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A B S T R A C T

Acid Sphingomyelinase Deficiency (ASMD), or Niemann-Pick type A/B disease, is a rare lipid storage disorder
leading to accumulation of sphingomyelin and its precursors primarily in macrophages. The disease has a broad
phenotypic spectrum ranging from a fatal infantile form with severe neurological involvement (the infantile
neurovisceral type) to a primarily visceral form with different degrees of pulmonary, liver, spleen and skeletal
involvement (the chronic visceral type). With the upcoming possibility of treatment with enzyme replacement
therapy, the need for biomarkers that predict or reflect disease progression has increased. Biomarkers should be
validated for their use as surrogate markers of clinically relevant endpoints. In this review, clinically important
endpoints as well as biochemical and imaging markers of ASMD are discussed and potential new biomarkers are
identified. We suggest as the most promising biomarkers that may function as surrogate endpoints in the future:
diffusion capacity measured by spirometry, spleen volume, platelet count, low-density lipoprotein cholesterol,
liver fibrosis measured with a fibroscan, lysosphingomyelin and walked distance in six minutes. Currently, no
biomarkers have been validated. Several plasma markers of lipid-laden cells, fibrosis or inflammation are of high
potential as biomarkers and deserve further study. Based upon current guidelines for biomarkers, re-
commendations for the validation process are provided.

1. Introduction

1.1. ASMD

Acid Sphingomyelinase Deficiency (ASMD), also known as
Niemann-Pick disease types A and B, is a rare lysosomal storage dis-
order (LSD) caused by mutations in the sphingomyelin

phosphodiesterase 1 (SMPD1) gene, leading to strongly decreased ac-
tivity of acid sphingomyelinase (ASM, EC 3.1.4.12) [1–4]. The enzyme
ASM is mainly present in lysosomes and catalyzes hydrolysis of sphin-
gomyelin (SM) to ceramide and phosphocholine [5,6] (see Fig. 1). In
ASMD, SM and its precursor lipids accumulate in lysosomes, especially
in macrophages. These lipid laden macrophages, Niemann-Pick cells,
can be found in several tissues, mainly the spleen, liver and lungs [1],
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leading to variable degrees of hepatosplenomegaly, cytopenia and
pulmonary disease [1]. The prevalence of ASMD is estimated to be
approximately 1 per 200.000 births [7,8]. Traditionally different sub-
types are identified: ASMD type A, now more accurately referred to as
the infantile neurovisceral form, is characterized by a relatively low
residual ASM activity and shows a severe disease course with neuro-
logical involvement in young children, which is fatal before the age of
three years [9,10]. On the other end of the spectrum is type B, better
described as the chronic visceral form, which is characterized by ab-
sence of neurological involvement and instead, the presence of variable
visceral symptoms. The intermediate form, traditionally called type A/
B, but now the chronic neurovisceral form, encompasses patients sur-
viving early childhood, who have mild to severe neurological symptoms
in addition to visceral symptoms [11].

The most common symptoms of the visceral phenotype are hepa-
tosplenomegaly, thrombocytopenia and interstitial lung disease with
decreased diffusion capacity. When disease progresses, liver failure and
respiratory insufficiency can occur. Natural history studies indicate that
the disease can be stable or show minimal progression over the course
of years in adult patients [12–14].

Due to heterogeneity of symptoms, the clinical diagnosis can be
difficult. The gold standard for diagnosis is demonstration of deficient
ASM activity in leukocytes or fibroblasts. In case of a decreased enzyme
activity, additional gene sequencing should be performed [15]. Over
180 mutations in the SMPD1 gene have been identified, but genotype-
phenotype correlations are not straightforward in most cases [16].

Already in the original case descriptions of patients suffering from
the chronic visceral form of ASMD, the similarity to type 1 Gaucher
disease (GD) was highlighted [17]. Gaucher disease is caused by a
mutation in the GBA1 gene causing deficiency of the lysosomal enzyme
glucocerebrosidase (GCase) (EC 3.2.1.45) [18,19]. Both diseases are
characterized by accumulation of lipid-laden macrophages with quite
similar overall appearance. However, the storage material in Gaucher

cells and Niemann-Pick cells is distinct. As indicated previously, Nie-
mann-Pick cells prominently accumulate SM, whereas Gaucher cells
accumulate glucosylceramide, the simplest glycosphingolipid [20,21]
(see Fig. 1). Although the clinical symptoms of type 1 GD and ASMD
patients are quite similar, in GD bone disease and pain are more pro-
minent than in ASMD. Lung disease and cirrhosis are more common in
ASMD than GD.

1.2. Enzyme replacement therapy

At present, the mainstay of therapy is supportive care. Currently, a
phase II/III clinical trial of enzyme replacement therapy (ERT, olipu-
dase alfa, Sanofi Genzyme, MA, USA) in the chronic visceral form of
ASMD is being conducted [22]. The enzyme ASM differs from other
lysosomal enzymes like GCase by the fact that it is partially secreted
and moreover able to degrade SM at the surface of cells [5]. Probably as
a consequence of this, initial high doses of enzyme may trigger direct
release of ceramide in the bloodstream, which induces a pro-in-
flammatory response [23]. Hence, a careful dosing study was per-
formed in a phase I trial, in eleven patients who each received a single
injection of olipudase alfa at different doses (0.03–1.0 mg/kg) [24,25].
The phase Ib study consisted of a within-patient dose escalation pro-
gram over 26 weeks and was conducted in five patients who all reached
the maximum dose of 3.0 mg/kg [26,27]. Results of the extended phase
1b trial were published after 30 months of treatment. Four patients who
continued at a dose of 3.0 mg/kg, and one patient at an adjusted dose of
1.0 mg/kg [28]. All five patients showed promising results, i.e. decrease
of hepatosplenomegaly, improvement of pulmonary diffusion capacity
and ameliorated lipid profiles. Indeed, since lipid-laden macrophages
are the primary storage cells in ASMD, clinical benefit by correction of
these cells by ERT seems feasible as indicated by the success of this
approach with GD [29,30].

It should be noted that two out of the five patients enrolled in the
phase Ib trial had normal diffusion capacity at baseline [28]. All pa-
tients included in both the phase I and Ib trial were diagnosed with the
chronic visceral form of ASMD and had no neurological symptoms
[24,26].

1.3. Biomarkers

Biomarkers are defined as ‘characteristics that are objectively
measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic in-
tervention’ [31]. Biomarkers, when properly validated, can function as
surrogate endpoints and thus shorten clinical trials [32,33]. Moreover,
they can replace invasive, time consuming or costly procedures in daily
practice. Biomarkers are often biological molecules measured in easily
accessible specimens such as plasma and urine or tissue, but they can
also be parameters measured in medical procedures for instance ima-
ging techniques.

The European Medicines Agency (EMA) and the Food and Drug
Administration (FDA), trying to create order in the expanding field of
biomarker research, have issued guidelines for the registration of bio-
markers mainly to ensure proper use as surrogate endpoints in clinical
trials [34,35]. However, clear recommendations are lacking.

There are many pitfalls in the current biomarker pipeline [36]. A
major issue is the lack of proper evaluation both before and after
clinical implementation. A more effective approach would be to focus
on the clinical use of a specific biomarker and thus starting with de-
fining the patient population and the clinical outcome(s) the biomarker
has to reflect or predict [36]. In line with this, a working group of the
European Federation of Clinical Chemistry and Laboratory Medicine
(EFCCLM) has released a 14-item checklist, which guides researchers
through the process of identifying and implementing a new biomarker
[37].

In ASMD little is known about biochemical or imaging markers that

Fig. 1. Metabolic pathways of the degradation of sphingolipids.
Acid sphingomyelinase deficiency (ASMD) is caused by a deficiency of the
enzyme acid sphingomyelinase. This hampers the conversion of sphingomyelin
into ceramide. The metabolites are presented in the frames, enzymes are
printed in italic, the sphingolipidoses are printed in black. Gb4: globoside, Gb3:
globotriaosylceramide, GM3: monosialodihexosylganglioside, LacCer: lacto-
sylceramide, GlcCer: glucocerebroside, Cer: ceramide.
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can be used as surrogates for hard clinical endpoints such as survival,
organ failure or impaired quality of life. Especially for slowly pro-
gressive, chronic diseases such as ASMD, the availability of substitutes
is necessary to be able to assess the impact of specific therapies since
clinical trials are usually limited to 6 or 12 months of initial follow-up.
In the search of biomarkers for ASMD, GD can serve as an example
because the macrophage is the central storage cell in both disorders.
Gaucher cells have been studied in more detail in the past and are
mainly viable alternatively activated macrophages that secrete specific
proteins into the circulation, resulting in elevated plasma levels [38].
For example, the elevated plasma proteins in GD patients (chito-
triosidase and chemokine CeC motif ligand 18, better known as CCL18)
are markers of body burden on Gaucher cells (reviewed in [39]) and
also reported as plasma markers of Niemann-Pick cells (see section
3.6.2).

The purpose of this review is to summarize known biochemical and
imaging markers of visceral manifestations of ASMD in the context of
hard clinical endpoints and discuss their validity as surrogate end-
points. Markers of neurological disease are of high importance, but are
not included here since ERT is unable to ameliorate central nervous
system symptoms [26]. Furthermore, we propose several markers that
could be of additional value. Considering the heterogeneity of the
course of disease in ASMD, the chance of finding one biomarker that
reflects disease activity and predicts the course of disease is extremely
small. Therefore, possible biomarkers for the different organ manifes-
tations are discussed.

2. Methods

2.1. Search strategy

A literature search (see Fig. 2) was performed using the PubMed

database by combining the key words: ‘Niemann Pick disease’, ‘acid
sphingomyelinase deficiency’ and their variations with ‘biomarkers’
and variations on the terms ‘imaging’, ‘histology’ and ‘biochemical’.
This yielded 1110 hits. Title and abstract were screened for research
regarding biomarkers or diagnostic tools for ASMD combined with
clinical endpoints as defined in section 2.2, which led to exclusion of
996 publications and an additional 52 that were not in English, Dutch
or French. Full text of 61 of the remaining 62 publications was available
for review.

2.2. Identification of clinical endpoints

The chronic visceral form of ASMD is a slowly progressive disease
with long stable periods. Since clinical events are scarce, surrogate
endpoints that can substitute for hard endpoints are of value. In this
section, non-neurological clinical endpoints in ASMD are discussed and
defined sorted by organ system (see Fig. 3).

Liver disease in ASMD progresses via elevation of liver enzymes to
fibrosis and eventually cirrhosis. Cirrhosis is associated with dete-
rioration of liver function, portal hypertension and increased risk of
hepatocellular carcinoma [40]. Morbidity and mortality of non-ASMD
related liver cirrhosis are substantial [41]. Five-year survival of patients
with liver cirrhosis due to non-alcoholic fatty liver disease (NAFLD)
with cirrhosis is similar to that observed in patients with liver cirrhosis
due to hepatitis C virus (HCV) and is approximately 75% [42].

Lung disease in ASMD consists of restrictive lung disease, decreased
diffusion capacity and interstitial lung disease (ILD) with signs of pul-
monary fibrosis, all as a result of SM accumulation [43,44]. Since ILD
composes a large group of different diseases, linking the scientific
knowledge of the pathogenesis of patients with ILD to ASMD is difficult.
ILD is associated with an increased mortality rate [45]. Important
prognostic markers of idiopathic pulmonary fibrosis (IPF) are a de-
crease in diffusion capacity and a decrease of exercise capacity [46].

The third important group of clinical events in ASMD is related to
splenomegaly and contains hemorrhage and spleen infarction, which
can both require splenectomy. Hemorrhage is mainly caused by
thrombocytopenia due to hypersplenism. Clinical events related to he-
morrhage that have been described in ASMD are recurrent epistaxis,
subdural hematoma, hematemesis, hemoptysis and haematothorax.
Several cases where splenic bleeding led to splenectomy have been
described [47–51]. Splenomegaly can also cause infarction in the
spleen, possibly leading to necrosis and thus requiring splenectomy as
described in one case report [52]. Long-term outcomes in ASMD pa-
tients after splenectomy have not been systematically described, but SM
storage shifts may increase the storage burden in other organs [49,51].
This is exemplified in Gaucher disease, where splenectomy leads to
aggravation of liver disease, bone disease and an increased risk of de-
veloping malignancies [53,54].

Since patients often show an atherogenic lipid profile with low high
density lipoprotein (HDL) and high low density lipoprotein (LDL), pa-
tients are at higher risk of cardiovascular events [55–57]. One pub-
lication that focuses on morbidity and mortality in ASMD patients re-
ports a few patients suffering from cardiac complaints [56]. Moreover,
two sisters with cardiac complications and ASMD were described [57]
and a patient who presented with cor pulmonale considered secondary
to pulmonary involvement of ASMD [58]. Thus, we consider cardio-
vascular events to be an important clinical endpoint as well.

Skeletal involvement is present in ASMD, but its extensiveness is
reported variably. Events that have been described in natural history
studies are pathological fractures, decreased bone mineral content and
decreased bone mineral density [11,12,55,59].

Lastly, biochemical markers are of particular interest in the search
for biomarkers, since they might reflect general burden of disease.
Several plasma markers reflect disease activity that is an effect of
general SM accumulation and not organ specific.

The aforementioned events are all objective and can be measured

(((((Niemann Pick) OR ((("Niemann-Pick Disease, Type B"[Mesh]) 
OR "Niemann-Pick Disease, Type A"[Mesh]) OR "Niemann-Pick 

ASMD)) AND (((((biomarke*) OR "Biomarkers"[Mesh]) OR 
imagin*) OR histolog*) OR biochemi*) 

1110 hits
screened on 
title/abstract

996 not relevant
52 not English, Dutch 

or French

62 hits 1 full article not available

61 hits

Fig. 2. Search strategy in PubMed.
The above mentioned search terms were used in the PubMed database and
resulted in 1110 hits. Titles and abstracts were screened for relevance regarding
biomarkers in ASMD, 996 did not meet this criterion. 52 publications were non
English, Dutch or French. 1 of the remaining 62 publications was not accessible.
This resulted in 61 publications included in this review.
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and assessed. Quality of life on the other hand is a subjective parameter
and does not strictly fulfill the definition of a biomarker. Therefore, this
endpoint is not included in the results section.

2.3. Analysis

Biomarkers in ASMD that are valuable for monitoring patients
should (a) reflect disease activity and (b) predict the likelihood of
clinical events and hence in time aid in decision making about initiation
of treatment. With the glossary of the Biomarkers, EndpointS and other
Tools (BEST) Resource [32] and the checklist of the EFCCLM [37] as
starting points as well as the characteristics of an ideal biomarker of
LSDs as proposed by Cox [33] three important hallmarks of biomarkers
in ASMD were defined: (a) the link to the pathophysiological process
should be clear, (b) levels should change in response to effective
therapy and (c) correlation with clinical events as defined in section 2.2
should be established. Each marker received a tentative validation score
based on these criteria, with a maximum of +++. Procedures con-
sidered too invasive scored -. Markers that are very promising based on
potential correlation to a clinical endpoint scored an additional +.

When data on the discussed biomarkers in ASMD are limited, re-
lated diseases are described. These include Gaucher disease, Niemann-
Pick type C (NPC), where a primary defect in cholesterol transport re-
sults in secondary SM accumulation, and Fabry disease, a sphingolipi-
dosis with accumulation of globotriaosylceramide (see Fig. 1).

3. Results

The potential biomarkers as found in the reviewed publications are
depicted in Table 1, together with an assessment of their validity. Fig. 4
presents an overview of the biochemical markers and their inter-
dependence.

3.1. Markers regarding liver disease

SM storage in the liver is a direct consequence of the deficiency of
ASM and is mainly observed in the liver-specific macrophages, the
Kupffer cells [25,27,60]. The storage pattern of SM seems to reflect
disease severity: biopsies of patients with lower residual enzyme

activity showed higher amounts of SM and accumulation in hepatocytes
besides Kupffer cells [25,60]. The phase Ib trial of ERT with olipudase
alfa showed significant reduction of SM storage after 26 weeks of
treatment [27]. However, assessing the presence of fibrosis or cirrhosis
in these liver biopsies may be even more important, since this directly
reflects one of the clinical endpoints as defined in section 2.2. Fibrosis is
also associated with an SM storage pattern in both Kupffer cells and
hepatocytes [25]. Interestingly, after 26 weeks of ERT 3 patients
showed an increase in fibrosis score and 2 showed no change [27].

Other techniques to detect early stages of fibrosis in tissue are of
interest because ideally, they would replace invasive and risky biopsies.
Transient elastography (also known as fibroscan) is broadly used in
monitoring the progression of fibrosis in patients with HCV and proved
to be a solid alternative for liver biopsies [61]. Fibroscans have been
studied in Gaucher disease. Webb et al. described fibroscans and shear
wave elastography as useful techniques to measure spleen and liver
stiffness and thereby distinguish Gaucher patients from healthy subjects
and patients with cirrhosis [62]. Fibroscans are not described in rela-
tion to ASMD, but are easy to perform and promising for detecting fi-
brosis in ASMD patients. Therefore they are recommended by a panel of
international ASMD experts [11]. The expected correlation to liver fi-
brosis resulted in an additional + on tentative validation score (see
Table 1).

Liver enzymes in plasma are often mildly elevated in ASMD, which
can be explained by enlargement of the liver and a mild inflammation
reaction due to accumulation of SM in the liver. However, it is not
elucidated whether increase of plasma aminotransferase (ALT/AST)
levels reflects development of liver fibrosis or cirrhosis in ASMD. In the
phase Ib trial of olipudase alfa, all five patients had ALT and AST levels
within the normal ranges, except for a transitory rise in one patient, and
therefore the effect of ERT could not be assessed [28]. In NAFLD it has
been demonstrated that 30–60% of the patients with a biopsy-con-
firmed NAFLD have normal AST levels [63]. NAFLD patients with
normal ALT levels have the same risk of disease progression as NAFLD
patients with elevated ALT levels [64]. In line with these findings, an
ASMD patient with normal plasma liver enzyme levels was diagnosed
with liver cirrhosis [65]. Thus, elevation of plasma aminotransferases
could indicate liver fibrosis, but normal levels do not exclude this.

Death

Liver failure

  biopsy

  liver enzymes

  BAL

  HRCT

  biopsy

  spirometry

Hemorrhage/splenectomy

  spleen volume

  platelet count

Severity of disease

  SM + derivatives

  macrophage markers

  oxysterols

  exercise tolerance test

  questionnaire

 Exercise intolerance

  spirometry

Pain

  questionnaire

Fatigue

  questionnaireCardiovascular events

  LDL-cholesterol

  HDL-cholesterol

Fig. 3. Clinical endpoints in ASMD and where ap-
plicable their associated biomarkers.
See text for each section; i.e. liver transaminases can
be normal and do not exclude liver fibrosis/cirrhosis
(section 3.1). The most promising markers according
to Table 1 are depicted in bold. Questionnaires do
not meet the definition of a biomarker, but are de-
picted here because they are the best way to struc-
turally assess quality of life. BAL: broncho-alveolar
lavage, HRCT: high-resolution computed tomo-
graphy, SM: sphingomyelin, 6MWT: 6 minute walk
test, DXA: dual energy X-ray absorptiometry, QCSI:
quantitative chemical shift imaging.
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3.2. Markers regarding lung disease

There are several markers applicable for monitoring lung involve-
ment in ASMD patients. Histological tests are performed to assess SM
accumulation as primary effect of decreased ASM activity where in-
flammation and fibrosis are secondary effects. Lung biopsies show lipid
laden cells, predominantly foamy macrophages located in the alveolar
spaces and walls and to a lesser extent in the interstitium [43,66–68].
Inflammation of the interstitium and fibrosis are observed in varying
degrees [43,66,67]. Broncho-alveolar lavage fluid shows foamy mac-
rophages [43,66,67,69]. Effect of ERT on these markers has not been
investigated.

High-resolution computed tomography (HRCT) is currently the most
reliable technique to investigate (early) signs of ILD as a result of
ASMD. Common findings in ASMD are a ground glass pattern, thick-
ened interlobular septa and intralobular lines [43,44,67,70–73]. Sev-
eral studies showed that both HRCT and X-ray of the lungs display
abnormalities indicating interstitial lung disease, but findings often do
not correlate with impairment of lung function or clinical symptoms
[66,70,74,75]. The area of affected lung tissue measured on HRCT
decreased after 30 months of ERT [28].

Spirometry is used to assess lung volumes and diffusion capacity.
Spirometry in ASMD patients generally shows normal or decreased lung
volumes with a decreased diffusion capacity, indicative of restrictive
pulmonary disease [74]. There is no clear correlation between pul-
monary involvement on HRCT and pulmonary function measured by
spirometry. This was illustrated by Mendelson et al.: in a cohort of 52
patients some patients showed severe ILD on HRCT, but normal diffu-
sion capacity, while other patients had moderate to severe decrease in
diffusion capacity, but showed none to mild ILD [70]. The phase Ib trial
showed encouraging results regarding diffusion capacity; the 3 patients
with diffusion capacity impairment in the severe range showed the
greatest improvement of approximately 40% (2 patients) and 95% (1
patient). Patient reported outcomes on fatigue and pain did not change
[28].

3.3. Markers regarding spleen involvement

Splenomegaly is a distinct feature of ASMD, caused mainly by SM
accumulation. Spleen volume measured by magnetic resonance ima-
ging (MRI) in 59 patients was 11.1 ± 5.7 multiples of normal [75].
McGovern et al. considered spleen volume to be a possible biomarker in

Table 1
Potential biomarkers for ASMD.

Potential biomarker Intervention Link to the pathological process
established?

Response to ERT
demonstrated?

Relation to clinical endpoint(s)
established?

Tentative validation
score

Liver involvement
SM accumulation Liver biopsy yes yes no -4

Fibrosis Liver biopsy yes no1 yes -4

Fibrosis Fibroscan yes no2 yes ++±
Fibrosis SWE yes no2 yes ++
Liver transaminases Venipuncture yes no3 no +

Lung involvement
SM accumulation Lung biopsy yes no2 no -4

Fibrosis Lung biopsy yes no2 yes -4

SM accumulation BAL yes no2 no -4

Parameters of ILD HRCT yes yes no ++
Diffusion capacity Spirometry yes yes yes +++

Spleen involvement
Spleen volume MRI/CT yes yes yes +++
Platelet count Venipuncture yes yes yes +++

Cardiovascular risk
HDL-cholesterol Venipuncture yes yes no ++
LDL-cholesterol Venipuncture yes yes yes +++

Skeletal involvement
Bone marrow fat fractions QCSI yes no2 no +
Bone mineral density DXA yes no3 yes ++

Burden of disease
SM Venipuncture yes no3 no +
LSM Venipuncture yes yes no ++±
LSM-509/PPCS Venipuncture yes no2 no +±
Ceramide Venipuncture yes no3 no +
Chitotriosidase Venipuncture yes yes no ++
CCL18 Venipuncture yes yes no ++
GPNMB Venipuncture yes no2 no +
MIP-1α Venipuncture no no2 no −
MIP-1β Venipuncture no no2 no −
Cholestane-3β,5α,6β-triol Venipuncture yes no2 no +
7-ketocholesterol Venipuncture yes no2 no +
Walked distance 6MWT yes no2 yes ++±

A list of the markers for ASMD discussed in this review, the technique used to measure these markers, whether they meet the criteria we established and a tentative
validation score. Procedures considered too invasive (i.e. liver and lung biopsies, BAL) scored –. Biomarkers with an expected correlation to clinical endpoints
received an extra + (i.e. fibrosis measured with fibroscan, LSM, LSM-509 and 6MWT, additional + underlined in table).
1No effect of ERT, 2 not investigated in relation to ERT, 3 normal levels at baseline, 4 markers that scored - on tentative validation score because procedures are
considered too invasive.
SM: sphingomyelin, SWE: shear wave elastography, BAL: broncho-alveolar lavage, ILD: interstitial lung disease, HRCT: high-resolution computed tomography,
6MWT: 6 minute walk test, MRI: magnetic resonance imaging, CT: computed tomography, HDL: high density lipoprotein, LDL: low density lipoprotein, QCSI:
quantitative chemical shift imaging, DXA: dual energy X-ray absorptiometry, SM: sphingomyelin, LSM: lyso-sphingomyelin, PPCS: N-palmitoyl-phosphocholine-
serine, CCL18: chemokine (CeC motif) ligand 18, MIP: macrophage inflammatory protein.
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ASMD. They demonstrated a positive correlation between spleen vo-
lume and liver volume and triglyceride levels, and a negative correla-
tion with HDL levels, hemoglobin levels, white blood cell count and
height [75]. Spleen volume decreased after ERT as observed in the
phase Ib trial [26,28].

In ASMD, low platelet count caused by splenomegaly is commonly
found. Platelet count is mostly mildly decreased or low in the normal
range [12,13,56,75,76] and seems to worsen over time [12,13,76].
Platelet counts ameliorated over the course of the 30 month phase Ib
study of olipudase alfa [28]. Correlation with clinical events in ASMD
has not been established, although the correlation between thrombo-
cytopenia and risk of bleeding is known in the general population [77].

3.4. Markers regarding cardiovascular risk

ASMD patients have a disruptive lipid profile with high plasma total
cholesterol and LDL levels and low HDL levels [78]. The proposed ex-
planation for this is that ASM deficiency leads to secondary inhibition
of the Niemann Pick protein type C 1 (NPC1) and 2 (NPC2) which
hampers cholesterol efflux via HDL and stimulates endogenic choles-
terol production and LDL uptake. As mentioned earlier ASMD patients
are presumably at a higher risk for cardiovascular disease [55–57]. In
familial hypercholesterolemia (FH), patients have mutations in various
genes leading to elevated plasma LDL levels. Since ASMD and FH are
both inherited diseases, plasma LDL levels are elevated from birth and
patients are similarly exposed to high levels, although levels of FH
patients are more strikingly elevated. On the other hand, FH patients
show HDL levels in the normal range [79].

Plasma HDL levels are decreased in ASMD patients, but the clinical
consequences of these low HDL plasma levels are unclear. In the general
population, HDL is regarded to be a predictor of cardiovascular risk, but
causal relations between low HDL levels and cardiovascular events re-
main to be established [80]. In Gaucher disease, decreased HDL levels
are not related to increased cardiovascular risk, although it should be
noted that Gaucher patients have mildly decreased LDL levels as op-
posed to ASMD patients [81]. Lipid profiles of ASMD patients amelio-
rated after ERT as established in the phase Ib trial [26,28].

3.5. Markers regarding skeletal involvement

In ASMD, decreased bone marrow fat fractions measured with
quantitative chemical shift imaging (QCSI) have been described, pre-
sumably due to infiltration of foamy macrophages in bone marrow
[12]. Fat fractions measured with QCSI are used in monitoring skeletal
disease in Gaucher patients and increase significantly in response to
ERT [82–84]. To assess bone mineral density (BMD), dual energy X-ray
absorptiometry (DXA) scans can be performed. However, patients in the
phase Ib ERT trial had normal BMD at baseline [28].

3.6. Markers regarding burden of disease

3.6.1. Sphingomyelin and its derivatives
In ASMD, the degradation of SM to ceramide is impaired, which

leads to accumulation of SM. SM levels are not elevated in plasma or
urine because of its hydrophobic nature [85]. Accumulated SM is
converted into lysosphingomyelin (LSM), its deacylated form, by acid
ceramidase. LSM is strongly elevated in plasma and dried blood spots of
ASMD patients [85–91].

An analog of LSM, that until recently was called LSM-509, was also
identified as a possible biomarker for ASMD since strongly elevated
plasma levels were established in ASMD [86–90,92]. Recent findings
show that LSM-509 belongs to a new class of lipids: N-acyl-O-phos-
phocholineserines with LSM-509 being N-palmitoyl-phosphocholine-
serine or PPCS [93]. In contrast to plasma samples, LSM-509/PPCS
levels in dried blood spots (DBS) of ASMD patients show overlap with
healthy subjects [86]. Although DBS are frequently used because they
can easily be stored and shipped, analysis of LSM-509/PPCS in plasma
is preferred over DBS. Two patients with a mild phenotype were re-
ported to have normal or mildly elevated levels of LSM and LSM-509/
PPCS, which suggests a correlation with disease burden [86,88]. LSM
decreased after 30 months of ERT [28].

In several LSDs the deacylated forms of sphingolipids are used to
monitor disease burden in patients, since these metabolites are abun-
dant in plasma. Examples are glycosylsphingosine (GlcSph) in Gaucher
disease and globotriaosylsphingosine (lyso-Gb3) in Fabry disease, both
formed by deacylation of the accumulating sphingolipids by acid

sphingomyelin

lyso-sphingomyelin/
lyso-sphingomyelin-509

ceramide

cholesterol

cholestane-
3β,5α,6β-triol

7-keto-
cholesterol

chitotriosidase
CCL18

MIP-1α/MIP-1β

plasma

CBA

GPNMB

Fig. 4. Biochemical biomarkers in ASMD and their interdependence.
In ASMD, (A) the limited capacity to convert SM into ceramide leads to elevated levels of SM. This leads to conversion of SM to LSM and LSM-509/PPCS. Intracellular
accumulation of these lipids combined with secondary accumulation of cholesterol leads to the formation of foamy macrophages. (B) In these foamy macrophages,
oxidative stress leads to conversion of cholesterol to the oxysterols 7-ketocholesterol and cholestane-3β,5α,6β-triol. (C) Foamy macrophages also excrete chito-
triosidase, CCL18 and MIP-1α and MIP-1β. SM: sphingomyelin, LSM: lysosphingomyelin, PPCS: N-palmitoyl-phosphocholineserine, CCL18: chemokine CeC motif
ligand 18, MIP: macrophage inflammatory protein.
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ceramidase [94–96]. Of note, evidence has been presented that dea-
cylated sphingolipids (sphingoid bases) may exert toxic effects. For
example, excessive lyso-Gb3 in Fabry patients is thought to cause
smooth muscle cell proliferation and uncoupling of the enzyme en-
dothelial NOS, thus contributing to vasculopathy [94,97]. In addition, it
has been linked to podocyturia, fibrosis and damage to nociceptive
neurons [98–101]. In the case of Gaucher disease, excessive GlcSph has
been proposed to cause α-synuclein oligomerization, osteopenia, com-
plement cascade activation and inflammation [102–106]. It will be of
interest to investigate whether LSM in ASMD equally exerts toxic effects
and whether its plasma levels can be related to risks for specific
symptoms. As a biomarker, we expect that LSM and LSM-509/PPCS
may prove to be sensitive and correlate to clinical endpoints (additional
“+” on tentative validation score, see Table 1).

Ceramide can be produced by ASM via hydrolysis of SM but also via
the novo synthesis and via hydrolysis of glucosyl- or galactosylcer-
amides. It is involved in inflammatory pathways and causes apoptosis
[107]. Plasma levels are normal or slightly elevated in ASMD patients,
which is probably due to degradation of accumulated sphingolipids by
other sphingomyelinases. Treatment of a patient with olipudase alfa
resulted in transiently elevated levels of plasma ceramide [24,26]. At
baseline of the phase I trial, ceramide levels of ASMD patients were
normal, over the course of 26 weeks of ERT they decreased after every
infusion and plateaued after 14 weeks [24,26].

3.6.2. Macrophage markers
Several macrophage markers are elevated in plasma of ASMD pa-

tients: this rise reflects the intracellular lipid accumulation, which may
lead to activation of macrophages and is also present in Gaucher dis-
ease, hence the overlap of the markers that are discussed in this section.
Chitotriosidase is an enzyme that is produced by activated macro-
phages, therefore its plasma activity levels are elevated in several LSDs
including ASMD [108]. Chitotriosidase has been extensively studied in
Gaucher disease. The chitinase is secreted by Gaucher cells and its ac-
tivity is> 600 fold increased in plasma of Gaucher patients [109]. As
such, it seems to directly reflect the disease burden [110]. Upon ef-
fective treatment, a rapid decrease in chitotriosidase plasma activity
can be appreciated, as well as recurrence when treatment is interrupted,
making it a useful marker to monitor therapy in Gaucher patients
[109–111]. In ASMD, plasma levels of chitotriosidase are moderately
increased [75,90,111–116] and do not overlap with levels as observed
in Gaucher patients [90,112,114–116]. In the phase Ib trial of olipudase
alfa, a decrease of chitotriosidase activity in plasma was observed [28].

A pitfall is that approximately 5% and 35% of the population is
homozygous or heterozygous, respectively, for a 24 nucleotide dupli-
cation in the gene coding for chitotriosidase, resulting in absence of or
decreased activity [117]. In this group of patients, CCL18 can serve as a
biomarker [116]. The chemokine CCL18, also named pulmonary and
activation-regulated chemokine (PARC), is excreted by lipid laden cells
as well and seems to reflect alveolar macrophage activation [118].
Plasma levels are elevated in Gaucher patients, and decrease following
treatment, in a manner comparable to the decrease of chitotriosidase
after start of ERT [119,120]. Plasma levels of CCL18 are also elevated in
ASMD patients, but response to therapeutic intervention has not been
reported yet [113,120].

Glycoprotein nonmetastatic melanoma protein B (GPNMB) is a
glycoprotein that is also secreted by activated macrophages [121].
Elevated plasma levels have been found in Gaucher and NPC mice
[122–124]. In Gaucher mice, GPNMB is shown to correlate with chit-
otriosidase and CCL18 [122]. In Gaucher patients a correlation between
plasma levels and disease severity was established [123]. It has not
been studied in relation to ASMD, but seems a promising marker of
macrophage activation as occurs in ASMD.

The chemokines macrophage inflammatory protein (MIP)-1α and
MIP-1β, also referred to as CCL3 and CCL4, are elevated in ASMD and
several other LSDs, although little is known about the mechanism

leading to these increased levels. MIP-1α is homologous to CCL18/
PARC: both cytokines from the C-C-chemokine family [125]. Plasma
levels of MIP-1α and MIP-1β decreased after start of ERT in Gaucher
patients [126,127]. Despite their similarity, MIP-1α and MIP-1β levels
correlate poorly with chitotriosidase and CCL18 levels [126,128]. In
ASMD knock out mice, MIP-1α decreased after ERT [129]. While these
MIPs have been proposed to relate to bone disease in Gaucher disease,
no relation with clinical manifestations in ASMD has been reported.
Whether other pro- and anti-inflammatory markers can serve as bio-
markers in ASMD needs to be further explored.

3.6.3. Oxysterols and bile acids
ASMD and Niemann-Pick type C (NPC) share overlapping patho-

physiological processes: the accumulation of sphingomyelin and its
precursors caused by decreased activity of ASM leads to similar im-
pediment of the NPC1 and NPC2 proteins, which are primarily defective
in NPC. In NPC, it has been demonstrated that cholesterol accumulation
induces oxidative stress, which results in the conversion of cholesterol
into oxysterols [130–132]. Cholestane-3β,5α,6β-triol and 7-ketocho-
lesterol, both oxysterols, are used as diagnostic markers in NPC; al-
though levels are not elevated in all patients, the presence of elevated
plasma levels is used to confirm the diagnosis [131,133–138]. In ASMD,
plasma levels of these oxysterols are elevated as well, probably via a
similar process caused by oxidative stress. Several studies showed sig-
nificantly increased plasma levels in ASMD patients, without overlap
with other LSDs [88,90,130,139]. It is possible to measure plasma le-
vels of oxysterols in a short amount of time [130,134,137,140] and
using this method for diagnosis is reported to be less costly, yet more
effective in establishing a diagnosis than performing clinical examina-
tion of NPC patients [141]. In addition, these oxysterols did not show a
correlation with severity scores of ASMD patients [92]. The effect of
ERT on plasma oxysterol levels in ASMD patients has not been de-
scribed. In patients with NPC treated with miglustat, cholestane-
3β,5α,6β-triol levels were significantly lower than those of untreated
NPC patients [142]. A disadvantage of 7-ketocholesterol is that it is
unstable after sample collection at room temperature but increases in
concentration when stored, this is not the case for cholestane-3β,5α,6β-
triol [90,143].

It is hypothesized that in NPC the accumulation of oxysterols leads
to altered bile acid formation. Elevated levels of the bile acids
3β,5α,6β-trihydroxycholanic acid and 3β-sulfooxy-7β-N-acet-
ylglucosaminyl-5-cholen-24-oic acid have been described in NPC pa-
tients. In ASMD, only elevation of 3β,5α,6β-trihydroxycholanic acid
has been described [144–150].

3.6.4. Markers regarding exercise tolerance
It is useful to gain insight into patients' tolerance to exercise, since

this comprises pulmonary as well as cardiac function, stamina and
functioning of the musculoskeletal system. The exercise protocol that is
most described in patients with ASMD is the 6 minute walk test
(6MWT). It has only been investigated in a few patients but they ap-
peared to perform worse than healthy subjects and results seem to
deteriorate over time [12]. This is in line with the expectation that the
6MWT, originally developed as an easy test to capture changes in car-
diopulmonary function in lung disease [151] could reflect this aspect of
ASMD. Indeed, the 6 minute walking distance is positively correlated
with survival in IPF [152]. However, correlation between the 6MWT
and pulmonary disease in ASMD is currently unknown as the test does
not provide insight into the mechanisms of exercise limitation. In ad-
dition, the results can be affected by a variety of factors unrelated to
cardiopulmonary status, including age, sex, height, and weight [151].
An advantage is that exercise tests allow a subjective parameter (i.e.
stamina and dyspnea) to be translated to a score or number (for in-
stance walked distance in a 6MWT) that can be performed periodically
and compared over time. The 6MWT is the procedure most studied in
ASMD and related diseases such as IPF to objectively test exercise
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tolerance (additional + on tentative validation score, see Table 1).

4. Conclusions and discussion

This manuscript provides an overview of the histological, imaging
and biochemical biomarkers of ASMD and assesses their usefulness in
clinical practice. Perhaps not surprisingly, most parameters have not
been properly validated for their capacity to substitute for relevant
clinical endpoints. Based on the applied validation score, only diffusion
capacity, spleen volume, platelet count and LDL-cholesterol score po-
sitively on all three criteria (i.e. (a) link to the pathophysiological
process, (b) response to effective therapy and (c) correlation with
clinical events). When feasibility is taken into account, the fibroscan to
assess liver fibrosis, LSM and walked distance in six minutes are added
to the most promising biomarkers of ASMD. A limitation of the scoring
system is that “response to therapy” adds to the validation but has only
been investigated in small human populations or mice. Several very
sensitive biochemical markers such as LSM or LSM-509/PPCS, need to
be further validated but may prove to be of high value as early response
markers to therapy.

The markers that are discussed here are mostly markers that are
supposed to reflect evident organ involvement, when structural changes
have occurred already. However, markers that are of high interest
would reflect changes early in disease progression and therefore be
more predictive of irreversible disease. Of specific interest are for in-
stance techniques that are able to demonstrate accumulation of storage
material in liver, lungs and spleen, as well as techniques that can
identify early stages of inflammation or fibrosis in these organs. Such
markers would support the development of criteria for the initiation of
therapy. In Gaucher disease for example, the window of opportunity for
treatment is relatively wide, i.e. only in advanced stages, such as liver
fibrosis, irreversible disease manifestations are present. In ASMD, this is
currently unknown yet likely to be similar to Gaucher disease. Severe
pulmonary involvement with fibrosis may occur even when liver and
spleen are only moderately enlarged and vice versa [12]. Ideally, the
risk for development of, for example, pulmonary fibrosis, could be
predicted based upon disease markers as part of a risk based treatment
algorithm. Here lies a major responsibility for physicians to team up
with each other to establish causal relationships between disease mar-
kers and clinical endpoints in relation to treatment. Over the next years,
olipudase alfa will probably become authorized and accessible for pa-
tients with ASMD: worldwide investment in a registry that not only
collect effectiveness and safety data but has the ability for validation of
disease markers will be the next challenge. The independent interna-
tional Niemann-Pick registry (INPDR) can play an important role in
this.

An important disease outcome has so far not been mentioned:
parameters that reflect patient wellbeing and factors limiting daily
activities. The focus in the current study has been on objective para-
meters that can be measured and expressed in numbers or scores. How
disease manifestations, however, relate to performance status and
quality of life is unknown. In ASMD, quality of life is mainly influenced
by fatigue, dyspnea and pain. Psychosocial consequences of ASMD and
effects on performance status have been reported [153,154]. Progres-
sion of disease for instance resulting in liver failure or pulmonary in-
sufficiency obviously has an effect on the quality of life as well
[155–158]. Although they do not meet the definition of a biomarker,
questionnaires are a useful tool in assessing quality of life over time,
because they are mutually comparable. To periodically assess health-
related quality of life in ASMD patients, questionnaires such as the
Short Form 36 Health Survey (also known as SF36) or Health Assess-
ment Questionnaire (HAQ) can be used [159]. Again, such information
should be captured in an independent registry. For the purpose of
health technology assessment and national reimbursement policies, we
expect that these outcomes will be of crucial importance as well.

In conclusion, this review provides an overview of potential

biomarkers in ASMD and defines clinical endpoints to which these
biomarkers should be validated. It is a starting point for research and
validation of biomarkers for ASMD in the future. With the upcoming
possibility of ERT, these biomarkers might aid in identifying patients
who are at risk of developing major organ manifestations Moreover,
these biomarkers might be useful in monitoring the rate of disease
progression. This in turn might help to identify those patients who will
benefit most from therapy in the future.
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