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Lachmann was to provide insights into the natural course of adult patients with the
chronic visceral subtype. Based on these insights, we proposed tentative criteria
for initiation and follow-up of enzyme replacement therapy (ERT). The data of
23 adult patients were collected in a prospective study. Clinical, genetic and
demographic data, plasma measurements, abdominal imaging, pulmonary
imaging, pulmonary function tests and quality of life questionnaires were col-
lected. Stability of disease based on several clinical, biochemical and radiologi-
cal markers (i.e., spleen volume, platelet levels, liver volume, alanine
aminotransferase [ALT] levels, diffusion capacity of the lungs for carbon mon-
oxide [DLCO] chitotriosidase activity and lysosphingomyelin [LSM]) was
assessed. Cardiovascular risk was estimated based on sex, age, smoking, sys-
tolic blood pressure and lipid profile. Quality of life was evaluated with the
36-Item Short Form Health Survey and the Health Assessment Questionnaire.
Median follow-up was 6.1 years (range 1.3-19.5 years). The most common

manifestations were splenomegaly (100%), decreased high-density lipoprotein
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1 | INTRODUCTION
Acid sphingomyelinase deficiency (ASMD, OMIM
607616), also known as Niemann-Pick disease types A,
A/B and B, is an ultra-rare lysosomal storage disease with
an estimated prevalence of 1 per 200 000 births."* Due to
mutations in the SMPDI gene, the enzyme acid sphingo-
myelinase (ASM, EC 3.1.4.12) is deficient which hampers
conversion of sphingomyelin into ceramide.? This results in
storage of sphingomyelin, predominantly in macrophages.
The diagnosis can be established through the demon-
stration of deficient enzyme activity in leucocytes or
fibroblasts and additional mutation analysis. ASMD encom-
passes a broad spectrum of phenotypes, ranging from the
severe infantile neurovisceral form, which typically proves
to be fatal before the age of three and comprises severe neu-
rological deterioration, to the chronic neurovisceral form
characterized by moderate to severe manifestations, and the
chronic visceral form without neurological involvement.*”
The most commonly affected organs are the spleen, liver
and lungs. Splenomegaly, primarily attributed to sphingoli-
pid accumulation, is seen in nearly all patients and may
lead to thrombocytopenia or an increased risk of bleed-
ing.>” Hepatomegaly may progress to liver fibrosis, with
rare cases exhibiting compromised liver function or cirrho-
sis.® Pulmonary involvement is characterized by sphingo-
myelin storage primarily within inter- and intralobular

criteria in the future.

cholesterol (HDL-C) plasma levels (83%), (signs of) steatosis measured with
transient elastography (82%), thrombocytopenia (64%), hepatomegaly (52%)
and decreased diffusion capacity (45%). The majority of markers remained sta-
ble during follow-up. Twelve patients showed progression of disease: four for
spleen volume, two for liver volume, three for DLCO, seven for chitotriosidase
activity and three for LSM. One patient showed progression of disease based
on four markers, although this patient did not report any problems at the last
visit. Cardiovascular risk was estimated and was increased in half of the
patients older than 40 years. Patient-reported quality of life did not differ from
the general population, but differences in median 36-Item Short Form Health
Survey (SF-36) scores of patients with severe pulmonary involvement and
those of patients without pulmonary involvement were observed. Tentative cri-
teria for initiation and effect of therapy were proposed. In conclusion, the
chronic visceral subtype of ASMD showed a predominantly stable disease
course in this cohort. We propose that ERT should be initiated on an individ-
ual basis and only in case of progression or symptomatic disease. Collection
and analysis of real world data are necessary to refine start, stop and follow-up

biomarkers, chronic visceral ASMD, enzyme replacement therapy, start criteria

septae, can hamper diffusion capacity and may lead to dys-
pnea (mainly on extortion).”'® Additionally, patients show
disrupted lipid profiles with decreased high-density lipo-
protein cholesterol (HDL-C) and elevated low-density lipo-
protein cholesterol (LDL-C) potentially increasing their risk
of cardiovascular events.'" Skeletal involvement (e.g.,
decreased bone mineral density and decreased fat fractions
in bone marrow) has been reported.'>'* However, its clini-
cal relevance in adults with the chronic visceral subtype is
debated as bone complications commonly observed in
Gaucher disease (OMIM #230800), another lysosomal stor-
age disorder with similar manifestations, do not appear to
manifest in ASMD patients.

Until recently, no therapeutic options were available
for ASMD. Enzyme replacement therapy (ERT) utilizing
recombinant acid sphingomyelinase (olipudase alfa TM,
Sanofi, MA, USA, NCT02004691) received market autho-
rization by the European Medicines Agency and Food
and Drug Administration in 2022.'*'> Preclinical studies
have demonstrated promising outcomes in adults with
ASMD showing reversibility in the most common mani-
festations including significant reductions in hepatosple-
nomegaly and increase in diffusion capacity, along with
improvements in plasma platelet levels, lipid profiles and
liver transaminases.'®'”

However, due to the absence of long-term follow-up
data of patients treated with ERT and the variability in
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ASMD phenotypes, treatment decisions should be made
with care. The precise “window of opportunity” for initi-
ating treatment remains uncertain. On the one hand,
there is a preference for initiating treatment early to avert
irreversible damage. On the other hand, there is a need
to refrain from treatment in patients with stable and/or
mild disease because ERT is burdensome and costly. Par-
ticularly regarding adult patients with relatively mild
manifestations, contemplation about the benefit of treat-
ment is imperative.

The aim of this study was to provide insights into the
natural course of ASMD in untreated adult patients with
the chronic visceral subtype by analysis of clinical and
biochemical markers. Stability and progression of disease
were assessed and formed a first step to arrive at criteria
for initiation and follow-up of ERT in these patients. Fur-
thermore, cardiovascular risk and quality of life were
investigated.

2 | METHODS

2.1 | Recruitment of patients

All adult patients known at the outpatient clinic of the
Amsterdam UMC with a confirmed diagnosis of
the chronic visceral subtype of ASMD (defined as
decreased acid sphingomyelinase activity in leucocytes or
fibroblasts, a pathogenic mutation in both alleles of the
SMPDI gene and the absence of neurological involve-
ment) were eligible for this study. The Amsterdam UMC
serves as the national referral center for ASMD in the
Netherlands. All patients who were monitored between
2009 and October 2023 and provided written consent for
the use of clinical and biochemical data were included in
our prospective natural history study. Eight of them were
described previously.'® If available, plasma measure-
ments (i.e., liver transaminases and lipid profiles) and
pulmonary function test results conducted in other cen-
ters were included as well. Two patients participated in
the phase II/III clinical trial with olipudase alfa
(NCT02004691). Of them only data collected before the
start of the clinical trial were included. The collection of
clinical data within this study was approved by the local
Medical Ethics Committee of the Amsterdam University
Medical Centers, location Academic Medical Center
(2014_092#A201468).

2.2 | Collection of biochemical data

The following data were collected: clinical, genetic and
demographic data, routine blood tests (e.g., hematological
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parameters, liver enzymes and lipid profiles), biochemical
markers (i.e., chitotriosidase activity and chemokine C-C
motif ligand 18 [CCL18], lysosphingomyelin [LSM],
N-palmitoyl-phosphocholineserine [PPCS, also known as
LSM-509] and glycoprotein nonmetastatic melanoma pro-
tein B [GPNMB]), abdominal imaging, pulmonary imag-
ing and pulmonary function tests.

Plasma chitotriosidase activity and plasma levels of
CCL18, LSM, PPCS and GPNMB were measured as previ-
ously described.'® ' CHITI phenotypes were determined
for all patients. In case of heterozygosity for the 24-bp
duplication in the CHITI gene, chitotriosidase activity
was multiplied by two.”* In case of homozygosity,
patients were chitotriosidase deficient and excluded from
analysis where appropriate. Local reference ranges for
plasma measurements are provided in the supplemental
methods. For HDL-C and LDL-C age and sex-adjusted
reference ranges were used,?® decreased HDL-C was
defined as <5th percentile adjusted for age and sex and
increased LDL-C was defined as >95th percentile
adjusted for age and sex.

2.3 | Collection of clinical data

Data on hepatosplenomegaly were acquired through
imaging techniques (preferably magnetic resonance
imaging [MRI], in some cases ultrasound [e.g., patients
with claustrophobia]). Precise measurements of spleen
and liver volumes were feasible only with MRI. In cases
where ultrasound was used, the report indicated the pres-
ence of splenomegaly or hepatomegaly. Organ volumes
were adjusted to body weight and expressed in multiples
of normal (MN) assuming normal spleen volume of 0.2%
and normal liver volume of 2.5% of body weight with
1 kg equivalent to 1 L.° Spleen and liver volumes in MN
were used to express splenomegaly and hepatomegaly.
For the other analyses (e.g., correlation analysis and
mixed-effect models, see below), absolute volumes in mil-
liliters were used, since spleen and liver volumes are only
partially dependent of weight in adults.

Since 2020 Transient Elastography (TE) has been con-
ducted within this cohort. TE measures liver stiffness and
utilizes the controlled attenuation parameter (CAP) to
evaluate both liver steatosis and fibrosis. Based on the
guidelines for metabolic dysfunction-associated steatotic
liver disease (MASLD), elevated CAP was defined as
>248 dB/m, indicating the presence of steatosis. A liver
stiffness measurement above 7.1 kPa suggests the pres-
ence of fibrosis.***

Data on pulmonary involvement comprised high-
resolution computed tomography (HRCT) scans of the
lungs and pulmonary function tests including diffusion
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capacity of the lungs for carbon monoxide (DLCO) and
carbon monoxide transfer coefficient (KCO, which is the
diffusion capacity corrected for the alveolar volume). Pul-
monary volumes and diffusion capacity were considered
normal when values were >80% of predicted. Moreover,
for a subset of patients data of 6 min walking tests
(6MWT) were available and included. Individual refer-
ence ranges were calculated based on sex, age, height and
weight.*

2.4 | Cardiovascular risk assessment
Cardiovascular risk assessment included various parame-
ters such as body mass index (BMI), blood pressure,
smoking habit, lipid profiles, statin therapy and previous
cardiovascular events. Risk of cardiovascular disease
(i.e., infarction or stroke) and/or death within 10 years
for patients without cardiovascular events was estimated
using the U-Prevent SCORE2.”” A risk of more than 5%
was considered increased.””*® Factors included in the
score were sex, age, smoking, systolic blood pressure,
total cholesterol, plasma HDL-C and LDL-C levels. The
model has been exclusively applied to patients older than
40 years and HDL-C levels >0.7 mmol/L, so the risk of
patients younger than 40 years was not calculated and if
patients had an HDL-C level lower than 0.7 mmol/L,
0.7 mmol/L was entered in the calculator. For patients
with prior cardiovascular events, the SMART score was
used.”

2.5 | Assessment of quality of life

Patients were requested to fill out questionnaires related
to their quality of life, specifically the 36-Item Short Form
Health Survey (SF-36) and the Health Assessment Ques-
tionnaire (HAQ). The SF-36 comprised 36 questions each
worth 0-100 points distributed across eight domains
(i.e., physical functioning, physical health, emotional
problems, fatigue, emotional well-being, social function-
ing, pain, general health).’® The HAQ evaluated the capa-
bility to perform daily activities and was distributed
across eight domains (i.e., dressing, arising, eating, walk-
ing, hygiene, reach, grip, activities).>' The scoring system
for both questionnaires is described in the supplemental
methods. Scores were compared with the general popula-
tion and for patients with splenic involvement
(i.e., moderate splenomegaly >5 MN or platelet levels
<100 x 10°/L) to patients without splenic involvement
(i.e., splenomegaly <5 MN and normal platelet levels),
for patients with hepatic involvement (i.e., moderate
hepatomegaly >1.25 MN or ALT levels >2 upper limit of

normal [ULN]) to patients without hepatic involvement
(i.e., liver volume <1.25 MN and normal ALT levels) and
for patients with moderate pulmonary involvement
(i.e., DLCO <60% of predicted) to patients without pul-
monary involvement (i.e., DLCO >80% of predicted).

2.6 | Criteria to assess natural disease

course

Tentative criteria for progression of disease were defined
for several markers available for this cohort based on val-
idated criteria in similar diseases, specifically Gaucher
disease, or analytical and intra-individual variance in
case of plasma measurements. No previously defined or
validated criteria were available for ASMD. Criteria for
chitotriosidase activity and LSM plasma levels were based
on analytical variance and intra-individual variance, as
observed in our center. Criteria for organ volumes and
diffusion capacity were based on previously defined sta-
bility criteria for Gaucher disease®” and interstitial lung
diseases.®® Criteria for platelet and ALT measurements
were based on analytical variance and intra-individual
variance.*** Criteria were defined as follows:

« an increase of 40% or more in chitotriosidase activity
at any moment during follow-up or two consecutive
measurements both increasing more than 20%,

« an increase of 20% or more in LSM plasma level at any
moment during follow-up or two consecutive measure-
ments both increasing more than 10%,

« an increase of 10% or more in spleen volume,

« an increase of 10% or more in liver volume,

« adecrease of 15% or more in DLCO,

« adecrease of 20% or more in plasma platelet level, and

« an increase of 35% or more in plasma ALT level.

Adult patients with a follow-up within our center of
more than 2 years were evaluated. Percentages are based
on percentage of change of last measurement when com-
pared with the baseline measurement. Only markers for
which more than two measurements were available were
included (with an exception for spleen and liver volume).
Two consecutive measurements of plasma platelet levels
or ALT levels had to be aberrant when compared with
the baseline value to meet the criterion for progression.*?

2.7 | Proposed criteria for initiation of
ERT and effect of ERT

To formulate tentative criteria for the selection of adult
ASMD patients with visceral disease manifestations who
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may benefit from ERT, we analyzed the results of the
ASCEND study in relation to the outcomes of this longi-
tudinal cohort and used cut off values defined and vali-
dated for related disorders (i.e., MASLD and interstitial
lung disease [ILD]). The ASCEND-trial was an interna-
tional phase II/III, double-blind, placebo-controlled trial
in which 36 patients were randomized 1:1 to receive ERT
with olipudase alfa or placebo.'®!” These results were
also the basis for the tentative criteria for effect of ther-
apy, that is, the minimally expected change based on the
lower limit of the 95% confidence interval as reported in
the results of the ASCEND trial.

2.8 | Statistical analyses

Data were analyzed using R Studio version 4.2.1. Frequen-
cies and descriptive statistics including median and range
were computed for various variables. Medians and ranges
from baseline visit or first measurement were reported.
t-Tests were used to compare SF-36 scores between the
ASMD cohort and the general population. p-Values smaller
than 0.05 were considered statistically significant.

Correlations were examined between clinical vari-
ables (i.e., spleen volume, plasma platelet levels, liver
volume, plasma ALT levels and DLCO) and biochemical
markers (i.e., chitotriosidase activity, CCL18, LSM, PPCS,
and GPNMB). Reciprocal correlations were also assessed
among biochemical markers. For each patient, markers
from the most complete recent visit were selected and
supplemented with markers measured within year.
p-Values were adjusted using the Benjamini-Hochberg
procedure to control the false discovery rate.

To evaluate the effect of age on the level of several clin-
ical markers (i.e., spleen volume, plasma platelet levels,
liver volume, plasma ALT levels and DLCO), linear
mixed-effect models were tested. First, an unconditional
means model was built with patient ID as a random effect
(e.g., biomarker ~1, random = ~1|ID). Then, age was
introduced to obtain an unconditional linear growth
model (e.g., biomarker ~ age, random = 1/ID). These
models were compared using the likelihood ratio test. Next
the introduction of a random slope (e.g., biomarker ~ age,
random = age|ID) was evaluated in the same way. Model
assumptions were checked.

3 | RESULTS

3.1 | Patients

In total 23 patients, 13 males and 10 females, were included.
Median follow-up was 6.1 years (range 1.3-19.5 years).

Median age at diagnosis was 25.3 years (range 2.6-
64.1 years). Median age at first follow-up was 31.7 years
(range 17.3-64.2 years). No patients died during the
study.

Twelve different variants in the SMPDI gene were
established, with four variants (p.Arg610del, p.Pro373Ser,
p-Pro477Leu and p.Leul63Pro) observed in two or more
patients. The p.Arg610del variant was the most common,
accounting for 63% of the alleles. There are no known
familial relations between patients in this cohort.
Detailed characteristics and clinical manifestations of
individual patients are presented in Table 1, whereas
group characteristics are outlined in Table 2 and the
course of several markers as described below is depicted
in Figure 1.

3.2 |
levels

Splenic manifestations and platelet

All patients had splenomegaly. Median spleen volume at
first measurement was 1138 mL (range for median values
492-3076 mL) in 15 patients in whom volume was
assessed by MRI. Two patients had a splenectomy, one
because of massive spleen infarction with secondary
infection after a trauma and the other due to recurrent
splenic hemorrhage. On MRI and ultrasounds, multiple
foci in the spleen were observed in nine patients, acces-
sory spleens were observed in three patients. Multiple
foci in the spleen have been described previously in
ASMD patients,*® the foci in these patients remained sta-
ble during follow-up.

Median plasma platelet level at first visit was
135 x 10°/L (range 81-259 x 10°/L). The two patients
who had a splenectomy showed increased platelet levels
afterward (i.e., 484 x 10°/L and 652 x 10°/L). Fourteen
patients (64%) had thrombocytopenia. Median hemoglobin
levels for males were 15.3 g/dL (range 13.4-16.9 g/dL) and
for females 13.5 g/dL (range 11.3-15.8 g/dL), with anemia
present in two patients (9%). Two patients had decreased
leucocyte levels at baseline which normalized during
follow-up.

3.3 | Hepatic manifestations

Hepatomegaly was present in 12 patients (52%). Median
liver volume was 2413 mL (range 1798-4772 mL, MRI
data were available for 16 patients). Median plasma ALT
level for males was 42 U/LL (range 14-128 U/L) and for
females 30 U/L (range 12-146 U/L). Striking was an ele-
vation in ALT levels during follow-up of patients between
the age of 25-30 (n =4), in older patients levels were



ESKES ET AL.

ON

SOK.

ON

SOK

ON

ON

ON

SO

ON

S9X
(o' T® 32 SOYSH)
Asdoiq [eua1 ur uopeMWNIOL

urfeAwo3uryds pue Uonounj [eual
Jo auroap dAIssa1dord Yiim eLINUI)OIJ S9K

S9X
ON
ON

SaX

001d
paseardnqg

SUOIIEISIYTUBW [BITUI[D I9YIO

SO

ON

Sax

Sax

ON

oN

«ON

+SOK

Sax

ON

SOX

ON

oN

S9X

SOX

SO

SOx

SoOX

SaxX

SoOX

S9X

+S9K

SO

Awoyosuards

SOX

S9X

SOx

SO X

SOx

SOX

AreSowmojedoy ApeSowoudsrdg

dn-morjoy 3513 3e suoyduwAg

(s914000197) S°6

(591£000n37) £°ZT

(1sB19011) €°6

(s15%1901q1) €'TT

(s15%1901q1) S°9

(s914£000n397) 7°¢

(s15%1901Q1) 0'P€

(s1se1901q1) £0T

(s1s%1901qY) £

($15B190191) 9'6

(s914000n37) 9°1
(915B1901Q1) 0%
(s15%1901q1) €T
(s15%1901Q1) +'6
(s15%1901q1) 8'€T
(9Suex
‘J31 JO uBdWx

Jo %) fHanoe
QWIAZUH

[epo1931y°d
/19p01981v°d
IaggLgoag-d
JREINYAoRE !
[epo1931y°d
/19p01981v°d
[opo1981v°d
/1901931y °d
o1dg9ornoTd
/013¢9TnaTd
o1gTHsdry-d
/usy8LISIrd
na1LLp01d d
/SIH16Z81v"d
[epo1931y°d
/19p01981v°d

61XSIPIILSSTeA'd

/19P0T1981v"d

[epo1981v°d
/19p01931vd

[opo1981v-d
/19p01981v°d
[epo1931y°d
/19po1931v°d
[epo1931y-d
/19p01981v°d
19S¢/g01q°d
/19sgLg01g°d
oidrssnaTd
joxgissnaTd

jueLIeA TAdNS

8'LT

(214

08T

€6¢

V'LY

0°0%

081

9've

6l

€0S

0°6€
¥'sT
(483
LT
§9¢
(sxeak)

dn-morjoy

18Iy
je a8y

08

£ey

'81

Sve

€LY

6°0v

8Ly

1413

6V

8LE

L'YE
€'6¢
661
9C
§'0c
(sxeak)

sisouSerp
je a8y

[eI20S1A
oruoIyD

[eI3DSIA
STuOIYD

[BI20SIA
JIuoIYD

[eI30SIA
STuOIYD)

[BI20SIA
oTuoIYD

[eI20SIA
STUOIYD

[eI30SIA
JTuoIYD

[BI33S1A
Jruoayp

[eI30SIA
oTuoIYD

[BIS0SIA
JTUOIYD

[eI20S1A
oruoIyD

[eI39SIA
STuoIYD

[BI20SIA
JruoIYD

[eI30SIA
STUOIYD

[BI3DSIA
JruoIYD

UoTIROHISSE[)

‘AydeiSowraq

XoS dI

THTIdV.L



W ]_Eyj7_°“9

ESKES ET AL.

19 jo a3e a3 1€ (sown

sa1) Sunyeas ssedAq A1911e A1eU0I0) SOX
ON
ON
SO
Asdoiq
up[s ur uone[nwnode urpAwoduryds
UIIM SUOISI] UTS PoUdpIey VN
ON
S9K
ON
SUOI)R)ISIJIURUI [EITUT[D JIYIQ 001d
pasearddq

SO S

LSO SOX

SoX SOX

ON Awojosuards

«ON SO

ON SO

ON SOX

WSO SO
AreSowmojedoy ApeSowoudsrdg
dn-morjoy 3513 3e suoyduwAg

(s91£000m397) §°T

($914000n397) T°¢

(s1521901q1) T

(s1581q01q) T'0T

(s1se1q01qL) €'

($934900n97) '

(sIse1q01qY) §°L

(s91£000m897) S°6

(9Suex

*JOI JO uedwx
Jo %) fHanoe
QWIAZUH

"o[qe[reAe ejep TYIA ou aduls ‘Ayderdouos uo paysiqelsd,

"9pIxouOuW UoqIed 10§ sfuny ay) jo Aroeded uosngIp ‘0 IJ ‘UONLIASIqAY
‘dn-mo[[oJ 1se U0 paseq a1e swojdwAs d[qe[reAe Ji s)se[qoiqy ul pajordap si A1anoe swAzuy "pajordop are sonsLIaoRIRYD SjUdNed 910N

naLLp01gd
/19p01981v°d
oidestnoTd
/19p01981v"d
PINFTERA D
/PNPTERA'D
01d¢9TnoTd
/o1gdegrnoTd

o1xgsornoTd
/o1dgo1noTd
[epo1981v°d
/19p01931vd
[Ppo1981y°d
/19p01931v°d
[epo1981v°d
/19p01931vd

jueLIeA TAdNS

L'LS

T'sc

€8¢

L'TE

0’61

y9

8'¢CC

VLT
(sxeak)
dn-morjoy

18Iy
je a8y

(O

ST

€LE

G'I¢

LY
T'v9
9ce
8¢
(sxeak)

sisouSerp
je a8y

[BI20SIA
JruoIYD

[eI30SIA
STUOIYD)

[eI20SIA
oTuoIYD

[eI20SIA
oruoIyD

[eI30SIA
STuoIYD

[BI20SIA
JTuoIYD

[eI30SIA
STUOIYD

[BI3DSIA
JTuOIYD

UoTIROHISSE[)

(panunuo))

XoS dI

THTIdV.L



ESKES ET AL.

sy | WiLEY_IM

TABLE 2 Group characteristics.
Percentage of total Total
or median (range) n

Female sex 43% 23

Mutation 23
R610del homozygous  48%

R610del heterozygous  14%
Other 39%

Enzyme activity (median % of mean of ref. range) 23
Fibroblasts 9.6 (1.3-34.0) 15
Leucocytes 5.9 (2.5-12.7) 8

Splenic manifestations
Splenectomy 9% 23
Splenomegaly 100% 21
Thrombocytopenia 64% 22
Anemia 9% 23
Leukopenia 9% 23

Hepatic manifestations
Hepatomegaly 52% 23
Elevated ALT levels 43% 23
Elevated AST levels 43% 23
(Signs of) steatosison ~ 82% 17
fibroscan
(Signs of) fibrosis on 35% 17
fibroscan

Pulmonary manifestations
Decreased DLCO 45% 22
Decreased FVC 27% 22
Decreased KCO 30% 20
Decreased distance 27% 11
walked in 6MWT

Lipid profiles
Decreased HDL-C 83% 23
levels
Elevated LDL-C levels  35% 23

Note: Characteristics are based on the baseline measurements of the markers
per patient. Total n concerns the number of patients for whom data was
available. Splenomegaly and hepatomegaly were based on magnetic
resonance imaging (MRI) or ultrasound if no MRI was available.
Abbreviations: 6MWT, 6 min walking test; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; DLCO, diffusion capacity of the lungs for
carbon monoxide; FVC, forced vital capacity; HDL-C, high density
lipoprotein cholesterol; KCO, carbon monoxide transfer coefficient; LDL-C,
low density lipoprotein cholesterol.

lower and similar to the levels of patients younger than
25 (elaborated on in section about mixed-effect models
below, depicted in Figure S1). Median plasma AST level
was 31 U/L (range 18-129 U/L).

TE was performed in 18 patients. Median CAP score
was 310 dB/m (range 170-400 dB/m). Median liver stiff-
ness was 6.4 kPa (range 4.3-13.8 kPa), six patients (35%)
showed (signs of) fibrosis based on a liver stiffness
>7.1 kPa. Follow-up was limited, so conclusions about
stability or an upward or downward trend could not be
drawn. No focal liver lesions were observed on MRI or
ultrasound. One patient manifested gamna-gandy bodies
on MRI of the spleen, which is associated with portal
hypertension, and increasing liver stiffness from 13.8 to
16.1 kPa, suggesting the onset of fibrosis. One patient
with increased liver stiffness showed signs of portal
hypertensive gastropathy and was referred to a hepatolo-
gist for further investigation.

3.4 | Pulmonary manifestations

Pulmonary function testing was conducted for all
patients, except for one patient because of technical
issues. It is noteworthy that seven patients in this cohort
were smokers. Median DLCO was 82% of predicted
(range 28%-107% of predicted). Four patients showed a
severely decreased DLCO during follow-up of less than
40% of predicted of whom three had the habit of smok-
ing. The individual course of DLCO per patient is shown
in Figure S2 and illustrates the distinction between the
four severely affected patients and the others.

Median forced vital capacity (FVC) was 97% of pre-
dicted (range 70%-129% of predicted). Median KCO was
93% of predicted (range 30%-124% of predicted). Nineteen
patients showed signs of ILD on HRCT (n = 18) or x-ray
(n = 1) of the lungs, the other four patients did not show
signs of ILD (for all HRCT was available). Most common
findings on HRCT were thickened inter- and intralobular
septae and ground glass opacities. Basal pulmonary areas
were the most commonly and most severely affected.

At last visit, 3 of the 11 patients for whom 6MWT data
were available walked a shorter distance than predicted.
These were young patients (aged 18, 22 and 33 at testing).
In contrast, the 6MWT results of three patients with
severely decreased diffusion capacity were normal.

3.5 | Lipid profiles

At first visit, the majority of the patients had decreased
HDL-C levels with a median of 0.7 mmol/L (range 0.4-
1.1 mmol/L). Median LDL-C plasma level was
3.2 mmol/L (range 0.3-8.0 mmol/L). Median total choles-
terol was 4.9 mmol/L (range 2.4-9.6 mmol/L) and
median triglyceride level was 2.0 mmol/L (range 0.8-
7.4 mmol/L). The majority of patients (30%) had a
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FIGURE 1 Markers during follow-up per individual patient. The yellow square indicates the range within the marker is considered
stable compared with baseline values. ALT, alanine aminotransferase; DLCO, diffusion capacity of the lungs for carbon monoxide; LSM,
lysosphingomyelin.

combined dyslipidemia with decreased HDL-C levels and commenced cholesterol-lowering therapy at a relatively
increased LDL-C levels. Nine patients used cholesterol  young age, with four of nine using statins before reaching
lowering therapy (all statins). Notably, these patients the age of 40.
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3.6 | Biochemical markers

Plasma chitotriosidase activity levels were available for
20 patients, since three patients were deficient in chito-
triosidase activity due to a homozygous 24 bp duplication
in the CHIT1 gene. Six patients were heterozygous for
this duplication. Median plasma chitotriosidase activity
level was 1363 nmol/mL h (range 342-6620). LSM and
PPCS plasma levels were measured in all patients, again
with all measurements above the upper limit of the refer-
ence range. Median LSM level was 128 nmol/L (range
16-370). Median PPCS level was 1704 nmol/L (range 435-
5240). Plasma CCL18 levels were available for 22 patients
and were increased in all with a median of 459 ng/mL
(range 104-894). GPNMB plasma levels were available
for 17 patients. Median GPNMB level was 142 ng/mL
(range 54-613 ng/mL).

3.7 | Correlations and linear mixed-
effect models

No significant correlations were observed for several clin-
ical and biochemical markers after correction for multi-
ple testing (see Table S1).

TABLE 3
Follow-up Spleen Platelet Liver

ID in years volume levels volume
1 16.3 =/+ = =/+
2 2.8 = = -
3 12.4 | = =
4 4.0 = = =
5 17.9 = = =/+
6 8.7 = = =
7 6.5 Sx = =
8 5.7 NA =/+ NA
9 11.6 NA = NA
10 2.8 = = =/+
11 11.4 i = =
12 12.9 = = =
13 6.1 i = i
14 5.8 NA = NA
17 2.9 i = =
18 3.4 = = =
19 2.5 NA = NA

Linear mixed-effect models revealed no significant
effect of age on spleen volume, platelet levels, liver vol-
ume and DLCO. A linear growth model with a random
slope suggested an age-related decrease in ALT levels;
however, this trend appeared to be influenced by elevated
levels in patients aged 25-30 years (n = 3). Two of these
patients had a BMI >30 kg/m> Since these elevated
levels were not attributed to ASMD, the reliability of this
fit was deemed questionable (see Figure S1). Additional
models examining the effect of follow-up time as inde-
pendent variable, whereas correcting for age at first
follow-up did not show a significant effect either. Conse-
quently, it can be concluded that these markers remained
stable during follow-up in this cohort. An overview of the
models and their results is presented in Table S2.

3.8 | Regression and progression of
disease within the natural course

An overview of the course of several markers per individual
patient is presented in Table 3. Five patients (29%) showed
stability (or even regression) of disease based on all available
markers, 11 patients (65%) showed stability when chitotriosi-
dase activity and LSM were disregarded. Platelet levels and

Stability or spontaneous progression of disease based on changes in markers per individual patient.

ALT Chitotriosidase

levels DLCO activity LSM
=/+ = = =
—/HF = Deficient =

_ = = NA
= = Deficient =

— = NA NA
= NA = NA
— =/+ = —

= NA — =

Note: Only patients for whom sufficient data were available are displayed. Progression of disease, =: stable disease, =/+: spontaneous regression of disease

(inverted criteria for progression of disease apply). Yellow: stable or improvement; red: deterioration; gray: data not available.
Abbreviations: ALT, alanine aminotransferase; DLCO, diffusion capacity of the lungs for carbon monoxide; LSM, lysosphingomyelin; NA, not available; Sx,

splenectomy.
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FIGURE 2 Individual course of markers in patient 3 and patient 13. Patient 3 showed stable disease (or spontaneous regression) for all

markers (see Table 3). Patient 13 showed progression of disease based on spleen volume, liver volume, diffusion capacity of the lungs for

carbon monoxide, chitotriosidase activity and lysosphingomyelin.

ALT levels were stable in all patients. Twelve patients (71%)
showed progression of disease based on one or more
markers: four for spleen volume, two for liver volume, three
for DLCO, seven for chitotriosidase activity and three for
LSM. One patient (patient 13) showed progression of disease
based on four markers. This patient did not report any com-
plaints at the last visit and did not experience limitations in
daily activities. Furthermore it should be noted that this
patient had mild manifestations based on the markers at
baseline (see Table S3), with moderate splenomegaly
(1550 mL, 123 MN), mildly decreased platelet levels
(126 x 10°/L), normal ALT levels and normal DLCO. More-
over, biochemical markers were relatively low compared
with the other patients in this cohort, except for GPNMB.
This patient and the other patient showing progression based

on spleen and liver volume (patient 2) were first seen at our
clinic after their transition from pediatric care. Potentially the
increase in spleen and liver volume is (partly) due to growth.
Their weight did not increase significantly during the follow-
up period (i.e., not more than 10%). Figure 2 illustrates the
course of these markers for patient 13 and for patient 3, who
showed stability for all markers during follow-up.

Notably, there was no clear relation between progres-
sion of disease regarding clinical markers and increase of
biochemical markers (i.e., chitotriosidase activity and
LSM). Some patients show progression based on a bio-
chemical marker, but not for any clinical markers
(i.e., patients 1, 4, 9, 12, 14 and 19). Only one patient
(patient 1) showed progression based on both chitotriosi-
dase activity and LSM plasma levels.
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3.9 | Cardiovascular risk

Cardiovascular risk was assessed individually for each
patient, as detailed in Table 4. At the last visit, 16 patients
were classified as overweight and four patients exhibited
high blood pressure, with three already using antihyperten-
sive medication, whereas the fourth was referred to the gen-
eral practitioner to initiate medication. Seven patients (30%)
were active smokers. Nine patients (39%) used statins and
20 patients (87%) had low HDL-C plasma levels. 10-Year
risk of cardiovascular disease and/or death was calculated
for 12 patients older than 40 years and was increased in six
of them (50%). One of the patients underwent coronary
artery bypass surgery, no other patients suffered cardiovas-
cular events. For this patient, the 10-year risk of recurrent
cardiovascular disease and/or death was 20.3%.

3.10 | Quality of life

Median scores and ranges from the quality of life question-
naires are depicted in Table 5. Median Physical Compo-
nent Summary (PCS) score from the SF-36 questionnaire
was 1190 (range 605-2435), median Mental Component
Summary (MCS) score was 673 (range 250-1000). The SF-
36 scores of the ASMD patients from this cohort did not
differ significantly from those in a healthy population
(in which the mean PCS score was 1550 and the mean
MCS score 705).” Comparison of patients with splenic
involvement to those without showed slightly better PCS
score for the patients with splenic involvement. Patients
with hepatic involvement had lower SF-36 scores than
patients without. Median PCS score for patients with pul-
monary involvement was almost a factor 3 lower than
median PCS score for patients pulmonary involvement.
MCS score showed a factor 2 difference.

Median HAQ score was 0.13 (range 0-2.5), which is
lower and thus better than the reported population mean
(0.25 with a 95% confidence interval of 0.22-0.28).*®
Interestingly, patients without splenic involvement
reported more disability than patients without as illus-
trated by a higher HAQ-score. The median for both
patients with and without hepatic involvement was zero.
Patients with pulmonary involvement reported more
disability.

3.11 | Proposal for criteria for initiation
and effect of treatment

Criteria for selection of adult ASMD patients with
visceral disease manifestations who may benefit from
ERT were proposed as follows:

« plasma platelet levels <50 x 10°/L OR,

« spleen volume >12 MN or spleen volume inflicting
substantial complaints impacting daily function-
ing OR,

« liver stiffness >7.1 kPa (showing an upward trend over
multiple measurements) or plasma ALT levels >2
ULN OR,

« DLCO <70% of predicted OR, and

« Evident progression of disease on any domain (even if
criteria above are not met).

Any other cause of the changes as defined within the
criteria should be excluded. Platelet levels were based on
increased bleeding risk when platelets are <50 x 10°/L.*
Spleen volume was based on the data from this cohort
(see Table S3). Liver stiffness was based on the cut off
value used in MASLD.?® Plasma ALT levels and DLCO
cut off values were based on the ASCEND trial.'*"”

Criteria for effect of therapy were proposed based on
the results of the international clinical trial of olipudase
alfa. After 1 year of treatment, significant improvement
was seen in the patients randomized to receive olipudase
alfa for the following markers: chitotriosidase activity
(decrease of 55%), LSM (decrease of 78%), spleen volume
(decrease of 39%), liver volume (decrease of 28%), DLCO
(increase of 22%), platelet level (increase of 17%), ALT
level (decrease of 37%).'° After 1 year, the placebo group
started olipudase treatment, the results after 1 year of
treatment for this group were similar.” Criteria for effect
of therapy after 1year of treatment were proposed as
follows:

« areduction of 30% or more in chitotriosidase activity.
AND

« areduction of 50% or more in LSM plasma level.
AND ONE of the criteria below:

« areduction of 30% or more in spleen volume,

« areduction of 20% or more in liver volume,

« an improvement of 15% or more in DLCO,

« an increase of 10% or more in plasma platelet level
(only if abnormal at start of treatment), and

+ a reduction of 15% or more in plasma ALT level (only
if abnormal at start of treatment).

Decrease of chitotriosidase activity and LSM should
be achieved within a year as well as one other criterion.
For plasma markers, the effect is considered sustained if
two consecutive measurements meet the criteria. The
proposed criteria reflect the minimal expected change
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Median scores and ranges for quality of life questionnaires (SF-36 and HAQ).

TABLE 5

Median
(range)

Median (range)

Median (range)

Pulmonary

Median (range)
No hepatic

Median (range)

Hepatic

Median (range)
No splenic

Median (range)

Splenic

No pulmonary
involvement

involvement involvement involvement

involvement

involvement

All patients

SF-36

16

Amount of patients

1995 (625-2435)

1910 (605-2320) 1415 (625-2435) 1435 (605-2300) 1910 (755-2435) 643 (605-800)

1190 (605-2435)

Physical component

summary

755 (295-1000) 598 (250-840) 900 (400-1000) 388 (250-610) 840 (265-1000)

730 (250-960)

673 (250-1000)

Mental component
summary
HAQ

15

Amount of patients

Total

ESKES ET AL.

0 (0-1.5)

0 (0-0.63) 0 (0-0.38) 0.63 (0.25-1.63)

0.13 (0-1.5)

0 (0-0.63)

0.13 (0-2.5)

Note: Scores for SF-36 can range from 0 to 2500 (PCS score) and from 0 to 1000 (MCS score). Score for HAQ can range from 0 to 3.

Abbreviations: HAQ, Health Assessment Questionnaire; MCS, Mental component summary; PCS, Physical component summary; SF-36, 36-Item Short Form Health Survey.

based on the lower limit of the 95% confidence interval as
reported in the results of the international olipudase
trial.'® No patient in this cohort met these effect criteria
during follow-up.

4 | DISCUSSION

In summary, the most common manifestations encom-
passed splenomegaly, decreased HDL-C plasma levels,
(signs of) steatosis measured with TE, thrombocytopenia,
hepatomegaly and decreased DLCO. The majority of the
markers measured in adult patients with chronic visceral
ASMD were stable during follow-up. Although cardiovas-
cular risk was increased in half of the patients aged over
40 years, only one recorded cardiovascular event was
observed within our population. Patient-reported quality
of life did not differ from the general population,
although a difference in median SF-36 scores was
observed when comparing of patients with severe pulmo-
nary involvement to those of patients without pulmonary
involvement.

The most common disease manifestations in this
cohort were in accordance with previously described
cohorts of ASMD patients.>®'**"** However, it should
be noted that our cohort differs from most others because
it only comprises adults with the chronic visceral subtype
of ASMD. Moreover the p.Arg610del mutation was the
most prevalent, accounting for 63% of the alleles, consis-
tent with prior research indicating its association with
the chronic visceral subtype of ASMD.* This mutation
was associated with a relatively mild course of disease in
previous studies,*"** especially less organomegaly, there-
fore findings in this cohort might be more favorable than
in other cohorts of chronic visceral adults. This cohort
was too small to investigate genotype-phenotype correla-
tions, specifically in the context of disease progression,
but it may prove important based on future research.

There are several observations that warrant further
discussion. First, the distinction between patients with
severe pulmonary disease (i.e., DLCO <40% of predicted,
n =4) and the other patients. It should be noted that
three of these four patients were smokers, a habit nor-
mally expected to moderately influence DLCO.* In pre-
vious studies, several adult ASMD patients were
described to have severely decreased DLCO, but no
hypotheses regarding specific factors that could contrib-
ute to severe lung disease were raised.®*’~** When com-
paring our four patients with severe pulmonary
involvement to the patients without, no differences in
FVC, chitotriosidase activity or plasma levels of CCL18,
LSM, PPCS or GPNMB were found. This observation
prompts the hypothesis that an individual predisposition,
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such as genetic factors or environmental elements like
smoking, may contribute to severe pulmonary involve-
ment in a subset of adult patients with the chronic vis-
ceral form of ASMD.

Second, median KCO values were higher than DLCO
values. Some patients exhibited normal KCO measure-
ments while also showing decreased DLCO values. This
discrepancy has been described in patients with intersti-
tial lung disease.’®>' Moreover, most patients in this
cohort demonstrated normal FVC, as described in previ-
ous case reports of adult ASMD patients.****** Another
natural history study reported decreased FVC in 47% of
patients, however patients in this cohort had a median
age of 17.6 years and were therefore potentially more
severely affected than the adult patients in our cohort.>
Of note, three of the four patients with severe pulmonary
involvement had normal FVC, the fourth had a mildly
decreased FVC of 78% of predicted. This prompts the
hypothesis that sphingomyelin storage in the lung ham-
pers diffusion capacity, but does not affect pulmonary
compliance to the same extent.

Furthermore, the 6MWT results are different than
one might expect since three relatively young patients
walked less distance than predicted based on age, sex,
height and weight, whereas three older patients with
severe pulmonary involvement reached the lower limit of
normal within walking for 6 min. A potential explanation
is the fact that the formulas to calculate predicted values
are designed for patients older than 40 years.”® Extrapola-
tion of these formulas to younger patients might exceed a
distance that is realistic to walk within 6 min. On the
other hand, the patients with severe pulmonary involve-
ment fell within the age range for which the formulas are
designed. The fact that they were able to walk the dis-
tance defined as the lower limit of normal suggests that
an effort as short as walking for 6 min is not impaired, as
illustrated by a study in which only 5% of ASMD patients
had 6MWT results lower than predicted.”

Cardiovascular risk analysis showed that most
patients had aberrant lipid profiles with most commonly
decreased HDL-C levels within a combined dyslipidemia,
which was in line with previous research.'™* Half of the
patients older than 40 years had a potential 10-year risk
for cardiovascular disease and/or death >5% based upon
the standard criteria. Some patients showed disrupted
lipid profiles at a young age, for instance a patient
(patient 2) who had a LDL-C plasma level of 5.5 mmol/L
at the age of 18 years (99th percentile). Therefore expo-
sure to atherogenic lipid profiles seems to be long-term,
as is observed in patients with genetic hyperlipidemias,
possibly leading to increased cardiovascular risk. There-
fore, patients in our cohort were prescribed cholesterol
lowering therapy at a relatively young age: four of nine

patients using cholesterol lowering therapy started before
the age of 40, which lowered the LDL-C plasma levels of
aforementioned patient (patient 2) to the 73rd percentile
in 2 years. In the recently published guideline for ASMD,
the majority of experts agreed with the statement that
ASMD patients might be at an increased risk of prema-
ture cardiovascular events because of aberrant lipid pro-
files.>* However, it was noted that an increased
cardiovascular risk has not been proven in ASMD and
therefore the prescription of cholesterol lowering therapy
warrant careful consideration based on individual char-
acteristics.>* Although there was only one cardiovascular
event during follow-up of the 23 patients of this cohort,
the risk calculation performed in this study suggests an
increased cardiovascular risk in a subset of patients. Fur-
ther studies investigating cardiovascular events and risk
in larger cohorts of adult ASMD patients are warranted.

Lastly, findings regarding quality of life are of inter-
est. SF-36 and HAQ scores of this cohort were similar to
the general population. However, a decrease of quality of
life was observed when patients with pulmonary involve-
ment were compared with those without. This might sug-
gest that pulmonary involvement, and decreased DLCO
in particular, is one of the most debilitating features of
ASMD in adults, as was suggested previously.'*>* None-
theless, it should be noted that ASMD is a chronic disease
and patients might have adjusted to the limitations they
experience, which might be illustrated by the fact that
the quality of life questionnaire (i.e., the splenomegaly-
related score [SRS]) used in the ASCEND trial did not
show a decrease after 1year of treatment. Moreover,
neither the SF-36 nor the HAQ questionnaire was not
validated for adult patients with ASMD. A validated
questionnaire focusing on specific manifestations of
ASMD and their influence on the quality of life of ASMD
patients would be a convenient tool to periodically evalu-
ate quality of life as experienced by patients and could
aid in evaluating effect of ERT as well.

Based on this cohort, clinical manifestations of ASMD
in adult seem to be compartmentalized. For example,
some patients show severe pulmonary disease with lim-
ited splenomegaly, whereas others show hepatomegaly
with increased liver enzymes but normal pulmonary
function. No correlations were found between biochemi-
cal markers (considered to reflect general burden of dis-
ease) and markers reflecting splenic, hepatic or pulmonal
involvement (see Table S3). Moreover most patients who
showed progression of disease based on a clinical marker,
did not show progression based on biochemical markers
and conversely, not all patients who showed progression
based on chitotriosidase activity showed progression of
disease based on a clinical marker. Although biochemical
markers do seem to reflect general burden of disease
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since they are increased in all patients and chitotriosidase
activity and LSM levels decrease drastically after 1 year of
ERT, these markers do not seem to predict progression
of organ-specific manifestations.

The aim of ERT is to alleviate disease burden and to
prevent irreversible disease manifestations, for instance
splenectomy. The indications for splenectomy in this
cohort were spleen hemorrhage and infarction. Unfortu-
nately, studies describing risk factors or clinical features
of patients who underwent splenectomy (e.g., spleen vol-
ume before splenectomy) were not identified. This lack of
knowledge poses a challenge in reliably identifying
patients at risk for this complication. Additionally, the
border between reversibility and irreversibility concern-
ing hepatic and pulmonary involvement has not yet been
elucidated. These manifestations might be largely revers-
ible. Sphingomyelin accumulation in liver tissue was
almost entirely cleared after 1year of ERT and all
patients with a DLCO of 40% of predicted or higher at
baseline showed improvement of pulmonary function
after 1 year of ERT.'®'” TE emerges as a promising tech-
nique for assessing liver fibrosis, due to its non-invasive
nature. Liver involvement in ASMD resembles MASLD
because both diseases are characterized by lipid accumu-
lation in the liver and exhibit a broad spectrum of liver
involvement, potentially leading to fibrosis or cirrho-
sis.®>> In MASLD, TE is widely used, because CAP score
and measurements of liver stiffness have demonstrated
correlation with liver biopsy results.’® Lastly,
hepatocellular carcinoma might be a complication of
sphingomyelin storage in ASMD, as is the case in
Gaucher disease.”” However, scientific reports on liver
lesions in ASMD are scarce. Focal liver lesions in ASMD
patients were described in two case reports,” in both
cases no hepatocellular carcinoma was established. A
study describing the causes of death in ASMD patients
mentions two patients with liver cancer, which is not fur-
ther specified.*

Because of the differences between individual patients
and the uncertainty regarding irreversibility of manifesta-
tions, initiation of ERT should preferably be discussed in
a multidisciplinary team and should be carefully consid-
ered for each individual patient. The tentative criteria
proposed in this study (i.e., criteria for progression of dis-
ease, start criteria and effect criteria) might be of aid in
this process. It should be noted that the criteria proposed
in this study are based on the markers available for this
cohort and limited scientific data. For instance, markers
for liver stiffness, pulmonary imaging and bone density
could be added. A next step would be to obtain a more
definitive consensus from a multidisciplinary expert
panel to arrive at generally accepted start and stop

criteria, based on the description of this cohort as well as
other studies.

Twelve patients (52%) from this cohort met one or
more of the proposed start criteria and might benefit
from therapy. Seven patients met the criterion for
decreased DLCO, five patients the criterion for liver stiff-
ness, four for spleen volume and four for ALT levels. No
patients had platelet levels below 50 x 10°/L. Eleven
patients from this cohort (48%) have such mild disease
manifestations that initiation of therapy does not seem
beneficial (yet). The potential advantages of ERT need to
be carefully weighed against its drawbacks, including the
impact of regular infusions on a patient's life and
the associated costs. This cohort shows that in a subset of
adults with the chronic visceral subtype treatment may
not be imperative or, at the very least, there is time for a
watchful-waiting approach, because of the mild mani-
festations and the absence of progression of these
manifestations.

In conclusion, The chronic visceral subtype of ASMD
exhibits a predominantly stable disease course in this rel-
atively mild adult cohort. Consequently, the decision to
initiate ERT in individual patients should be made with
careful consideration. Future research is needed to
expand the cohort to include potentially more severely
affected patients by collecting real world data and refin-
ing the criteria. It could focus on investigating correla-
tions between markers and clinical events, as well as on
delineating the boundary between reversible and irre-
versible manifestations. Advancements in understanding
these aspects will contribute to more precise and tailored
therapeutic decisions for individuals with the chronic vis-
ceral subtype of ASMD.
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