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Abstract

Purpose To study the long-term evolution of the bone
marrow burden (BMB) score at MRI in patients with
Gaucher disease (GD) under enzyme replacement therapy
(ERT).

Material and methods Forty patients treated for GD were ret-
rospectively studied in a referral centre. BMB scores were
assessed on spine and femur MR examinations performed
between January 2003 and June 2014. The long-term evolu-
tion of the BMB scores was analyzed using a linear mixed
model.

Results A total of 121 MRI examinations were performed
during the study period with a mean follow-up of 7.1 years+
5.6, an average rate of 3.1 MR examinations+1.7 per
patient and an interval of 2.3 years+1.1 between exam-
inations. Patients had received ERT during 12 years on
average=6.7. The trend of BMB scores with time de-
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creased significantly by 15 % (P=0.008) during the to-

tal study period and 39 % (P=0.01) during the first

5 years of treatment. No changes in BMB scores were

observed after five years of treatment.

Conclusion In Gaucher patients, the trend of MRI

BMB scores with time decreased significantly under

ERT the first 5 years of treatment before a long-term

stabilization.

Key points

* Bone marrow infiltration of Gaucher patients responds to
enzyme replacement therapy

* MRI BMB score decreases mainly during the first five years
of treatment

* MRI BMB score tends to stabilize after five years of
treatment

* MR examinations could be limited after five years of
treatment
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Introduction

Gaucher disease (GD) is the most frequent lysosomal stor-
age disorder [1, 2]. It is an autosomal recessively inherited
condition, resulting in the deficiency of the lysosomal en-
zyme glucocerebrosidase (or acid 3-glucosidase) [3]. The
enzyme is encoded on chromosome 1 (1g21). Its deficien-
cy results in the storage of the substrate glucocerebroside
in macrophages. The lipid-laden cells are named Gaucher
cells and are primarily found in the liver, spleen and bone
marrow. Three types of GD have been described: type I is
the most common phenotype. Types Il and III are more
severe and involve neurological manifestations. Type I GD
is most common in the Ashkenazi Jewish population, with
an estimated prevalence of 1 per 855 people [4, 5]. The
overall prevalence in the general population is 1 per 60,
000 people, but this prevalence may be underestimated
[6]. In addition to its social and psychological impact,
the musculoskeletal manifestations are the main cause of
patient disability and complaints in type I GD [7]. Skeletal
manifestations involve abnormal bone remodelling and
limb deformity, osteopenia, osteonecrosis, osteomyelitis,
and acute episodes of severe pain with bone infarct known
as “Gaucher crisis” [8—10].

Since the early 1990s and the development of enzyme re-
placement therapy (ERT), the outcomes of Gaucher disease
have considerably improved [11, 12]. ERT proved to be high-
ly effective in reversing cytopenia and reducing organ vol-
umes [13]. However, the skeletal disease may be slower to
respond or even unresponsive, particularly in patients with
extensive lesions and delayed treatment [14]. MRI has be-
come a reference for the assessment and monitoring of bone
marrow infiltration under ERT [15-17] and for the detection
of early complications [18]. As highlighted by Hermann in his
review [19] and in the study by Terk and colleagues [20],
various MR imaging methods have been used to track the
skeletal changes under therapy. The evaluation of the bone
marrow infiltration may be quantitative, based on T1 relaxa-
tion [21], or using the chemical shift imaging [17, 22, 23].
Several authors have even suggested that the measurements
of bone marrow fat fraction using Dixon quantitative chemical
shift imaging (QCSI) could be used as an imaging biomarker
for Gaucher patients [24]. Nevertheless, although MR imag-
ing is widely available, the QCSI technique is not always
provided in the standard packages of sequences on MR im-
agers and may, thus, limit its use worldwide. The semi-
quantitative assessment of the bone marrow infiltration is also
areliable method for scoring both signal intensity changes and
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the involvement of bone sites [25-27]. The Bone Marrow
Burden (BMB) score [25, 26], based on the visual interpreta-
tion of signal intensity and the geographic distribution of the
disease on conventional MR images, proved to be a reliable
and reproducible semi-quantitative scoring system. It is more
available and easier to use in comparison with other quantita-
tive methods, such as fat fraction measurement using the Dix-
on chemical shift imaging technique [25]. Unlike previous
studies using qualitative or semi-quantitative scores, which
were restricted to the assessment of the peripheral skeleton
[28, 29], the BMB score assessed bone infiltration of the spine
in addition to the femur. It is, thus, more representative of the
status of bone marrow infiltration in Gaucher patients [25].

In our study, we aimed to assess the trend of BMB scores
with time in Gaucher patients under ERT, on both spine and
femur MR examinations, to better define the long-term evo-
lution of skeletal involvement and to optimize the surveillance
of Gaucher patients using MRI.

Material and methods

Institutional review board approval was obtained for the anon-
ymous retrospective use of the clinical and imaging data of
patients. The informed consent of patients was waived.

Patients

From January 2003 to June 2014, 58 patients were referred to
a single institution (AP-HP, Referral Center for Lysosomal
Diseases, Hopital Beaujon, Clichy, France) for the manage-
ment of proven (biologically and genetically) Gaucher dis-
ease. Thirteen patients were excluded due to incomplete or
unavailable imaging data. Five patients were excluded be-
cause they were never treated. A total of forty patients with
MR examinations of both the spine and femur, were included
in the study. Nine patients out of 40 (23 %) were placed under
ERT during the study period. The majority of patients (31/40,
77 %) were already under ERT at the beginning of the study
period. Gender, age at diagnosis, age at first symptoms, dura-
tion of symptoms until the end of the study period, presence of
bone manifestations (“Gaucher crisis”, chronic bone/articular
pain), presence of organomegaly, type, and duration of treat-
ment were recorded.

Data collection, MR protocol and image analysis

From January 2003 to June 2014, 121 MR scans of both the
spine and femur were performed on 40 patients in two loca-
tions using three MRI machines: Hopital Beaujon (Depart-
ment of musculoskeletal imaging, Clichy, France) with Philips
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Intera 1.5 T and Philips Ingenia 3 T (from January 2013), MR
machines (Philips Healthcare, MA, USA), and in the Muscu-
loskeletal Imaging Center Bachaumont with Siemens
Magnetom Espree 1.5 T MR machine (Siemens Healthcare,
Erlangen, Germany). The intervals between the MR examina-
tions were recorded as well as the date of introduction of the
ERT for patients who were not previously treated. The aver-
age follow-up per patient under ERT was computed. The im-
aging protocol included T1 and T2+ fat saturation/suppression
weighted images in sagittal view for the spine, coronal, and
axial views for the pelvis and femurs. The BMB scores (total
of BMB scores of lumbar spine and femurs) were assessed
according to the study of Maas et al. [25] (Tables 1 and 2) by
two readers (BF and DP) with five and 15 years of experience
in reading MR scans, respectively. The readers were blinded
to the clinical data. MR images were analyzed in random order
using the same workstation (Vue PACS, version 11:3;
Carestream Health, Rochester, NY, USA).

Statistical analysis

The mean and standard deviation, range and median were
computed for the age, age at diagnosis, duration of symptoms
until the first available MR, duration of treatment, number of
MR examinations performed during the study period, inter-
vals between MR examinations for each patient, and BMB
score (spine+femurs) for each MR examination.

Table1 Evaluation of the bone marrow burden (BMB) score in femurs
(Adapted, with permission from reference 18)

A: MR Imaging Signal Intensity

Relaxation time Signal Intensity* BMB score
T2 Hyper 2
Slightly Hyper 1

Iso 0

Slightly Hypo 1

Hypo 2

Mixed type 3

Slightly Hyper or Iso 0

T1 Slightly Hypo 1
Hypo 2

B: Sites of Involvement

Bone segment involved BMB score
Diaphysis 1
Proximal epiphysis/apophysis 2
Distal Epiphysis 3

Note. — A higher BMB score means more severe bone marrow
involvement

*in comparison with subcutaneous fat

Table 2  Evaluation of the bone marrow burden (BMB) score in the
lumbar spine (Adapted, with permission from reference 18)

A: MR Imaging Signal Intensity

Relaxation time Signal Intensity* BMB score
T2 Hyper 2
Slightly Hyper 1

Iso 0

Slightly Hypo 1

Hypo 2

T1 Slightly Hyper 0
Iso 1

Slightly Hypo 2

Hypo 3

B: Pattern of Bone Marrow Infiltration

Bone segment involved BMB score
Patchy 1
Diffuse 2
Absence of fat in basivertebral vein region 1

Note. — A higher BMB score means more severe bone marrow
involvement

*in comparison with subcutaneous fat

The intraclass correlation coefficient was computed to test
the interrater agreement for the assessment of the BMB scores
by the two readers.

To investigate the trend of the BMB scores with time under
ERT, we used a linear mixed model analysis of repeated mea-
sures (R statistical software, Ime4 package) with the BMB
scores as continuous outcome variables. The Restricted Maxi-
mum Likelihood (REML) estimation method and type 3 tests
of fixed effects were performed [30, 31]. First, we used the
linear mixed model to analyze the trend of the BMB scores
for all periods of treatment. Next, we used the same model,
but the analysis focused on the trend of BMB scores during
the first five years of treatment. Finally, the analysis was per-
formed using the same statistical model from the 6th year of
treatment until the end of the study period. The analysis was
also performed on a subgroup of nine patients whose treatment
was introduced during the study period and for whom MR
scans and BMB scores were assessed before and after ERT.

P-values less than 0.05 were considered to indicate a signifi-
cant difference. Confidence intervals were established at 95 %.

Results

Among the 40 patients, there were 22 females (55 %) and
18 males (45 %) (sex ratio of female to male patients,
1.22:1). The type I GD was observed in 38/40 (95 %)
and type III GD in 2/40 (5 %). The age of the patients
at the end of the study period was 46.1+14 (range, 26-
87). The age at diagnosis was 21+16.2 (1-67). The age at
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Fig. 1 Evolution of the Bone
Marrow Burden (BMB) score
with time at MRI for each patient
during follow-up. Note — Each
dot represents the BMB score
related to a MR examination.
Patients’ evolution are
represented by curves joining the
dots. Using a linear mixed model
fit by the restricted maximum
likelihood method, the trend of
BMB scores with time decreased
of 15 % (P=0.008) on the all
study period and of 39 % (P=
0.01) when considering only the
first five years under enzyme
replacement therapy. No
significant changes of BMB
scores were observed after five
years of treatment

BMB scores

first symptoms was 18.7£15.8 (1-67). The duration of
symptoms at the end of the study period was 27.3 years
+14.3 (4-69). Bone and articular pain was experienced by
37/40 (93 %) patients. Hepatomegaly was reported in 32/
40 (80 %) patients and splenomegaly in 36/40 (90 %).
Nine patients (23 %) underwent splenectomy before the
study period. Patients were placed under ERT for an av-
erage period of 12 years+6.7 (range, 1-22). In 9/40
(23 %) cases, ERT was introduced during the study period
and MR scans were performed before and after treatment.
The ERT was consistent with Imiglucerase (Cerezyme®
Genzyme Therpautics, Cambridge, MA, USA), or
Velaglucerase alfa (VPIRV® Shire Human Genetic

5 10 2

TIME (years)

Therapies, Lexington, MA, USA), or Taliglucerase alfa
(Elelyso™ Genzyme Therapeutics, Cambridge, MA,
USA).

A total of 121 MR examinations were performed and ana-
lyzed. The average follow-up per patient was 7.1 years+5.6
(range, 1-10). The number of MR examinations per patient
during the follow-up was 3+1.7 (1-7). The interval between
MR examinations was 2.3 years+1.1 (1-6).

The evolution of the BMB score for the whole cohort
is shown in Fig. 1. The statistical results are provided in
Table 3. According to the linear mixed model, the trend
of the BMB scores with time decreased significantly
during the study period (Fig. 2). This evolution was

Table 3 Analysis of the trend of

bone marrow burden (BMB) N n Estimate  Rate of Decrease ~ SE Pvalue
scores with time using a Linear per year
Mixed Model fit by the Restricted
Maximum Likelihood method All patients with ERT 40 121  Intercept 11,03 -16 % 0,54 <0.001
B (fixed effect)  -0,156 0,055 0,008
During the first 5 years 22 53 Intercept 12,55 -39 % 0,37 <0.001
of ERT B (fixed effect)  -0,35 0,1 0,003
From the 6th year of ERT 25 68 Intercept 9,8 No changes in 3,1 *
B (fixed effect) 0 BMB scores ¢ *
Patients with data before 9 30 Intercept 12,08 37 % 0,63 <0.001
and under ERT B (fixed effect)  -0,37 0,16 0,051

Note. — N number of patients, » number of data (MR scans), ERT enzyme replacement therapy, SE standard error
* model failed to converge (no changes in BMB scores)
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nonlinear with an important decrease during the first
five years of treatment (-39 %) and then a stabilization
of the BMB scores. The analysis of the subgroup of
nine patients for whom the treatment was introduced
during the study period showed an important decrease

«Fig. 2 Spine and femur MRI of a patient with type 1 Gaucher disease

before (a-c) and one year after introduction of enzyme replacement
therapy (ERT) (b-d). (a-b) Sagittal T1-weighted images of the lumbar
spine show a diffuse infiltration of the bone marrow of vertebrae in low
signal intensity (a), decreasing under ERT (b). (c-d) Coronal T1-weighted
images of the femurs show a patchy bone marrow infiltration in epiphyses
(a, arrows) that decrease under ERT (b, arrows). Sequelae of bone infarcts
are visible in femoral and tibial diaphyses (a, stars)

of 37 %, almost marginally significant (P=0.051). After
five years of treatment, because of no changes in the
BMB scores, the linear mixed model failed to converge,
meaning that there was no statistical result to express
the non-evolution of the BMB score in Gaucher
patients.

The intraclass correlation coefficient for the BMB scores
was excellent (0.98 [0.97-0.99]).

Discussion

The characteristics of our study sample were similar to those
reported in the French register of the comity of Gaucher dis-
ease evaluation [32] as well as in the international collabora-
tive Gaucher group [6], with regards to the sex ratio, age of
patients, prevalence of organomegaly, and bone/articular pain.

MRI is the gold standard to assess and monitor bone in-
volvement in Gaucher patients. Quantitative or semi-
quantitative methods were used to assess the infiltration of
bone marrow by storage cells. Several studies [17, 25] have
shown that monitoring bone involvement using the semi-
quantitative BMB score was equivalent to quantitative analy-
sis using the measurement of the bone marrow fat fraction by
QCSI. The BMB score has proven to be easy to assess in
clinical routine and is reproducible [25]. Moreover, we report
an excellent interrater agreement.

Our study showed that the trend of BMB scores with time
decreased significantly, which is consistent with previous
studies using either the QCSI or the BMB score [17, 29, 26,
33, 34]. Hollak et al. [17] examined 12 patients under ERT and
observed a normalized fat fraction at QCSI in 11/12 (92 %)
patients with a significant decrease from the very first year of
treatment. However, their long-term results were insufficient
to characterize the long-term evolution. More specifically, we
observed a nonlinear evolution of the BMB score under ERT
with a higher rate of decrease during the first five years of
treatment and a stabilization after five years under ERT. This
evolution was suggested in a study by Elstein et al. [34] on a
series of 11 patients at a 9-month follow-up and was limited to
eight patients after a 5-year follow-up. Moreover, our analysis
quantified the decrease in the BMB score in providing a rate of
decrease per year at approximately 39 % for the first five years
of treatment. However, this rate should be considered with
caution due to the effect of patients characteristics (duration
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of symptoms before treatment, baseline severity of the GD,
and splenomegaly or history of splenectomy), which we did
not study because the subgroups were too small for statistics.
These characteristics may modulate the response to treatment
as Demayo et al. showed in their study of the correlation of
BMB scores with the GD genotype and spleen status [35].
Such characteristics may be the subject of further studies.
The stabilization of BMB scores that we observed after five
years of treatment is also an important characteristic of the
evolution. Only a few studies in the English literature [29,
33, 36] have suggested a non-evolution of the QCSI or
BMB score under ERT, but monitoring of patients in these
studies did not exceed 36 months. Our results may prompt
clinicians to limit the MRI surveillance by increasing the in-
terval between MR scans after five years of treatment in
asymptomatic patients or patients without significant changes
in their clinical status.

We acknowledge several limitations to our work. First, our
retrospective study may have been affected by selection
biases. The retrospective format of this study was also respon-
sible for the variability in intervals between MR examinations.
Because Gaucher disease is a very rare condition, it is very
difficult to include consecutive patients and to follow a large
sample of patients. Moreover, these patients may have suf-
fered from a variable delay prior to diagnosis and may be
referred to specific centres at a variable time of the evolution
of the disease. In this retrospective study, we did not obtain
more accurate information about the episodes of clinical and
imaging bone complications. More specifically, the bone com-
plications visible on MR, such as bone infarct or sequelae of
fracture, were not retrospectively recorded, which may affect
the BMB scoring. Despite this variability in patient character-
istics, the use of a linear mixed model enabled the demonstra-
tion of a significant decrease followed by a stabilization of the
BMB scores. Second, our analysis on the subgroup of patients
for whom treatment was introduced during the study period,
approached but fell short of significance, which was likely due
to the small sample size. Nevertheless, our global analysis
strengthened the findings of previous studies with a compara-
ble sample size and a similar trend of bone involvement with
time [26, 34]. Third, the long-term follow-up of patients was
performed using different MRI devices. Given a study period
of over ten years, the technical development and changes in
imaging devices were mandatory. More precisely, from Janu-
ary 2013, some patients were examined with 3 T MRI ma-
chines while their previous examinations were performed with
1.5 T MRI devices. This difference in field strengths may
affect the quality of the images and BMB scoring. However,
as a semi-quantitative analysis, we think that the evaluation of
bone involvement of the GD using the BMB score may be less
influenced by technical developments than the direct measure-
ment of the fat fraction in bone marrow using the Dixon QCSI.
With new MRI developments, the diffusion weighted imaging
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and whole body MRI may prove useful, but could not be
employed in our study.

In conclusion, we showed that, in Gaucher patients, the
trend of bone marrow burden scores with time decreased sig-
nificantly under enzyme replacement therapy during the five
first years of treatment. No changes in BMB scores were ob-
served after five years of ERT. This stabilization may prompt
clinicians and radiologists to limit MR examinations in
asymptomatic patients after five years of ERT.
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