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Abstract

The objective of the study is to evaluate the evolving phenotype and genetic

spectrum of patients with succinic semialdehyde dehydrogenase deficiency

(SSADHD) in long-term follow-up. Longitudinal clinical and biochemical data

of 22 pediatric and 9 adult individuals with SSADHD from the patient registry

of the International Working Group on Neurotransmitter related Disorders

(iNTD) were studied with in silico analyses, pathogenicity scores and molecu-

lar modeling of ALDH5A1 variants. Leading initial symptoms, with onset in

infancy, were developmental delay and hypotonia. Year of birth and specific

initial symptoms influenced the diagnostic delay. Clinical phenotype of 26 indi-

viduals (median 12 years, range 1.8–33.4 years) showed a diversifying course

in follow-up: 77% behavioral problems, 76% coordination problems, 73%

speech disorders, 58% epileptic seizures and 40% movement disorders. After

ataxia, dystonia (19%), chorea (11%) and hypokinesia (15%) were the most fre-

quent movement disorders. Involvement of the dentate nucleus in brain imag-

ing was observed together with movement disorders or coordination problems.

Natalia Alexandra Julia-Palacios, Oya Kuseyri Hübschmann, Àngels García-Cazorla and Thomas Opladen contributed equally to this study.

Take-home message: Our findings from a comprehensive longitudinal study on patients with succinic semialdehyde dehydrogenase deficiency
(SSADHD) highlight the evolving nature of the disease phenotype over time and expand the genotypic spectrum. We were able to observe diverse
clinical manifestations, particularly in relation to movement disorders. The study underlines the importance of continuous clinical monitoring and
emphasizes the use of in silico approaches.
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Short attention span (78.6%) and distractibility (71.4%) were the most fre-

quently behavior traits mentioned by parents while impulsiveness, problems

communicating wishes or needs and compulsive behavior were addressed as

strongly interfering with family life. Treatment was mainly aimed to control

epileptic seizures and psychiatric symptoms. Four new pathogenic variants

were identified. In silico scoring system, protein activity and pathogenicity

score revealed a high correlation. A genotype/phenotype correlation was not

observed, even in siblings. This study presents the diversifying characteristics

of disease phenotype during the disease course, highlighting movement disor-

ders, widens the knowledge on the genotypic spectrum of SSADHD and

emphasizes a reliable application of in silico approaches.
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1 | INTRODUCTION

Succinic semialdehyde dehydrogenase deficiency (SSADHD;
OMIM #271980) is the most frequent inherited disorder of
γ-aminobutyric acid (GABA) metabolism and is caused by
homozygous or compound heterozygous variants in the
ALDH5A1 gene (610045) on chromosome 6p22. Its impair-
ment leads to the accumulation of large quantities of
GABA and γ-hydroxybutyric acid (GHB; 4-hydroxybutyric),
especially in the central nervous system (CNS).

GABA, the CNS major inhibitory neurotransmitter, is
formed from glutamate by pyridoxal-5-phosphate-
dependent glutamate decarboxylase. It is catabolized into
succinic acid through the sequential action of two mito-
chondrial enzymes, GABA transaminase (GABA-T) and
succinic semialdehyde dehydrogenase (SSADH). Succinic
acid enters the Krebs cycle and is converted to
2-oxoglutarate, which further leads to the synthesis of glu-
tamate. In the absence of SSADH, the accumulation of
succinic semialdehyde results in its conversion to GHB.

High concentrations of GABA and GHB, are detectable
in cerebrospinal fluid (CSF) and urine of individuals with
SSADHD and are related to the neurological manifestation
of the disease, but this is not a known pathophysiological
explanation as far as the literature states, and there still is
need of further study. In addition, recent evidence suggests
that multiple metabolic perturbations may be associated
with the pathophysiology including involvement of the
mitogen-activated protein kinases (MAPK) pathway affect-
ing the myelination,1 dysregulation of autophagy and oxi-
dative stress via mTOR pathway2 and astrogliosis and
myelin-related phospholipid reduction.3

In SSADHD, the first symptoms appear at an average
age of 11 months (range 0–44 months). However, the

mean age at diagnosis was reported as 6.6 years.4,5 In 10%
of patients, the diagnosis was made after the first decade,
or even in the sixth decade. Phenotypic spectrum is
broad, and no genotype–phenotype relationship has been
described to date.6 The disease presents with a wide spec-
trum of symptoms: hypotonia, nonprogressive ataxia,
hyporeflexia, developmental delay, expressive language
impairment, obsessive-compulsive disorder (OCD), atten-
tion deficit hyperactivity disorder (ADHD), sleep distur-
bances and epilepsy.5,7–9 Despite the fact that the
treatment of SSADHD currently relies mainly on a symp-
tomatic approach,5 various therapeutic strategies aimed
at directly addressing the underlying deficiency have
been developed in animal models such as Aldh5a1 homo-
zygous knockout mouse model. These strategies include
liver-directed adenoviral10 approaches and systemic injec-
tion of recombinant SSADH proteins, as demonstrated by
Vogel et al.11 Moreover, the recent development of a
novel SSADHD mouse model capable of on-demand res-
toration of SSADH offers significant implications for
proof-of-concept studies and represents a promising
advancement towards the clinical translation of this
research.12,13 Since the initial description in 1981, about
450 patients have been reported. However, due to the
nonspecific clinical presentation that overlaps with vari-
ous neurological disorders, SSADHD is likely underdiag-
nosed. Consequently, a high level of clinical suspicion is
required to initiate the diagnostic work-up, consisting of
the determination of GHB concentration in urine, fol-
lowed by mutation analysis. To date, over 52 pathogenic
variants have been identified.6,14

This current study presents a standardized longitudi-
nal evaluation of patients with SSADHD enrolled in the
patient registry of the “International Working Group on
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Neurotransmitter related Disorders (iNTD)”.15 It focuses
on the disease-specific initial clinical and biochemical
presentation, highlights the diversifying evolving pheno-
type during the disease course and widens the knowledge
on the genotypic spectrum of SSADHD.

2 | METHODS

The iNTD patient registry study is a multicenter, uncon-
trolled, non-randomized, open, unblinded observational
study, registered German Clinical Trials Register, https://
www.drks.de, DRKS00007878. The iNTD patient registry
is web-based and password-protected (https://www.
intd-registry.org). Patients' data is collected after written
informed consent is obtained by physicians at each par-
ticipating iNTD center. After a baseline visit, longitudinal
follow-up visits are performed annually.

Exclusion criteria applied in the iNTD patient regis-
try are severe comorbidities in the newborn period,
e.g., severe intraventricular hemorrhage (III–IV), birth
weight <1500 g, kernicterus, Down syndrome, and
embryo-fetal disease due to maternal alcohol or drug
abuse.

2.1 | Data description

Gestational age (GA) was calculated based on completed
weeks of gestation. Preterm pregnancy was defined as
delivery before 37 completed (<37 + 0) weeks of gesta-
tion.16 Small for gestational age (SGA) was defined as
birth weight (BW) below the 10th percentile (perc).
Microcephaly was defined as head circumference at birth
(BHC) below the 3rd perc.17 Symmetrical intrauterine
growth restriction (sIUGR) referred to BW, BHC and
birth length (BL) below 10th perc.18 The current age in
Table S1 is as of June 2022.

The description of clinical symptoms was available in
the medical history and clinical examination form in a
controlled vocabulary. Localization and type of muscular
symptoms as well as types, frequency and length of epi-
leptic seizures were specified. Free text boxes were pro-
vided for additional symptoms and observations.

Cranial MRIs were performed in the respective study
centers. Standardized imaging reports form of the iNTD
registry was analyzed.

Behavior and emotional characteristics were assessed
using a self-report (for patients >13 years) or a parental
report form, as previously described.19

Selective screening described diagnostic procedures ini-
tiated after the onset of symptoms while high-risk family
screening was undertaken due to an affected individual in

the family before the onset of disease-related signs or
symptoms.

The variant description was according to the Human
Genome Variation Society (HGVS) guidelines and refers
to transcript ID NM_001080.3 for ALDH5A1.

2.2 | Statistical analysis

Statistical analyses were performed in R (version 4.0.2).
Standard deviation scores (SDSs) for anthropometric vari-
ables at birth were computed according to Fenton and
Kim.20 Numeric variables were compared between two
independent groups with Wilcox–Mann–Whitney (WMW)
test, or t-test with Welch correction, setting p < 0.05 as sig-
nificant. Classification and regression trees (CART) were
used to identify constellations of symptoms that might
have an impact on the age at diagnosis or diagnostic delay
(= age at diagnosis � age at initial symptom).

Frequent combinations of behavioral traits were dis-
played as combinations of two to a maximum of four
traits according to ECLAT algorithm implemented in R
package ‘arules’.21 We used the eclat algorithm to mine
frequent two or three set of traits, and report most 30 sets
of item-sets and their frequency (support).

2.3 | In silico analysis

SIFT,15 Polyphen-2,22 REVEL23 and CADD24 predictors
were used to predict the functional effect of ALDH5A1
missense variants. The molecular models of missense
mutations were based on SSADH, 2w8n X-ray crystal
structure25 at 2.0 A of resolution. The molecular models
of the mutant proteins were energy minimized using
GROMACS.26 Pymol327 was used to visualize the effect
of the variants on the protein structure and function.

3 | RESULTS

3.1 | Description of the study population

Between January 1, 2015, and May 15, 2020, 429 individ-
uals were enrolled in the iNTD patient registry. Thirty-
one patients (17 male, age range 1.5–33.4 years) from
27 families had the diagnosis of SSADHD and one patient
of GABA-T deficiency. The latter is not the objective of
this study. Twenty five out of 31 patients with SSADHD
were born in Europe, five in Asia and one in North
America. Consanguinity was reported in five cases
(SSADHD_06, _09, _22, _28, and _29). Four families with
two affected children each were registered (Table S1).
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There was one further patient with one affected sibling
who was not enrolled in the iNTD registry study.

3.2 | Initial presentation and diagnostic
work-up

Only one premature newborn was registered (35 weeks
of gestation). SGA was reported in 29% (8/28) of patients
while 5% (1/20) had a BL below the 10th perc. 13% (2/16)
had a BHC <10th perc. but none showed microcephaly.
sIUGR was not observed. Hyperbilirubinemia and feed-
ing problems were the most frequent postnatal problems.

The most common initial symptom was developmen-
tal delay followed by truncal hypotonia with or without
limb hypotonia, (60% of cases truncal hypotonia was
accompanied by limb hypotonia) (Figure 1A). Behavioral
problems (autistic traits [n = 3], hyperactivity [n = 1]),
speech disorders (affecting expressive language skills,
n = 2) and gastrointestinal problems (bowel and feeding
problems, n = 2) were entered commonly as additional
initial symptoms (Table S1). Symptom onset occurred in
infancy (n = 26, median 6 months, mean 8.9 months,
range 1–24 months). Only one patient (SSADHD_02) pre-
sented with developmental and feeding problems in the
neonatal period.

All children were diagnosed via selective screening
after being symptomatic except three patients detected via
high-risk family screening. The median age at the time of
diagnosis was 21 months (n = 30, mean 46.6 months, SD

48.3 months, range 2 days–16 years). The confirmation of
suspected diagnosis was established by determination of
GHB in urine and/or genetic analysis of the ALDH5A1
gene. GHB concentration in urine was increased in 17/18
cases (normal range 0–14 nmol/L, measured concentra-
tions in the range of 5.8–1535 nmol/L, mean 419 nmol/L,
median 336 nmol/L, SD 398 nmol/L. n = 16). GHB con-
centration in the normal range (5.8 nmol/L) was detected
in an individual SSADHD_21, who was diagnosed at the
age of 2 days because of an index patient (SSADHD_20) in
the family (Table S1). GABA concentration in CSF was
elevated in three cases that were tested (normal range 0–
0.01 and 0–1 μmol/L, age-dependent references, measured
concentrations in the range of 2.16–270 μmol/L, mean
98.85 μmol/L, median 24.40 μmol/L, SD 148.63 μmol/L).
Homovanillic acid concentration was in normal range in
two cases and elevated in one case. 5-hydroxyindoleacetic
acid was decreased (n = 1), increased (n = 1) or in normal
range (n = 1).

The median diagnostic delay was 17 months (mean
34 months, SD 45 months, range �11.5 to 182.7 months).
Age at diagnosis as well as the diagnostic delay was influ-
enced by specific initial symptoms: developmental delay
or truncal hypotonia was associated with later age at
diagnosis (3.6 years, WMW-test, p = 0.19) and with a lon-
ger diagnostic delay (37 months, WMW-test, p = 0.16)
than presentation with epilepsy, limb hypotonia or sleep
problems (diagnostic age 1.5 years, diagnostic delay
12 months, Figure 2A,B). Patients born before 2005 had a
statistically significant longer latency to diagnosis (mean

FIGURE 1 The frequency of initial symptoms (A, n = 31) and symptoms in follow-up (B, n = 26).
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65.9 months, SD 58.5 months) than those born after 2005
(mean 16 months, SD 21.6 months; p = 0.029, WMW-
test, Figure 2C).

3.3 | Evolving phenotype

Follow-up neurological examinations were available in
17 pediatric and 9 adult individuals (n = 26, 84% of total
study population), the vast majority (n = 21) older than
5 years (median 12 years, mean 12.3 years, SD 7.77 years,
range of 1.8–33.4 years, Figure 1B, Table S1). A remark-
ably high frequency of movement disorders (dystonia
[n = 5], chorea [n = 3], tremor [n = 1], hypokinesia
[n = 4], bradykinesia [n = 1], dyskinesia [n = 1], atheto-
sis [n = 1]) or coordination problems (ataxia [n = 8],
clumsiness [n = 6], gait disturbance [n = 12]) were
observed in 22/25 cases (Table 1 and Table S1). In 3/5
cases, dystonia resolved in follow-up. Hypokinesia was
transient in 2/4 cases, stable in one case and worsened in
the case. Differing evolution was also observed for cho-
rea: transient (n = 1), stable under medication (n = 1)
and stable with onset in infancy (n = 1) (Table 1). In

21 patients (out of 22) that presented with developmen-
tal delay initially, the affection of developmental
aspects was documented as scattered in multiple
domains such as behavioral, psychiatric, speech and
motor disorders with growing age (Figure 1B). Behav-
ioral problems (including autism, obsessive disorder,
aggression, ADHD), were observed in 20/26 cases, and
an impairment of language development � mainly
affecting the expressive domain � in 19/26. Nearly all
patients had special educational needs according to
their age (Table S1).

Data about behavioral traits were available in
14 parental reports in the last visit (median 9.7 years,
mean age 11.7 years, SD 7.5 years, range 1.6–28.7 years).
Among 33 traits, short attention span (78.6%, n = 11,
mild/moderate n = 6, severe n = 5) and distractibility
(71.4%, n = 10, mild/moderate n = 6, severe n = 4) were
the most frequently mentioned ones while impulsiveness
(5/6), problems communicating wishes or needs (4/7)
and compulsive behavior (4/8) were addressed as strongly
interfering with family life (Figure 3A,B). Eight (57%)
patients presented with more than 9 behavioral traits,
two with 5–9 and four with 2–4. Distractibility and/or

FIGURE 2 Initial symptoms influence the age at diagnosis (A) and diagnostic delay (B). Age at diagnosis was higher (A, WMW-test,

p = 0.19) and time point of the diagnosis later in life (B, WMW-test, p = 0.16) in patients presenting with developmental delay and truncal

hypotonia. n, number of patients. (C) Year of birth showed a significant effect on diagnostic delay; bold line: significant, WMW-test,

p = <0.05. Sibling pairs are coloured respectively.

JULIA-PALACIOS ET AL. 5

 15732665, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12723 by C
ochraneItalia, W

iley O
nline L

ibrary on [27/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

1
C
h
ar
ac
te
ri
za
ti
on

of
m
ov
em

en
t
di
so
rd
er
s.

P
at
_I
D

A
ge

of
on

se
t

T
yp

e
of

m
ov

em
en

t
D
es
cr
ip
ti
on

of
m
ov

em
en

t
Se

ve
ri
ty

(o
n
se
t
an

d
ev

ol
u
ti
on

)
B
ra
in

M
R
I
(a
ge

)

Sp
ec
if
ic

tr
ea

tm
en

t
fo
r

m
ov

em
en

t
d
is
or
d
er

sp
ec
tr
u
m

SS
A
D
H
D
_1
0

14
ye
ar
s

A
ct
io
n
tr
em

or
In
te
n
ti
on

al
ac
ti
on

tr
em

or
af
fe
ct
in
g
h
an

ds
M
il
d
!

st
ab
le

A
V
10

ye
ar
s:
In
cr
ea
se
d
T
2-
w
ei
gh

te
d
si
gn

al
of

G
P,

an
d
n
uc
le
us

de
n
ta
tu
s

N
o

SS
A
D
H
D
_1
4

10
ye
ar
s

B
ra
dy

ki
n
es
ia
,

h
yp

ok
in
es
ia
,r
ig
id
it
y,

h
yp

om
im

ia

G
en

er
al
iz
ed

M
od

er
at
e
at

on
se
t
bu

t
pr
og
re
ss
ed

ov
er

th
e
la
st

ye
ar

w
it
h
ou

t
a
cl
ea
r

tr
ig
ge
r.
C
ur
re
n
tl
y
is

se
ve
re

an
d
li
m
it
s
th
e

am
bu

la
ti
on

(n
on

-
am

bu
la
n
t)
w
it
h

se
co
n
da

ry
jo
in
t

re
tr
ac
ti
on

s

A
V
8
an

d
11

ye
ar
s:
In
cr
ea
se
d
T
2-
w
ei
gh

te
d
si
gn

al
of

G
P,

w
h
it
e
m
at
te
r
an

d
n
uc
le
u
s
de
n
ta
tu
s.

In
cr
ea
se
d
T
2-
w
ei
gh

te
d
si
gn

al
an

d
at
ro
ph

y
of

ce
re
be
ll
ar

co
rt
ex

an
d
co
rp
u
s
m
ed
ul
la
re

2
m
on

th
s
un

de
r
tr
ea
tm

en
t

w
it
h
L
do

pa
/c
ar
bi
do

pa
(3
00

m
g
L
do

pa
pe
r

da
y)
,w

it
h
ou

t
im

pr
ov
em

en
t

SS
A
D
H
D
_1
9

1.
8
ye
ar
s

(c
h
or
ea
)

D
ys
to
n
ia
,c
h
or
ea

N
/A

M
il
d
dy

st
on

ia
an

d
m
od

er
at
e

ch
or
ea

!
dy

st
on

ia
di
sa
pp

ea
re
d

N
/A

N
o

SS
A
D
H
D
_2
0

3.
5
ye
ar
s

D
ys
to
n
ia

A
ct
io
n
dy

st
on

ia
af
fe
ct
in
g

up
pe
r
li
m
bs

(p
al
m
s
an

d
fi
n
ge
rs
)

M
il
d
!

re
so
lv
ed

N
or
m
al

N
o

SS
A
D
H
D
_2
1

N
/A

D
ys
to
n
ia

A
ct
io
n
dy

st
on

ia
af
fe
ct
in
g

lim
bs

M
od

er
at
e
!

N
/A

A
V
7
m
:I
n
cr
ea
se
d
T
2-
w
ei
gh

te
d
an

d
F
L
A
IR

si
gn

al
of

G
P.

In
cr
ea
se
d
T
2-
w
ei
gh

te
d
si
gn

al
of

su
bc
or
ti
ca
lw

h
it
e
m
at
te
r,
w
it
h
in
cr
ea
se

di
ff
us
io
n

on
A
D
C
m
ap

pi
n
g

N
o

SS
A
D
H
D
_2
2

N
/A

H
yp

ok
in
es
ia

N
/A

M
il
d
!

re
so
lv
ed

A
V
12
.1
:T

2
h
yp

er
in
te
n
si
ty

in
G
P
an

d
n
uc
le
us

de
n
ta
tu
s

N
o

SS
A
D
H
D
_2
5

1
ye
ar

D
ys
to
n
ia
,

dy
sd
ia
do

ch
ok

in
es
ia
,

cl
um

si
n
es
s

G
en

er
al
iz
ed

dy
st
on

ia
M
ar
ke
d

dy
sd
ia
do

ch
ok

in
es
ia
,a
n
d

m
od

er
at
e

dy
st
on

ia
!

st
ab
le

A
V
15

ye
ar
s:
Pe

rs
is
te
n
ce

of
a
n
od

ul
ar
-i
m
pr
es
si
ve

T
2

or
F
L
A
IR

si
gn

al
el
ev
at
io
n
in

th
e
tr
an

si
ti
on

fr
om

th
e
gl
ob

us
pa

lli
du

s
on

th
e
ri
gh

t
to

th
e
po

st
er
io
r

li
m
b
of

th
e
in
n
er

ca
ps
ul
e.
T
h
e
pr
ev
io
u
sl
y

de
sc
ri
be
d
sm

al
ln

od
ul
ar

su
bc
or
ti
ca
lT

2
si
gn

al
el
ev
at
io
n
s
on

bo
th

si
de
s
of

th
e
h
ig
h
fr
on

ta
la

re
a

al
so

sh
ow

n
o
re
le
va
n
t
dy

n
am

ic
s
in

th
e
co
ur
se
.

F
in
al
ly
,t
h
e
sy
m
m
et
ri
ca
l,
pu

n
ct
at
e
ir
on

de
po

si
ts

in
th
e
ba
sa
lg

an
gl
ia

ar
e
al
so

u
n
ch

an
ge
d
in

th
e

co
ur
se

N
o

SS
A
D
H
D
_2
8

3
ye
ar
s

H
yp

ok
in
es
ia
,c
h
or
ea

Pa
ro
xy
sm

al
h
yp

ok
in
es
ia

bu
t
fr
eq
ue

n
t.
C
h
or
ea

af
fe
ct
in
g
h
an

ds

M
il
d
h
yp

ok
in
es
ia

an
d

ch
or
ea

!
h
yp

ok
in
es
ia

is
st
ab
le
,a
n
d
ch

or
ea

h
as

di
sa
pp

ea
re
d

N
or
m
al

N
o

6 JULIA-PALACIOS ET AL.

 15732665, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jim

d.12723 by C
ochraneItalia, W

iley O
nline L

ibrary on [27/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



short attention were accompanied by impulsiveness,
compulsive behavior or problems understanding other
people's feelings (Figure 4).

Epilepsy (16/26) and sleep disorders (9/26) were
reported less frequently than expected. The most com-
mon reported seizure type was generalized tonic–clonic
(n = 6) followed by myoclonic (n = 3), complex partial
(n = 2), atonic seizures (n = 1). Of patients with general-
ized tonic–clonic seizures, two have a history of myo-
clonic seizures and one absence seizure before 3 years of
age. Age of onset of generalized tonic–clonic seizures was
10 years or older (n = 5/6). EEG findings were available
in eight patients, depicted in Table S1.

One patient (SSADH_21) had a severe phenotype
with developmental regression at the age of 9 months in
the context of an infection. He had a known homozygous
variant present in other six individuals in our cohort,
c.1226G>A, same as his older brother with a milder phe-
notype. Another patient (SSADHD_31) showed signifi-
cant neurological regression after an episode of status
epilepticus and became wheelchair bound.

We classified clinical endpoints have been consider-
ing the presence of sleeping problems, psychiatric symp-
toms, epilepsy, fine motor disturbances, movement
disorders, coordination problems, speech disorder and
absent speech. There was no statistically significant asso-
ciation between occurrence of these symptoms and gen-
der, diagnostic delay or age of diagnosis in the cohort of
patients with longitudinal follow-up.

3.4 | Brain imaging

Reports of 23 MRIs from 21 patients including three
follow-up investigations were available, depicted in
Table S1. T2 hyperintensity of globus pallidus (n = 8),
involvement of infratentorial structures (T2 hyperintensity
of dentate nucleus [n = 9], T2 hyperintensity and atrophy
of corpus medullare [n = 3] and of cerebellar cortex
[n = 3]) and corpus callosum involvement (n = 7) were
the most frequent findings. In five cases, no abnormalities
were described (3 described in follow-up, Table S1).

3.5 | Variants in ALDH5A1

23 different variants in the ALDH5A1 gene have been
identified in our study: thirteen missense, two truncating,
two splice site, four frameshift and two deletion variants
(Table S2). In 12 out of 26 different families, patients
were compound heterozygous (Table S2). The most com-
mon missense variants were NM_001080.3:c.278G>T, p.-
Cys93Phe, found in six families (seven individuals, sixT
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compound heterozygous), four from Europe, one from
North America and one from Asia and NM_001080.3:
c.1226G>A, p.Gly409Asp detected in six families (seven
individuals, six homozygous) from different European
countries.

Four new pathogenic variants were identified:
NM_001080.3:c.113_114insGCCCG, p.Gln43ArgfsTer50,
NM_001080.3:c.439-2A>G, deletion 9 kb: ISCN: arr 6p22
(24.491.940–24.500.970)x1 and deletion of exon 1.

3.6 | In-silico analysis of missense
variants

Truncating, frameshift, splice site, and large deletion var-
iants were predicted to completely abolish protein activ-
ity. In order to assess the pathogenicity of missense
variants, variant predictors for reported variants (n = 13)
were used. SIFT,28 Polyphen-2,22 CADD24 and REVEL23

variant predictors forecasted all variants as pathogenic,
except for the previously reported p.His180Tyr variant
(Table 2).29–37 Molecular models for missense variants
were constructed to assess the effect of the mutations on
the structure and function of SSADH. Figure 5 shows the
SSADH structure with the identified missense variants:

FIGURE 3 (A) Frequency of behavioral traits reported by the parents (n = 14). Problems understanding feelings stands for problems

understanding other people's feelings. Communication problems refers specifically to problems communicating wishes or needs.

(B) Behavioral traits interfering with family life. yes: interfering with family life; no: not interfering with family life; missing: data

missing.

FIGURE 4 Visualization of 30 traits and their strongest

associations (n of reports = 14). Circle size corresponds to

frequency (or support): strongest associations have traits ‘short
attention’ and ‘distractibility’, whereas ‘phobias’ and ‘compulsive’
have a support of 0.4. There are also some frequent three item sets,

e.g., ‘compulsive’, ‘short attention’ and ‘distractibility’ with a

support of 0.4.
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eight missense mutations are located in the NAD binding
domain, four in the oligomerization domain, and one in
the catalytic domain.

The molecular models of previously reported missense
variants shows that p.Cys93Phe, p.Gly196Asp, p.Leu243Pro,
p.Asn255Asp, p.Gly409Asp and p.Gly520Arg induce a struc-
tural change that affects protein folding or conformation. p.-
Pro203Leu, p.Gly268Glu and p.Glu306Lys avoid NAD
binding affecting the overall protein activity. Finally, p.-
Arg172His, p.Gly176Arg, p.His180Tyr and p.Gly533Arg are
located at the subunit interacting loop, affecting oligomeri-
zation. p.His180Tyr is predicted as nonpathogenic, in accor-
dance with a high enzymatic activity31 and its high
frequency in Gnomad.38 This variant is found in combina-
tion with a variant that results in a complete loss of protein
activity (loss of exon one) and consequently, all expressed
subunits present p.His180Tyr variant, affecting subunit
interaction. This is in accordance with previous studies,29

describing a SSADH patient harboring variants p.His180Tyr
and p.Pro182Leu at the oligomerization domain, that pre-
sented catalytic activity. The computational predictions of
the effect of SSADH missense variants agree with Tokatly
Latzer et al.,39 for the coincident variants.

3.7 | Genotype/phenotype correlation

Figure S1 presents the occurrence of clinical endpoints
regarding the most prevalent ALDH5A1 variants in the
cohort of patients with longitudinal follow-up.

The most common pathogenic variants in this cohort
were NM_001080.3:c.278G>T, p.Cys93Phe (seven indi-
viduals; one homozygous), NM_001080.3:c.1226G>A,
p.Gly409Asp (seven individuals, six homozygous) and

NM_001080.3:c.621delC, p.Ser208ValfsTer3 (three indi-
viduals; one homozygous, two heterozygous with
NM_001080.3:c.278G>T, p.Cys93Phe). Speech disorder,
fine motor abnormalities, coordination problems and
psychiatric symptoms were common in all groups. Indi-
viduals with NM_001080.1:c.803G>A, p.Gly208Glu or
NM_001080.3:c.278G>T, p.Cys93Phe presented with a
heterogeneous spectrum of symptoms. No sleeping
problems and epileptic seizures were observed during
follow-up visits in three individuals who were homozy-
gous for the NM_001080.3:c.1226G>A, p.Gly409Asp
variant. Three individuals with NM_001080.3:c.621delC,
p.Ser208ValfsTer3 variant did not present any move-
ment disorders.

We could not observe any genotype/phenotype corre-
lation regarding the occurrence of disease-related signs
and symptoms, including four sibling pairs in our study
population (Table S1). Due to the relatively small number
of patients, no statistical analyses could be performed.

3.8 | Treatment approaches

Treatment of epileptic seizures and behavioral problems
were the main clinical features for the medical manage-
ment in our patient cohort. For seizures, levetiracetam
(n = 6), vigabatrin (n = 3), clobazam (n = 3) and keto-
genic diet (n = 1); for behavioral problems, methylpheni-
date (n = 3), antipsychotics (risperidone [n = 3],
olanzapine [n = 2], quetiapine [n = 2] and haloperidol
[n = 1]) were used. In addition, three individuals were
treated with taurine (range of 10–140 mg/kg/day). Tetra-
benazine and chloral hydrate was used to control choreati-
form movements (SSADHD_31). Levodopa/carbidopa was

FIGURE 5 SSADH tetrameric

structure. Subunits are colored blue, pale

red, green, and yellow. Variants are shown

as orange spheres. NAD (nicotinamide

adenine dinucleotide) molecule is shown in

white.
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applied for rigid-hypokinetic syndrome (SSADHD_14)
without any clear improvement after 2 months of treat-
ment (Table 1).

4 | DISCUSSION

SSADHD is a neurometabolic disorder with onset in
infancy-early childhood and evolving clinical features over
time. This study on 31 patients with SSADHD (27 unpub-
lished cases and 26 with follow-up examinations during
their adolescence and adulthood) from the iNTD patient
registry widens the knowledge on the phenotypic spec-
trum of this disease, presents the diversifying symptoms
during disease course and expands the number of disease-
causing variants. We report a remarkably high occurrence
of movement disorders, coordination, speech and behav-
ioral problems. We also demonstrate the application of in
silico analysis based on molecular modeling and protein
stability to classify the pathogenicity of a variant.

In the context of early clinical presentation, the indi-
viduals in our study, the vast majority born in Europe,
showed an elevated rate of SGA (29%) compared to the
SGA prevalence in Europe (4.6%–15.3%).40 In contrast to
previous reports, prematurity was not detected as a fre-
quent neonatal problem in our study.7

Age at diagnosis, in our study cohort younger than
reported before (3.9 years vs. 6 years4), and diagnostic
delay were affected by different initial symptoms of the
patients. The timely diagnosis after birth by three individ-
uals because of an affected sibling had an influence on
this observation. However, together with our observation
of a tendency to a significantly shortened diagnostic delay
in correlation with more recent birth dates, it can be
assumed that the broadened availability of (genetic) diag-
nostic tools,41 especially the implementation of next-
generation sequencing-based diagnostics, and higher
awareness of SSADHD have a positive impact on the
length of the diagnostic process.

Starting in late childhood and with increasing fre-
quency during adolescence and adulthood, epilepsy was
reported as co-morbid in half of the patients with
SSADHD.8,42–44 In our cohort, the frequency of seizures
aligns with findings from previous studies. Additionally,
to date five sudden unexplained death in epilepsy
(SUDEP)-related deaths of SSADH deficient patients
have been documented, all occurring in adults and in
the context of worsening seizure control42; however, no
instances of SUDEP were observed in our cohort.
ALDH5A1 variants reported in four SUDEP cases were
c.1015-2A>C; c.1005C>A (p.Asn335Lys), c.1226G>A (p.-
Gly409Asp), and c.608C>G (p.Pro203Arg).6,43 These vari-
ants were also identified in eight individuals in the

present study; however, only one of them is older than
12 years. Therefore, the probability of SUDEP in this
group of patients cannot be ruled out at the current stage.

Short attention span and distractibility also occurred
predominantly in our study cohort,4,6,45 although impul-
siveness, problems communicating wishes or needs and
compulsive behavior were the strongest aspects interfer-
ing with family life. Our study confirms a uniform
approach in different countries and reveals that the major
goal of the treatment is the management of seizures and
different severe behavioral disturbances mentioned
above.

Brain imaging results revealed a broad spectrum
ranging from normal finding to increased T2-weighted
MRI signal affecting globus pallidus, cerebellar dentate
nucleus, and subthalamic nucleus with variable cerebral
and cerebellar atrophy, complementary to previous
reports.46 Involvement of cerebellar dentate nucleus was
observed together with movement disorders (action
tremor, hypokinesia and dystonia/chorea) or coordina-
tion problems. However, in case of globus pallidum
involvement and atrophy of corpus medullare, both clini-
cal and radiological signs were also observed indepen-
dently from each other.

We observed a remarkably high rate of occurrence of
movement disorders in our study population (40%,
e.g., dystonia, chorea, tremor or hypokinesia). Movement
disorders in SSADH deficiency have been scarcely
reported, apart from previously described ataxia. In partic-
ular, choreoathetosis, dystonia, and myoclonus have been
described only in a few individuals with earlier-onset and
more severe disease manifestation.14,47–49 Clinical presen-
tation with acute onset of generalized hypotonia and cho-
reiform movement following upper-respiratory tract
infection is one of these reported early severe manifesta-
tions.50,51 However, the vast majority of the patients in our
study did not present an early severe onset or any clinical
regression but developed different types of movement dis-
orders over time. These movement disorders were classi-
fied as mild or moderate. Transitory or stable courses were
observed commonly, except in one case with severe pro-
gression of hypokinesia. The mildness and transient char-
acter of the movement disorders are most likely the reason
that no specific drug treatment was indicated in most
cases. This evolving spectrum of the phenotype should be
taken into consideration of differential diagnoses in chil-
dren presenting with movement disorders discussed above
together with developmental delay, impairment of expres-
sive language, coordination problems, behavioral abnor-
malities, or epilepsy.

Mechanisms that cause movement disorders in
SSADHD have not been elucidated. Its pathophysiology
is predominantly shaped by the supra-physiological
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accumulation of two key metabolites: GHB and GABA.
The increase in GHB could have two parallel effects: on
one hand, GHB inhibits presynaptic dopamine release
with subsequent alterations in dopaminergic
transmission,52 a central neurotransmitter affected in
many movement disorders. On the other hand, at non-
physiologic levels (i.e., SSADHD) GHB acts predomi-
nantly at the GABAB receptor.53,54 Its tonic activation
leads to a compensatory down-regulation of pre- and
postsynaptic GABAB receptor-mediated function.
Together with GHB, GABA itself could contribute to the
movement disorders phenotype in SSADHD. GABA pro-
vides strong inhibition to the striatum by directly inhibit-
ing the striatal medium spiny projection neurons (MSNs)
through activation of GABAA receptors. The increased
GABA concentrations found in SSADHD may result in a
tonic inhibition of MSNs, contributing both to the afore-
mentioned down-regulation of GABAB receptors and to a
decreased dopamine release. Both dopamine and GABA
are crucial neurotransmitters in the basal ganglia. We
hypothesize that GHB and GABA dysregulation will
result in altered dopamine homeostasis in midbrain cell
groups, underlying, in some way, the aggravation of
movement disorders observed in SSADHD.

Additional mechanisms are likely to contribute to the
complex clinical picture. A recently published hypothesis
on the role of dopamine D2 receptors (D2R) in cerebel-
lum in regulation of social behavior highlights a new
aspect of underlying pathophysiology,55 considering the
cerebellar involvement in SSADHD. Cutando et al
showed that D2R deletion or overexpression does not
affect cerebellar motor function but sociability and pref-
erence for social novelty.55 As further relevant mecha-
nisms should be considered the impairment in
mitochondrial degradation56 and elevation of reactive
oxygen species in both patients and in the murine
SSADHD model, implicating oxidative stress as well as
defects in autophagy,2 mediated by altered signaling
through the mTOR. Since globus pallidus is metabolically
very active with high mitochondrial energy demand, it is
especially vulnerable towards oxidative damage and
impaired autophagy. That susceptibility is consistent with
neuroimaging findings observed in SSADHD5 and may
contribute, in part, to the motor phenotype observed in
SSADH deficient patients.

The analysis of genetic variants, including 12 missense
variants, revealed a high correlation between the applied
in silico scoring system, protein activity and pathogenic-
ity. Molecular modeling of mutant proteins provides an
excellent approach to understand how a variant causes
loss of enzymatic activity due to conformational changes,
inhibition of NAD binding or defective oligomerization.
This approach is able to predict also how the effect of a

variant with a high enzymatic activity (i.e. variant p.-
His180Tyr in this study) can be pathogenic due to its
effect in the oligomerization domain.36 In line with previ-
ous reports, no overall correlation between gene variant
and phenotype could be observed in our cohort,57 even in
siblings. The exact cause of this variability despite a simi-
lar genetic background is not yet known. Due to the rela-
tively small number of patients in individual groups with
recurrent variants and the heterogeneity of the clinical
presentation, no correlation analyses could be performed.
The potential of computational approaches for clinical
use can be improved by (i) defining specific clinical end-
points based on disease severity (ii) application in larger
patient cohorts and (iii) combined evaluation with under-
lying molecular mechanisms. Functional studies of new
pathogenic variants reported in this study are subject of
further publications.

Although having some limitations due to the small
study group size and missing availability of results of
standardized neurodevelopmental testing, our study
underlines the relevance of a longitudinal and standard-
ized approach and the value of international collabora-
tions to study rare disorders.

In conclusion, our results widen the knowledge on
the phenotypic spectrum of SSADHD, highlight the
evolving symptomatic characteristics over time and
the occurrence of movements disorders, discuss thera-
peutic approaches, and emphasize a reliable application
of in silico approaches.
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