-related epigenetic
modifications to lead to sex differences in SMA.

Of the SMN-independent modifiers, three – PLS3,
USP9X and UBA1, are known to be encoded on the
X chromosome and affect SMA severity in a sex-
specific manner [47, 71]. For example, it has been
reported that asymptomatic SMN1-deleted females
exhibit significantly higher expression of PLS3 than
their SMA-affect siblings [8]. PLS3 expression has
been found to be significantly higher in female
patients older than three years, and higher in SMA3
patients than SMA2 patients. In SMA3 patients,
those who could walk had higher PLS3 expression
than patients who were unable to walk [72, 73].
UBA1 loss was observed in induced pluripotent stem
cell-derived motor neurons from SMA patient, and
systemic restoration of UBA1 ameliorates SMA phe-
notype in a mouse model [12]. In addition, mutations
of UBA1 cause a very rare, non-SMN-dependent
form of SMA in human patients [74]. These stud-
ies suggest that modifier proteins with sex-influenced
expression can play a role in SMA incidence and
severity.

Non-X chromosome genes coding for sex specific
SMN-independent SMA modifiers have also been
reported. For example, TIA1 was reported as a sex-
specific disease modifier in a mild mouse model
of SMA. Knockout of TIA1 showed exacerbated
developmental defects in male but not in female
reproductive organs, promoted body weight only in
male mice, and early tail necrosis in female but not
in male mice [75]. Myostatin inhibition promoted
stronger body weight in male than female in SMA
mouse models [15]. Overexpression of ZPR1 was
associated with better improvement in females, with
higher body weight and lifespan increases compared
to male mice [16].

Sex is a risk factor for SMA

Sex differences in SMA have been noticed in
earlier case studies, but they did not attract much
attention and have not been systematically studied.
Before the genetic cause of SMA was revealed, there
were reports of sex differences in both Werdnig-
Hoffmann and Kugelber and Welander diseases. In
1958, Schmid reported two sisters showed milder
manifestations than their brother with infantile SMA
Werdnig-Hoffmann disease (SMA1) in a German
family with five children [76]. Pearn reported two

times more males than females in 78 SMA1 patients
in U.K., however no sex differences in familial cases,
age of onset or life expectancy were reported [17].
Sprira reported that a male patient with Kugelber and
Welander SMA was the most severely affected in a
family of 7 in Israel [77]. Dubowitz reported on 12
cases in London with symptom onset in infancy and
survival into childhood and adolescence, in which
affected males had much more severe symptoms than
their female siblings [78]. The predominance of male
patients in the milder forms of SMA were reported
afterwards in Japanese [19, 25] and Polish [18, 21, 24]
and other [26] populations. However, there was no sex
difference in sex ratio and severity reported for either
Werdnig-Hoffman or Kugelberg-Welander forms of
SMA in 91 Canadian cases [22]. A report from an
Australian group found no significant sex differences
among patients with SMA1 or SMA2, but patients
with SMA3b demonstrated a female predominance
in 70 genetic diagnosed patients [20].

This inconsistency is present in our study too. In
our TREAT-NMD dataset, the percentage of males
was significant higher in all types of SMA except
SMA2. Males were predominantly and more strongly
affected than females, and more male family mem-
bers were affected as well. This is consistent with
other studies discussed above. However, in SMA
patients in the Cure SMA membership dataset we
found no overall sex differences. In our datasets
more than 90% of TREAT-NMD patients were from
European countries, while the Cure SMA member-
ship data included patients from over one hundred
countries with 75.7% patients from the U.S. Our
study and others suggest sex is a risk factor in SMA
epidemiology and pathology. However, the inconsis-
tency between the two datasets we queried, and in
the other studies discussed above indicate that sex
differences may be more common in certain popu-
lations. Indeed, we found that the sex ratio of SMA
patients within a country was correlated with overall
SMA incidence and prevalence rates for that country.
Higher male/female ratios among SMA patients were
correlated with higher SMA incidence and prevalence
rates, and inversely correlated to the total population
male/female ratio. This result suggests that genetic
background may play a role in sex differences in SMA
patients from different registry datasets [54, 55].

SMN2 copy number is strongly correlated with
SMA severity [4]. However, we found significantly
more males only in patients with more than four
SMN2 copies. Our results for fewer than four copies
of SMN2 are consistent with a study reporting no
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overall difference in the distribution of SMN2 copies
between sexes [26]. If SMA symptoms tend to be
more severe in males, the higher incidence of males
in the population of patients with high numbers of
SMN2 copies suggests that females with high copy
numbers of SMN2 are more likely to appear normal
and therefore less likely to be diagnosed with SMA.

Interestingly, a recent study reported that weight
and supine length growth are more linear in females
with SMA1 and SMA2, while SMA1 males showed
a decrease in weight, length, and body mass index
velocity at about 3 years of age, and males with
SMA2 showed a decrease in both weight and length
growth velocity after about 6 years of age [79]. This is
consistent with our results showing a decline in aver-
age head circumference at age of 21 months in male
SMA1 patients. Growth in head circumference in
female SMA1 patients was more linear, even though
it was lower than the WHO growth standard. These
data suggest the presence of sex differences in the
development of SMA children.

Male infertility may also be a concern among mild
SMA patients, as male reproductive defects includ-
ing testicular hypofunction and infertility have been
reported in mild SMA patients [80]. However, the
fertility of woman does not appear to be affected by
SMA [81]. This difference is supported by studies
in a mild SMA mouse model. Impaired testis devel-
opment, degenerated seminiferous tubules, reduced
sperm count and low fertility in males SMA mice
were reported, but no overt sex organ phenotype in
female SMA mice [82].

Overall, these studies indicate sex is a risk factor
in SMA patients, which needs further investigation.

Potential mechanisms of SMA sex difference:
genetic background, sex hormones and
X-chromosome inactivation escape genes

Human SMN1 and SMN2 gene copies lie within
a repeat unit of a copy number variant on chro-
mosome 5q13. A large genetic variability has been
found in the number of repeat units (null to four)
per chromosome, and the size, and orientation of this
copy number variant [67]. Heterozygous carriers of
SMA include four main groups of genotypes due to
different SMN1 copy numbers and point mutation
or microdeletion of SMN1. Generally, the estima-
tion of the incidence of SMA is around 1 in 10,000
live births, and a prevalence of 1-2 per 100,000 per-
sons. However, significant regional differences exist.
This could be because of the method of calcula-

tion and/or population size. It could also indicate
regional genetic pool difference in the incidence
of SMA [55]. The strong correlation of sex ratio
with SMA incidence and prevalence in our study
supports this regional/ethnical difference. Additional
support comes from the inverse correlation of SMA
sex ratio with the overall population sex ratio in
the countries analyzed. Higher male/female ratio in
SMA correlated to lower male/female ratio of the
total population in the same country. The mechanism
underlying this correlation is not known.

It Is known that sex steroid hormones exert sig-
nificant effects on neural development and that
manipulation of sex hormones during critical peri-
ods results in permanent neural changes. Sex-related
differences in vulnerability to neurobiological disor-
ders might be due to sexual dimorphisms established
during development, as well as to levels of steroid
hormones [83]. The brain is particularly vulnerable
to age-related androgen loss [84] and the diminish-
ment of estrogen in postmenopausal woman [85]. A
neuroprotective role for sex hormones in the brain
against neurobiological disorders and injury has been
reported [86]. The influence of sex hormones in skele-
tal muscle quality and health may also contribute to
dimorphic responses between sexes during muscle
pathologies [87]. It is well established that andro-
gens and estrogens and their respective receptors have
specific actions on the different bone envelopes dur-
ing bone growth and bone maintenance in both sexes
[88]. Sex hormones also affect immune responses
which could lead to variability in disease phenotypes
[89]. Studies also suggest that sex hormones ame-
liorate the regressive changes in motor neuron and
muscle morphology after spinal cord injury [90].

ALS is a motor neuron disease which shows sexual
dimorphism in its incidence, age of onset and pro-
gression rate [91]. In ALS mouse models, androgen
and estrogen receptors are differently dysregulated in
motor neurons and astrocytes [92]. Androgen recep-
tor gene mutation of the proximal long arm of the
X chromosome is the genetic cause of a rare form
of spinal muscular atrophy, spinal and bulbar mus-
cular atrophy (SBMA) [93]. Gene therapy with the
androgen receptor isoform for SBMA is under study
[94]. In SMA, so far, there has been no report of sex
hormone and reproductive system changes in SMA
patients, but severe impairment of male reproduc-
tive organ development was reported in a mild SMA
mouse model [82]. These studies on the role of sex
hormones in neurological disorders and motor neu-
ron diseases, and the sex differences in SMA patients
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Table 8
Conversion of the aggregated body weight data to midpoint data in SMA1 patients for growth trend plot in Fig. 6 from TREAT-NMD SMA

registry. The n numbers for males and females are the number in that age range across all body weight ranges

Age range Body weight ranges (Kg) Male (n) Female (n)
(month)

0–2 <2 2 < 3 3 < 4 4 < 5 5 < 6 6 < 7 7+ 3 1
2–6 <4 4 < 5 5 < 6 6 < 7 7 < 8 8 < 9 9+ 15 33
6–12 <6 6 < 7 7 < 8 8 < 9 9 < 10 10 < 11 11+ 34 41
12–18 <7 7 < 8 8 < 9 9 < 10 10 < 11 11 < 12 12 < 13 13+ 28 23
18–24 <8 8 < 9 9 < 10 10 < 11 11 < 12 12 < 13 13 < 14 14 < 15 15+ 18 23

Age (month) Body weight (kg) Male (n) Female (n)

1 1.5 2.5 3.5 4.5 5.5 6.5 7.5 3 1
4 3.5 4.5 5.5 6.5 7.5 8.5 9.5 15 33
9 5.5 6.5 7.5 8.5 9.5 10.5 11.5 34 41
15 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 28 23
21 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 18 23

Table 9
Conversion of the aggregated head circumference data to midpoint data in SMA1 patients for growth trend plot in Fig. 6 from TREAT-NMD

SMA registry. The n numbers for males and females are the number in that age range across all head circumference ranges.

Age range (month) Head circumference ranges (cm) Male (n) Female (n)

0–2 <32 32 < 34 34 < 36 36 < 38 38 < 40 40 < 42 42+ 3 1
2–6 <36 36 < 38 38 < 40 40 < 42 42 < 44 44 < 46 46+ 12 25
6–12 <40 40 < 42 42 < 44 44 < 46 46 < 48 48 < 50 50+ 22 35
12–18 <42 42 < 44 44 < 46 46 < 48 48 < 50 50 < 52 52+ 17 20
18–24 <44 44 < 46 46 < 48 48 < 50 50 < 52 52 < 54 54+ 9 17

Age (month) Head circumference (cm) Male (n) Female (n)

1 31 33 35 37 39 41 43 3 1
4 35 37 39 41 43 45 47 12 25
9 39 41 43 45 47 49 51 22 35
15 41 43 45 47 49 51 53 17 20
21 43 45 47 49 51 53 55 9 17

observed in our study indicate that sex hormones
may play a role in the sexual dimorphism of SMA,
something which requires more attention and inves-
tigation.

X-chromosome inactivation refers to the fact that
in female mammals, for most genes on the X chro-
mosome, one allele on one of the X-chromosomes is
silenced. In humans, about 15% of X-linked genes
escape inactivation to some degree [95]. Differences
in the identity and distribution of escaped genes
between species and tissues suggest a role for these
genes in the evolution of sex differences in specific
phenotypes. Escaped genes have higher expression
levels in females than in males implying that they may
play a role in sexual dimorphism in complex diseases
[96]. Among these escape X-linked genes, PLS3,
USP9X, and UBA1 have been recognized as positive
SMA modifiers [47]. The female-biased expression

of PLS3, USP9X and UBA1 may contribute to sex
differences of SMA [8, 97]. Other X-linked genes that
may have sex-specific effects on SMA phenotypes
include the androgen receptor gene, cell-signaling
receptor genes and microRNA genes [95]. The pro-
tein and microRNAs coded by some of these genes
have direct or indirect interactions with SMN gene
products [98, 99]. More study of X-chromosome
linked modifiers will advance understanding of sex
differences in SMA symptoms and aid in developing
novel treatments.

Conclusion and recommendations

Our study suggests that there are sex differences
in SMA incidence, phenotypes, and development.
However, the limitations of the aggregated data in
our datasets prevented determination of details in
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the differences in the phenotypes and development
deficiencies in SMA patients. In the TREAT-NMD
dataset there was a high variability in the size of
the samples from different countries, and the lack of
knowledge of genetic background was a limitation.
The total patient numbers were rather small for SMA4
patients with reported severity and motor scores, and
for SMA1 patients with reported developmental mea-
surements. These limitations prevent our conclusions
from being definitive. Additional studies with data
from patients with same genetic background, and who
can be age- and sex-matched would make the results
more conclusive.

This study strongly indicates the need for more
systematic study of sex differences among different
populations of SMA patients. Future studies require
more careful data management and broader avail-
ability of detailed patient information including age,
gender, ethnicity, and family history, the severity
and disease progression, and the treatment regimens.
Thoroughly investigating the mechanisms of sexual
dimorphisms in SMA will not only lead to bet-
ter understanding of the sex-specific pathologies of
SMA, it is also of utmost importance for developing
effective therapies. This study also strongly supports
considering sex in selecting clinical therapies and
evaluating potentially sex-specific outcomes, which
will allow more complete understanding of the effec-
tiveness of current therapies and potential avenues for
developing alternative treatments.
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