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Abstract Purpose. To determine
whether T1-weighted magnetic reso-
nance (MR) images can demonstrate
response in the marrow of patients
with type 1 Gaucher disease treated
with enzyme replacement therapy
(ERT) and to determine whether a
relationship exists between liver and
spleen volume reductions and visible
marrow changes.
Patients. Forty-two patients with
type 1 Gaucher disease were evaluat-
ed on at least two occasions. Thirty-
two patients received ERT. Of these
patients, 15 had a baseline examina-
tion prior to the initiation of ERT.
The remaining 10 patients did not re-
ceive ERT.
Design. T1-weighted and gradient
recalled echo (GRE) coronal images
of the femurs and hips were ob-
tained. Concurrently, liver and
spleen volumes were determined us-
ing contiguous breath-hold axial gra-
dient-echo images. T1-weighted im-

ages of the hips and femurs were
evaluated to determine change or
lack of change in the yellow marrow.
Results. Of the 32 patients receiving
ERT, 14 (44%) demonstrated in-
creased signal on T1-weighted imag-
es suggesting an increase in the
amount of yellow marrow. If only
the 15 patients with a baseline exam-
ination were considered, the re-
sponse rate to ERT was 67%. Using
Student’s t-test a highly significant
correlation (P<0.005) was found be-
tween marrow response and reduc-
tion in liver and spleen volume.
Conclusions. Marrow changes in pa-
tients receiving ERT can be detected
by T1-weighted images. This re-
sponse correlated with reductions in
visceral volumes (P<0.0005).
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Introduction

Gaucher disease is the most common inherited metabolic
disorder of glycolipid metabolism [1]. The genetics of the
disorder and the clinical expression of disease have been
well covered elsewhere [1, 12]. The non-neuropathic
form is termed type 1 and is by far the most common,
comprising 95% of cases. Manifestations of this disease
can be found in all age groups. The disease stems from a
deficiency of the lysosomal enzyme glucocerebroside,
acid beta-glucosidase, resulting in the deposition of glu-
cosylceramide within macrophages of the reticuloendo-

thelial system [1, 2]. Clinically this results in a multisys-
temic disorder involving the hematopoietic [2], respirato-
ry [3, 4], and skeletal systems [5, 6]. The presentation of
the disease is varied with frequent involvement of one or
two organ systems of varying severity and age of onset.

Imaging abnormalities include hepatosplenomegaly
[7], pulmonary changes including pulmonary hyperten-
sion, and a complex marrow and bone disorder frequent-
ly complicated by the disabling changes of avascular ne-
crosis [5]. Although incompletely understood, skeletal
imaging manifestations in patients with Gaucher disease
result from several interrelated processes. The gradual
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accumulation within the marrow of glucosylceramide-
laden macrophages, termed Gaucher cells, causes crowd-
ing of the marrow space and replacement of fatty mar-
row by Gaucher cells [2]. The associated anemia with its
hematopoietic stimulus furthers stimulates conversion of
yellow to red marrow. Increased osteoclast activity
which results in cortical thinning predisposes to patho-
logical fracture [17]. Acute ischemic events, whether a
result of marrow hypertension or embolic phenomena,
punctuate the more indolent process causing bone crisis,
medullary bone infarct and avascular necrosis [6].

Since 1991, treatment has become available in the
form of enzyme replacement therapy (ERT) either from
the placentally derived enzyme alglucerase (Ceredase)
or, more recently, from a recombinant enzyme produc-
tion method, imiglucerase (Cerezyme) [6, 8, 9]. Reduc-
tion in liver and spleen volumes as well as improvement
in quality of life is well established with various dosage
regimes [10, 11, 12]. Improvement in skeletal disease
with ERT as measured by a variety of parameters [2, 6,
13, 14] is thought to lag behind reductions in visceral
volumes [6, 13]; however, systematic correlation with
skeletal assessment by magnetic resonance (MR) imag-
ing has not been performed.

A variety of methods have been employed to track the
skeletal changes with therapy. These methods include
plain radiography [5, 6], MR imaging [15–17], and nu-
clear medicine methods [18, 19]. More quantitative
methods have been promoted such as dual-energy X-ray
absorptiometry [20], quantitative CT (QCT) [21] and
various quantitative MR imaging methods such as those
exploiting chemical shift [22] and those relying on as-
sessment of T1 relaxation [23]. Unfortunately, no univer-
sally agreed method has been adopted, although the need
is clear given the costs of treatment as opposed to the
costs of complications. Nonetheless, it is reasonably
clear that imaging changes do occur in the marrow with
varying rapidity. The nature of these changes is thought
to reflect elimination or reduction of the Gaucher cells
from the marrow and reduction of anemia, hence conver-
sion of the erythropoietically stimulated red marrow to
yellow marrow [22]. It would therefore be expected that
the amount of fatty marrow should increase with suc-
cessful treatment in the Gaucher patient and evidence ex-
ists to this effect. The quantitative methods utilizing
chemical shift imaging make the assumption of an in-
crease in the proportion of fatty marrow and exploit this
feature for the extraction of quantitative data. These
quantitative methods are not universally available out-
side a few large centers, although Gaucher patients are
frequently seen elsewhere. Reports of qualitative assess-
ment of marrow changes with ERT using conventional
MR imaging methods are of limited patient numbers
[14].

This paper seeks first to determine whether bone mar-
row changes can be detected qualitatively using MR im-

aging methods in a substantially larger patient group.
Secondarily this paper seeks to determine whether a cor-
relation exists between the easily quantifiable liver and
spleen volumes and the skeletal changes.

Subjects and methods

A total of 79 patients with type 1 Gaucher disease were examined
as part of their clinical evaluation. Of these, 44 were examined on
multiple occasions at approximately 12–15 month intervals. Ten
patients had prior splenectomy. There were two patients who were
skeletally immature and they were ultimately excluded from this
analysis since marrow changes in the younger population need to
be compared with age-specific standards to allow for normal de-
velopmental marrow conversion. Total follow-up period ranged
from 13 to 62 months. Of the 42 remaining patients, there were 26
females and 16 males in the study group ranging in age from 16 to
78 years with a mean age of 42 years. Fifteen patients had an ini-
tial examination prior to the initiation of ERT alglucerase and imi-
glucerase (Ceredase and Cerezyme, respectively) (Genzyme Cor-
poration, Cambridge, Mass.), while 17 patients had their first eval-
uation after receiving ERT for a variable period. Seven patients
did not receive ERT but were followed by multiple examinations
and three patients began treatment after the last available examina-
tion, giving 10 controls and leaving 32 patients who were on treat-
ment and were serially examined. Fifteen patients were treated
with high-dose therapy of 60 U/kg every 2 weeks, 12 patients
were treated at a medium dose of 30 U/kg every 2 weeks, and five
patients were treated at low dose of 7 U/kg weekly. Studies were
performed as part of IRB-approved prospective studies of the ef-
fect of enzyme replacement therapy in patients with Gaucher dis-
ease.

MR protocol

MR imaging was performed on a 1.5-T Signa MR scanner (Gene-
ral Electric, Milwaukee, Wis.). The following imaging protocol
was used: a T1-weighted coronal sequence of the femurs (hips to
knees) with the following parameters: 650/17 (TR/TE), 48 cm
field of view (FOV), 4 mm slice thickness, 0.5 mm interslice spac-
ing, 512×256 matrix, and two signals averaged. Multiplanar gradi-
ent-recalled-echo images for T2* contrast were obtained in the co-
ronal plane with the following parameters: 550/15, 20° flip angle,
48 cm FOV, 4 mm slice thickness, 0.5 mm interslice gap, 512×256
matrix, and two signals averaged. Sagittal T1-weighted images of
the hips taken with a 20 cm FOV, 256×192 matrix, and a 5 mm
slice thickness with a 1 mm skip were obtained specifically for
evaluation of avascular necrosis. A vial of cupric sulfate was in-
cluded in the FOV to prevent rescaling in the event that subse-
quent regions of interest were to be compared.

At the time of each skeletal examination, the liver and 
spleen volumes were also obtained using a protocol for a magneti-
zation prepared RF spoiled gradient-echo sequence: 600 ms TI,
9.8/2.5 TR/TE, 30° flip angle, 30–38 cm FOV, 10 mm slice thick-
ness, no interslice gap, 256×128 matrix, and two signals averaged.
Volumes of the liver and spleen were calculated with a method
much like that of Rosenthal et al. [15]. The areas were manually
outlined and integrated with computer assistance. The areas of all
slices were summed (multiplied by 10 mm slice thickness and di-
vided by 1000). The volumes were expressed in cubic centimeters.

The MR examinations of all included patients were evaluated
for changes over the greatest follow-up interval available by two
musculoskeletal radiologists experienced in the interpretation of
MR examinations of Gaucher patients and masked to treatment in-
formation. Although changes were, at times, detected in shorter
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intervals, none was less than 13 months. Since the only decision
called for by the readers was “responding” or “non-responding”
we felt justified in this approach. T1-weighted images were evalu-
ated for changes in overall signal, with subcutaneous fat used as
an internal standard. Interval changes were typed with only two
choices permitted: non-responding (no change in T1 signal over
the interval) and responding (homogeneous interval increase in T1
signal) or patchy increase in T1 signal with non-responding le-
sions appearing more conspicuous. The marrow responses of these
groups were correlated with reductions in liver and spleen volume
by Student’s t-test.

Results

Table 1 summarizes the results of this analysis. There
were 42 patients with serial examinations of whom 32

were on ERT. A total of 27 patients (64%) were classi-
fied as non-responding. Of these 27 patients, nine were
either not on therapy or began ERT after the last exami-
nation; therefore, 18 of 32 (56%) treated patients were
non-responding. A single patient with non-responding
marrow changes appeared to have developed avascular
necrosis over the study interval. This patient’s marrow
appeared unchanged in spite of ERT. Fourteen patients
(44%) of those on ERT showed definite increases in 
T1 marrow signal presumed to represent fatty marrow
(Figs. 1, 2, 3). A subgroup of five patients (36%) had
heterogeneous increases in T1 so that non-responding
zones stood out with greater conspicuity. In some cases,
the pre-existent lesions were not visible (Fig. 1) on pre-
treatment scans. Whether visible on pretreatment T1-
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Table 1 Patient demographics (AVN avascular necrosis)

Age/Sex T1 response Examination interval Liver change Spleen change Enzyme replacement
(months) (%) (%) therapy

17F – 55 20% Splenectomy High
52F – 44 –33% Splenectomy High
52F – 39 –28% Splenectomy High
57F – 15 –9% Splenectomy High
59M – 32 –4% Splenectomy High
67F – 22 8% Splenectomy None
70F – 45 –7% Splenectomy None
78M – 39 –15% Splenectomy Low
47F – 56 –15% –71% Mediuma

53M – 12 –24% –66% Higha

67F – 31 –13% –57% Higha

32F – 33 –19% –35% Medium
60F – 49 –13% –33% Higha

28F – 62 12% –33% None
42M – 36 20% –26% Mediuma

28F – 47 36% –24% Medium
43F – 14 –6% –16% Low
46M – 20 –14% –16% Medium
35F – 38 15% –12% High
66M – 14 10% –10% None
43M – 44 23% 22% None
19M – 25 58% 23% None
34F – 39 12% 24% None
16M – 35 11% 28% None
29M – 13 8% 30% Low
34F – 33 20% 34% None
70M – 45 101% 87% Medium
51M – (AVN) 25 –13% –4% High
34F + 35 –32% Splenectomy Mediuma

26M + 29 –53% Splenectomy High
56F + 55 –60% –72% Higha

38F + 30 –23% –65% Mediuma

20F + 13 –24% –63% Higha

63F + 55 –28% –61% Lowa

56F + 48 –26% –60% Mediuma

53F + 29 –16% –57% Mediuma

55M + 49 –25% –50% Higha

48M + 36 –10% –47% Mediuma

25F + 23 –11% –47% Medium
35F + 23 –39% –31% Lowa

47M + 13 –5% –31% Higha

44F + 35 59% 7% None

a Indicates pretreatment baseline studies



weighted images or not, focal lesions were generally de-
tectable as high signal zones on the GRE sequence com-
ponent of the study (Figs. 1b, 1d, 2b, 2d), helping to dis-
tinguish them from lesions that had developed in the
treatment interval. No significant T2* changes were de-
tected on serial GRE sequences over the treatment inter-
val. All patients exhibiting increased T1 signal had been
on one of the three treatment regimens with a single ex-
ception who had not been on ERT. If only patients with a
pretreatment baseline studies are considered, only four
of 16 (25%) failed to respond while 12 of 16 (75%) were
in the responding group. There were two patients who
were placed on therapy with normal pretreatment mar-

row images. This affected the results since no change
could be expected and none was seen. If these two pa-
tients are excluded from the pretreatment baseline stud-
ies, two of 14 (14%) patients failed to respond while the
remaining 12 of 14 (86%) responded to ERT.

The percent change in liver and spleen volumes was
correlated with T1 changes (Figs. 4, 5) and analyzed by a
Student’s t-test. The mean change in liver volume was
6% for the non-responding group, while the mean reduc-
tion was –20% for the patients with responding marrow
(P=0.005). In the case of the spleen, the mean volume
reduction was –4% for non-responder, but –50% for the
responding group (P=0.00038).
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Fig. 1A–D A 63-year-old woman begin-
ning enzyme replacement therapy for 
Gaucher disease in February 1994. A T1-
weighted coronal images of the femurs,
TR/TE 650/17, obtained in February 1994.
The signal in the femoral shafts is notably
low, particularly when compared with the
subcutaneous fat. A single large lesion 
can be seen in the proximal shaft. B Gradi-
ent recalled echo image, TR/TE/flip
550/15/20, obtained in February 1994.
There is a bright signal lesion in the sub-
trochanteric femur corresponding to that
seen in A. The patient’s femurs exhibited
increased T2* signal, decreased T1 signal,
and absence of avascular necrosis. 
C Follow-up T1-weighted coronal images,
TR/TE 650/17, obtained in September
1996. There has been an obvious increase
in marrow fat making previously invisible
small lesions in the femoral diaphysis 
(arrows) now visible. The larger, more
proximal lesion can be seen more sharply
and material of lipid resonance (arrow-
heads) has been deposited within the 
lesion. D Follow-up gradient recall coronal
images, TR/TE/flip 550/15/20, obtained in
September 1996. There is no apparent
change in the marrow appearance when
compared with the earlier study



The average follow-up period for treated patients with
non-responding marrow was 35 months (range 14–38
months) and 33.6 months (range 13–54 months) for the re-
sponding group. The mean age of patients exhibiting non-
responding marrow was 58.7 years and the mean age for
those with responding marrow was 50 years. The shortest
interval over which marrow changes were detected was 13
months. There were 10 patients who had prior splenectomy.
Of this group only two (20%) showed increased marrow fat
(responding group) with treatment. The marrow response in
patients with splenectomy was compared with the response
in patients with intact spleens using a chi-square test. The P
value of 0.55 was considered not significant.

Discussion

Gaucher disease results in the deposition of Gaucher cells
in the marrow causing a reduction in lipid-containing
marrow in affected patients. Treatment has been shown to
result in increased marrow fat [14] detectable with T1-
weighted MR sequences. Our data support this conclu-
sion in a substantially larger group: 42 patients in this
study as opposed to the three patients reported by Allison
et al. [14]. We made the decision to exclude patients who
were younger than 14 years of age since there is a devel-
opmental conversion from red to yellow marrow in chil-
dren which could be mistaken for changes caused by
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Fig. 2A–D A 23-year old woman placed
on enzyme replacement therapy in October
1997. A T1-weighted coronal images,
TR/TE 650/17, obtained in October 1997
immediately before the initiation of en-
zyme replacement therapy. The marrow fat
is diffusely reduced in signal. Focal dia-
physeal lesions are not distinct. B Gradient
recalled echo (GRE) image, TR/TE/flip
550/15/20, obtained in October 1997 prior
to enzyme replacement therapy. Abnormal
high signal is present in the diaphysis 
(arrow). C Follow-up T1-weighted coro-
nal images, TR/TE 50/17, obtained in 
November 1998. There is increased T1 sig-
nal noted generally but focal diaphyseal le-
sions are now clearly seen (arrow). These
lesions correspond to those seen on the pri-
or GRE examination (B). D Follow-up
GRE images, TR/TE/flip 550/15/20, ob-
tained in November 1998. Note that there
is no apparent change when compared with
B. The lesions which have become more
obvious on T1-weighted images were pre
existent and are unchanged with treatment



ERT. Indeed, this type of analysis is probably unsuitable
in the evaluation of children without well-established
age-matched controls.

Earlier data [7] have suggested a relationship between
liver and spleen volume and marrow abnormalities. The
current data indicate that treated patients who show a
marrow response also have a parallel reduction in hepa-
tosplenomegaly that can be measured. The data also sug-
gest two statistically different groups of treated patients:
those who respond with both marrow improvement and
visceral volume reduction, and those whose marrow fails
to respond and whose liver and spleen volumes remain
largely unchanged. There may be some as yet unknown

differences between these patients biologically. Clearly,
among the possibilities for the failure of response might
be inadequate dosage; however, because there were nu-
merous dosage changes we felt ourselves unable to ex-
amine the issue of optimal or appropriate dosage. This
remains an important area for investigation and our MR
methods for evaluation may be suitable for such a study.
Although the genotypes are known for some patients,
they are not known for all. Future correlation with geno-
types may be interesting. Alternatively, lack of marrow
response with visceral volume reductions might suggest
that more prolonged follow-up of the bones is appropri-
ate or that volume measurements are less prone to error
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Fig. 3A–D A 56-yearold woman with type
1 Gaucher disease and severe right hip
pain. The patient started on enzyme re-
placement therapy in August 1994 shortly
after images in A and B were obtained. 
A T1-weighted coronal image, TR/TE
650/17, obtained in August 1994 prior to
the initiation of enzyme replacement thera-
py showing low marrow signal throughout
the visualized marrow. There is collapse of
the left hip as a complication of avascular
necrosis. B T1-weighted sagittal image of
the right hip obtained prior to the initiation
of enzyme replacement therapy: TR/TE
650/16, FOV 20, matrix 256×192, 2 NEX.
Note the very low signal in the marrow rel-
ative to the subcutaneous fat. Focal lesions
are difficult to identify. C T1-weighted co-
ronal images, TR/TE 650/17, obtained in
March 1998. There has been a marked in-
crease in signal from the marrow. The pa-
tient has also had a total hip arthroplasty in
the interval. D T1-weighted sagittal image
of the right hip, TR/TE 650/17. Because of
the increased background signal from the
marrow fat a zone of avascular necrosis
can now be seen (arrows). In retrospect
this lesion can be seen in B



than the admittedly more subjective marrow classifica-
tion used here.

The reduced marrow response in patients who had pri-
or splenectomy may bear notice. Although this is a small
subset of patients, the 25% response is substantially less
than the overall response rate of 44% among all patients
receiving ERT. Indeed if we look at only non-splenectomi-
zed patients the response rate becomes 12 of 24 (50%).
One can speculate that removal of the spleen eliminates a
reservoir for accumulation of glucosylceramide and that
without this organ the load deposited in the bone marrow
may be greater, leading to more irreversible changes.

The finding of apparent development or worsening of
focal lesions in a subset of responding patients was of inter-
est particularly since there are important implications. First,
it is possible that the paradoxical appearance of such false
lesions might be misinterpreted as the development of a
new lesion if only T1-weighted images are used. This group
of patients, however, had T2* changes suggesting compli-
cated, irreversible lesions probably resulting from bone in-
farct. These lesions are not reversible but were probably
isointense to surrounding marrow on the initial T1-weight-
ed images, only becoming visible as low signal lesions

when the surrounding viable marrow increased in fat con-
tent. It was of interest to note that the GRE images were es-
sentially unchanged in responding as well as non-respond-
ing patients. Recognition of this effect is important since it
avoids a potential pitfall in interpretation. Misinterpretation
can be avoided by careful scrutiny of the GRE images. Sec-
ond, the low conspicuity of these lesions in the untreated
patient makes it particularly difficult to detect avascular ne-
crosis (Fig. 3). The threshold for suspicion therefore needs
to be lowered in the evaluation of T1-weighted images
from patients with low background T1 signal.

Patients were treated by different treatment regi-
mens. There were some changes in dosage during the
course of the study that complicated the analysis and
we feel our data to be insufficient to arrive at any con-
clusion. Responding and non-responding marrow was
found in all treatment groups. The single patient who
developed avascular necrosis was on high-dose therapy.
There are two interesting speculations in this case: that
avascular necrosis occurred in spite of the therapy or
already existed but was not appreciated because the le-
sion was at that time isointense to fat-deficient marrow.
The issue of dose remains unresolved due to the chang-
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Fig. 4 Plot of T1 marrow change types against liver volume
changes. Mean volumes are shown numerically

Fig. 5 Plot of T1 marrow change types against spleen volume
changes. Mean volumes are shown numerically. There are fewer
data points than in Fig. 4 because of the patients who had splenec-
tomy



es in regimen and may have been inappropriately low
for this patient.

An interesting question is how early can marrow chang-
es be expected to be seen. In our group of patients, the ear-
liest changes were noted in one patient at 14 months and in
two patients at 13 months. These were the first follow-up
studies after the beginning of ERT. This finding suggests
that in some patients increase in fatty marrow may be seen
as early as 13 months, paralleling the visceral volume
changes. There were no data obtained at a shorter interval
and it remains possible that increases in fatty marrow may
occur earlier. Neither patient age nor sex appears to be use-
ful in separating patients whose marrow will respond from
patients whose marrow appears not to.

Including patients who did not have baseline examin-
ations biased our data. If these patients are excluded,
75% of treated patients can be seen to respond. In addi-
tion, there were two patients with initially normal-ap-
pearing marrow in whom response by this measure could
not be expected. If we exclude these patients, the posi-
tive response to ERT is 12 of 14 (86%).

Among the objections that may be raised to this study is
the lack of quantitative marrow data. Although we are now
acquiring quantitative H1 spectroscopic data these tech-
niques were not available in the majority of earlier compar-
ison examinations. We attempted region of interest intensi-
ty measurements but lacked confidence in the reliability of

these measurements. We were therefore left with a visual
assessment alone; however, the qualitative changes were
compelling. We look forward to the analysis of H1 spectro-
scopic data when comparisons become available.

In conclusion, our data indicate that changes in the
bone marrow of patients with Gaucher disease treated
with ERT can be detected on T1-weighted images. In ad-
dition, the group of patients with marrow judged to re-
spond had significantly greater reduction of the liver and
spleen volumes than the non-responding group. A high
percentage of patients with non-responding marrow had
prior splenectomy (80%). The presence of a subgroup
with increasing conspicuity of lesions suggests two cau-
tions: first, the threshold for detection of lesions in un-
treated patients should be lowered and second, most of
these lesions should be recognized as pre-existent. Ap-
parent development or worsening of focal lesions can be
distinguished from true interval lesions by their presence
on GRE sequences. Although quantification of marrow
changes following enzyme therapy remains a desirable
goal, measurement of visceral volumes appears to be an
appropriate alternative.
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