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Assessing the skeletal response to enzyme replacement therapy (ERT)

in Gaucher disease (GD) is problematic. We investigated the reliability
of 99mTc-sestamibi scintigraphy in monitoring changes in bone marrow

involvement induced by ERT. Methods: In 52 GD patients, the effi-

cacy of ERT on bone marrow disease was monitored using at least 2
sequential 99mTc-sestamibi scans; 17 patients were receiving ERT at

enrollment, and 35 were ERT-naïve. We elaborated a dose–response

model by statistical analysis based on linear mixed models. Results:
Patients whose marrow disease improved had received a significantly
higher ERT dose per month than patients who did not improve. Sig-

nificantly more patients reached near-disappearance of marrow dis-

ease if their disease burden at enrollment had been lower and the

duration of clinical signs shorter. The response of the marrow scinti-
graphic score wasmore pronounced in ERT-naïve patients. No relevant

effect of ERT onmarrow disease was observed until platelet count and

splenomegaly had improved.Conclusion: Although based on localized
evaluation, changes in the 99mTc-sestamibi score closely correlated

with the main determinants of ERT, with a definite dose–response re-

lationship. The threshold at which ERT induced any improvement in

bone marrow disease was 35–36 U/kg/mo; in ERT-naïve patients, the
scintigraphic score declined by 1 unit after ERT at 28 U/kg/mo.
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More than 50 genetic diseases caused by absence or impaired
function of specific lysosomal hydrolytic enzymes have been de-
scribed (lysosomal storage disorders). These chronic progressive con-
ditions have a cumulative incidence of about 1:2,315–1:7,700 births
(1) and require significant health care resources. Established treat-
ments for lysosomal storage disorders include bone marrow trans-
plantation, enzyme replacement therapy (ERT), and small molecules

for substrate deprivation (2). Although ERT is available for Gaucher
disease (GD); Fabry disease; mucopolysaccaridosis types I, II, and
VI; and Pompe disease (2), debate is ongoing on how to tailor to
individual patients the quantity of exogenous enzyme to be ad-
ministered (3), especially in view of the recent worldwide shortage
of exogenous enzyme for ERT in GD patients (4).
GD, the most prevalent lysosomal storage disorder, is due to a

deficiency in glucocerebrosidase, an enzyme that hydrolyzes glu-
cosylceramide to glucose and ceramide (5). The availability of
ERT (6,7) has dramatically changed the natural history of GD,
whose main manifestations are caused by an accumulation of glu-
cosylceramide in reticuloendothelial cells of the liver, spleen, and
bone marrow; skeletal disease is consequent to bone marrow dis-
ease. Development and progression of clinical manifestations of
GD are multifactorial, with wide variability in patients with sim-
ilar reductions in glucocerebrosidase activity (8).
Because the response to ERT in GD patients varies among the

different organs and sites involved, monitoring the efficacy of ERT
is still an elusive problem (9). Although ERT rapidly reverses ane-
mia, thrombocytopenia, and hepatosplenomegaly (10), skeletal re-
sponses occur more slowly (11) and can be limited when ERT is
delayed beyond a point of irreversible changes (12).
Although the efficacy of ERT on anemia and thrombocytopenia

is easily monitored, and changes in liver and spleen size can be
assessed with MR imaging or ultrasound, monitoring the efficacy
of ERT on bone marrow disease and the consequent skeletal man-
ifestations of GD is more problematic (13). Data from the Inter-
national Collaborative Gaucher Group Gaucher Registry indicate
that improvement in bone mineral density may take as long as 8 y
to reach near-normal values after high-dose ERT (14).
Skeletal changes caused by infiltration of the bone marrow by

Gaucher cells can be detected on plain radiographs when they pro-
duce characteristic abnormalities (15). Assessment and monitoring
of milder bone marrow involvement require more sophisticated
imaging techniques, such as MR imaging (15–21), bone marrow
scintigraphy with radiocolloids (22), and scintigraphy with 133Xe

(23,24) or 99mTc-sestamibi (25,26). Although the mechanism of
accumulation of 133Xe and 99mTc-sestamibi in bone marrow infil-
trated by Gaucher cells has not been elucidated (as it might reflect
either accumulation of glucosylceramide per se or bone marrow
expansion due to the disease), distribution of 99mTc-sestamibi in
the marrow, liver, and spleen of GD patients closely mimics the
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pattern observed with radioiodinated alglucerase (27), the recom-
binant glucocerebrosidase form that targets Gaucher cells. Al-
though radioiodinated alglucerase (the only potential imaging agent
specific for Gaucher cells) is not commercially available, 99mTc-
sestamibi is readily available worldwide. Because of nonspecific
accumulation and excretion in the abdominal area, only peripheral
bone marrow involvement can be evaluated with 99mTc-sestamibi.
A semiquantitative 99mTc-sestamibi scintigraphic score developed
to assess bone marrow disease in GD patients closely reflects the
severity of secondary skeletal involvement and the overall involvement
of organs and tissues as estimated by a combined severity score
index (SSI) (28) and by biochemical markers (25). In this study,
we evaluated the potential of 99mTc-sestamibi scintigraphy in moni-
toring the efficacy of ERT on bone marrow disease in GD patients.

MATERIALS AND METHODS

Patients

Fifty-two GD patients were enrolled for this longitudinal, observa-

tional, retrospective study approved by Ethics Committees of the Uni-
versities of Genoa (for patients enrolled between 1995 and 2001) and

Pisa (for patients enrolled between 2001 and 2007). All subjects or their
guardians signed an informed consent form.

The diagnosis of GD was based on reduced glucocerebrosidase ac-
tivity in peripheral white blood cells or in cultured fibroblasts or lym-

phoblasts (29). Fifty patients were type 1, and 2 patients were type 3.
At the time of enrollment (baseline), all 52 patients underwent a

complete clinical, biochemical, and imaging evaluation (radiography
and ultrasound, with additional MR imaging in some patients, to enable

staging by the combined Zimran SSI (28).
The principal clinical characteristics of the patients are summarized

in Table 1. Patients were subdivided into 3 groups according to their
treatment status at enrollment. Six patients were ERT-naïve at baseline
and were not treated until at least the first follow-up evaluation (group
I); 17 patients were on ERT at enrollment and continued to be treated

throughout follow-up (group II), 29 patients were ERT-naïve at en-

rollment and began ERT immediately thereafter (group III). ANOVA
showed significant baseline differences among the 3 groups concern-

ing age at diagnosis, splenomegaly, hemoglobin, baseline 99mTc-sestamibi
score, and serum chitotriosidase. Differences were of borderline sta-

tistical significance (P5 0.06) for hepatomegaly, bone pain, and x-ray
score (30). No significant differences were observed concerning age at

enrollment, sex distribution, platelet count, Zimran SSI, or proportion
of patients with prior splenectomy.

After baseline 99mTc-sestamibi scintigraphy, all 52 patients under-
went at least 1 follow-up scan 56.5 6 34.9 mo later (median, 52.5 mo;

range, 10–127 mo). Within this period, several patients underwent ad-
ditional 99mTc-sestamibi scanning (overall 3 scans in 19 patients, 4 in

15 patients, and 5 in 10 patients) at irregularly spaced intervals; the
patients were referred from clinical centers distributed throughout Italy

and underwent scintigraphy according to personal needs. All scans were
reviewed independently and scored by 3 experienced nuclear physi-

cians, who reached a final consensus for discordant readings. The
statistical analysis used here is based on a total of 174 scans; 122 follow-

up scans versus baseline were therefore available for analysis.

99mTc-Sestamibi Score

Scintigraphy with 99mTc-sestamibi (Cardiolite; Bristol-Meyers-Squibb)

was performed as previously described (25); in patients undergoing
ERT, the scan was performed 2 wk after the last ERT dose.

No bone marrow uptake is normally observed with 99mTc-sestamibi,
except for possible mild, diffuse uptake in secondary hyperparathy-

roidism (31), which did not occur in any of our patients. The degree of
disease is therefore scored on the basis of focal uptake in the bone

marrow. The scintigraphic score (sum of assessments of both extent
and intensity of uptake) is 0 when no uptake can be detected in the mar-

row; the lowest degree of detectable uptake is scored 2, the maximum, 8.

Statistical Analysis

Baseline clinical and demographic continuous factors in the 3

groups were compared by 1-way ANOVA, whereas F statistics and

TABLE 1
Comparison of Baseline Factors for the 3 Treatment Groups

Factor Group I (n 5 6) Group II (n 5 17) Group III (n 5 29) P

Age (y) 30.7 6 13.8 25.7 6 11.1 34.3 6 17.6 0.19

Sex, female (n) 2 (33.3%) 13 (76.5%) 15 (51.7%) 0.11

Splenectomy (n) 2 (33.3%) 2 (11.8%) 10 (34.5%) 0.22
Age at diagnosis (y) 18.8 6 16.7 11.4 6 8.7 26.1 6 18.3 0.01

Hepatomegaly score 1.5 6 0.8 1.2 6 0.9 1.8 6 0.8 0.06

Splenomegaly score* 2.0 6 1.4 1.5 6 0.2 2.5 6 0.8 0.01

Bone pain score 0.7 6 1.2 1.2 6 1.3 1.8 6 1.1 0.06
x-ray score 1.7 6 0.5 1.8 6 0.8 2.4 6 0.9 0.06

Hemoglobin (g/dL) 13.6 6 1.2 13.3 6 1.8 12.1 6 1.7 0.03

Platelet count/mL 140,500 6 37,308 192,705 6 165,234 135,482 6 95,249 0.28

Zimran SSI 7.2 6 4.5 9.1 6 6.9 11.3 6 5.8 0.23
99mTc 6 sestamibi score 4.8 6 2.4 4.4 6 1.5 6.1 6 2.0 0.02

Serum chitotriosidase† (nmol/mL/h) 4,311 6 4,378 15,823 6 14,120 0.05

Duration of prior ERT (mo) 47.6 6 25.3
Prior cumulative ERT (U/kg of body weight) 1,730 6 1,323
Prior ERT dose (U/kg/mo) 35.2 6 17.4

*Only for nonsplenectomized patients (n 5 4, 19, and 15 for groups I, II, and III, respectively).
†Only measured for groups II and III (n 5 27 and 17, respectively).

Qualitative data are expressed as numbers, followed by percentages in parentheses; continuous data are expressed as mean 6 SD.
Zimran SSI and scores for hepatomegaly, splenomegaly, and bone pain are as defined by Zimran et al. (28); x-ray score is as defined by

Hermann et al. (30); and 99mTc-sestamibi score is as defined by Mariani et al. (25).
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Fischer-Freedman-Halton x2 analysis were used for categoric factors.

Standard statistics were used for parametric and nonparametric data
(nonparametric Mann–Whitney U test for 2 independent populations,

Pearson x2 test, and Fisher exact test).
Multistep statistical analysis based on linear mixed models (repeated-

measures ANOVA, multiple regression analyses, stepwise forward
analysis, and generalized estimating equations [GEEs; cross-sectional

time-series multiple regression analyses with fixed effects (32)]) was
applied for assessing response to ERT of the 99mTc-sestamibi score

and the Zimran SSI. By assessing longitudinal data in which follow-up
evaluations are not available at well-defined time points, these models

are particularly suited to analyzing our data and take into account mul-
tiple measurements per patient.

In the first step, repeated-measures ANOVA models were used. For
statistical analysis, patients were partitioned into 3 groups as defined

above. Two patients of group I who started ERT after their first follow-
up evaluation were evaluated separately on subsequent occasions. The

same types of repeated-measures ANOVA models were applied to
additional visits, with reformulated comparison groups depending on

treatment and with diminishing numbers of patients.

In the subsequent step, multiple regression analyses were performed
to assess associations between the bone marrow scintigraphic score

and the Zimran SSI in each pair of sequential controls as a function of
ERT. To correct the SE for the bias of sequential observations in the

same patient, each parameter was evaluated using the difference be-
tween the values observed in subsequent controls. Four parameters

characterizing ERT were independently considered in the analysis:
ERT dose per month, ERT duration, cumulative ERT dose over follow-

up, and total ERT dose (sum of cumulative ERT and possible ERT
administered before enrollment in the study). The following additional

parameters were considered as independent variables: age, age at di-
agnosis, prior splenectomy, splenomegaly, hepatomegaly, bone pain,

x-ray score, platelet count, leukocyte count, and hemoglobin concen-
tration. To simplify statistical analysis, continuous variables, such as

platelet and leukocyte counts and hemoglobin concentration, were
transformed into semiquantitative scores as either normal (0) or ab-

normal (1). Stepwise forward analysis was used to select or identify
the independent variables that significantly affect the dependent vari-

ables (bone marrow scintigraphic score and Zimran SSI).
Because it is not possible to evaluate the time course of each variable

in the single patient with this analysis, the subsequent step was multiple
regression analysis for repeated measures using the method of GEEs

(31). At variance with ANOVA, GEE yields—for each parameter char-
acterizing ERT—the b-regression coefficient and the related P value.

By repeatedly measuring a set of observations over time, this model is
useful to pool cross-sections and increases the study’s power because of

the increased number of observations per subject. In this model, scores
of the same patient measured at different time points are considered

dependent on each other, thus retrieving useful information on the trend
of changes observed in each patient over follow-up. By defining the

profile of individual patients, this analysis evaluates the effect of the
various parameters of ERT on the scintigraphic score and SSI corrected

for contribution from other parameters (such as platelet count, hemo-
globin concentration, and splenomegaly). The results of GEE analysis

are concordant and not alternative with respect to the ANOVA results.

Statistical evaluations were performed using the STATA Statistical
Software package, release 10-2010 (STATA Corp.). GEEs were ana-

lyzed using the XTGEE procedure. Unless otherwise specified, mean
values 6 SDs are reported.

RESULTS

Although the 99mTc-sestamibi score at the follow-up examina-
tion worsened in patients who were not treated or received only

low-dose ERT, the score generally improved after higher-dose ERT,
particularly in ERT-naïve patients (Fig. 1).
The Mann–Whitney U test demonstrated that patients whose bone

marrow disease was improved by ERT only at first or only during
follow-up versus at baseline had been treated with a significantly
higher ERT dose per month than patients who did not improve on
ERT (41.856 2.93 [SEM] vs. 26.086 4.47 U/kg/mo, P5 0.0032).
The minimum effective ERT dose inducing reduced bone marrow
infiltration, calculated as mean 2 2 SEMs in the group with the
improved score, was 35.99 U/kg/mo, whereas the maximum non-
effective dose (mean1 2 SEMs in the group with an unchanged or
worsened score) was 34.92 U/kg/mo. Therefore, considering all
patients treated between baseline evaluation and the first follow-up
evaluation, the threshold for ERT to induce any improvement in
the 99mTc-sestamibi score (average reduction equal to 2 score units
as both median and mean value) was about 35–36 U/kg/mo.
During follow-up, 23 or 48 patients receiving ERT reached

a normal or nearly normal scintigraphic pattern, respectively, with
the 99mTc-sestamibi score declining from an initial 3–8 to a final
0–2. Parameters that significantly discriminated patients with bet-
ter bone marrow response were a shorter duration of signs of GD,
lower baseline scintigraphic score, longer duration of ERT, and
higher cumulative ERT dose. Normal or near-normal final marrow
scores were associated with significantly lower final serum chito-
triosidase levels and Zimran SSI (Table 2).
Figure 2 shows changes in 99mTc-sestamibi scores between

baseline and the first follow-up visit in the 3 groups of patients.
Significant differences in the pattern of change in the score were

FIGURE 1. Progressive reduction until normalization of 99mTc-

sestamibi scintigraphic score induced by ERT in 2 patients with type

1 GD throughout follow-up. In patient 9, a 12-y-old girl, ERT was

initiated after clinical and scintigraphic evaluation had shown wors-
ening of overall pattern vs. baseline evaluation 1 y earlier. At sub-

sequent follow-up 1 y later, 99mTc-sestamibi scintigraphy showed

frank improvement and was scored 3. Five years later, no 99mTc-
sestamibi uptake was detectable in bone marrow of femora and

tibiae, being therefore scored 0. Patient 35 was 47 y old at enroll-

ment. At baseline evaluation, she had never received ERT. Intense

tracer uptake (score 7) involved almost entirety of femora and tibiae.
After about 2 y of ERT, 99mTc-sestamibi scintigraphy showed clear

improvement vs. baseline, with bone marrow visualization still being

extensive but tracer uptake much less intense (score 5). At last follow-

up evaluation 6 y after baseline, scintigraphic pattern was normal.
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observed among the 3 groups (F2, 49 5 5.670 with P 5 0.001
after adjustment for length of follow-up). In particular, group III
patients (ERT-naïve at enrollment) had baseline scores markedly
higher than the patients of groups I and II, but their score dramat-
ically improved during follow-up. The baseline 99mTc-sestamibi
score of group I patients was only slightly higher than that of
group II but then worsened during follow-up without ERT. Group
II patients (already treated with ERT for an average 4 y before
enrollment) had initial scores of intermediate severity and sub-
sequently improved during follow-up, although less dramatically
than group III patients.
The pattern of change in the bone marrow score at the first follow-

up visit versus baseline was consistent with that observed with the
overall Zimran SSI, also worsening in patients not receiving ERT
during follow-up (F2, 49 5 7.971 with P 5 0.001 after adjustment
for length of follow-up) (Fig. 3).
Figure 4 shows the changes in bone marrow score in 2 patients

of group I who started ERT after their first follow-up evaluation
and in 2 patients who remained untreated. Groups II and III showed
subsequent improvement in the bone marrow score, whereas group
I patients who continued without ERT further worsened. In con-
trast, group I patients who started ERT after their first follow-up
visit had a dramatic reduction of marrow disease.
Table 3 reports the results of regression and cross-sectional anal-

ysis. In group III patients (n 5 31), all ERT parameters correlated
strongly with the bone marrow response. In contrast, for group II
patients (n 5 17) the only significant determinants of improve-
ment in the score were duration of ERT and total ERT dose (Fig. 5).
Patients already receiving ERT (group II) responded more slowly
than ERT-naïve patients (different intercept values in Fig. 5). Be-
tween baseline and the first follow-up scan, the ERT dose was
slightly lower in group II than in group III (37.4 vs. 41.2 U/kg/mo).
Afterward, the average ERT doses were 44. 7 and 40 U/kg/mo in
groups II and III, respectively.
Linear regression analysis for group III patients showed that any

unit increase in ERT dose per month improved the scintigraphic
score by a factor of 0.036 (P 5 0.012), whereas a unit increase in
cumulative ERT dose improved the score by a factor of 0.0016

(P, 0.001). Therefore, in ERT-naïve patients a reduction of 1 unit
in bone marrow score is expected after ERT at about 28 U/kg/mo,
or after a cumulative dose of 625 U/kg.
An additional result of the cross-sectional analysis (not shown

in Table 3) was that the reduction in 99mTc-sestamibi score in re-
sponse to ERT was slower in patients with greater degrees of

TABLE 2
Patients with Normal or Near-Normal 99mTc-Sestamibi Score After ERT (from Initial 3–8 to Final 0–2) vs. Patients Whose

Condition Did Not Normalize Despite ERT

Final bone marrow score

Factor 0–2 (n 5 23) $3 (n 5 25) P*

Baseline scintigraphic score 4.78 6 0.46 6.00 6 0.34 0.0362

Final chitotriosidase (nmol/mL/h) 2,044 6 490 4,097 6 847 0.0428

Final Zimran SSI 5.12 6 0.95 8.60 6 1.36 0.0449
Duration of symptoms (y) 7.57 6 1.61 12.44 6 2.26 0.0905

Fraction of patients normalizing

if duration of symptoms # 10 y

13 (56.5%) 9 (34.8%) 0.0488

ERT dose (U/kg/mo) 40.95 6 3.12 42.21 6 2.96 NS

ERT duration (mo) 60.1 6 5.51 37.3 6 5.14 0.004

Cumulative ERT (U/kg)† 2,482 6 339 1,532 6 223 0.0216

Total ERT (U/kg)‡ 3,167 6 462 2,085 6 320 0.0574

*Obtained by Mann–Whitney U test or by x2 Pearson test, as adequate.
†Overall amount of enzyme administered over follow-up period.
‡Overall amount of enzyme administered since beginning of ERT (possibly preceding enrollment in study) until end of follow-up.

NS 5 not statistically significant.

Qualitative data are expressed as numbers, followed by percentages in parentheses; continuous data are expressed as mean 6 SEM.

FIGURE 2. Repeated-measures ANOVA in groups defined as fol-

lows: group I, patients ERT-naïve at enrollment who did not receive
ERT during follow-up; group II, patients already receiving ERT at

enrollment and maintained on ERT during follow-up; group III, pa-

tients ERT-naïve at enrollment who then were started on ERT. Data

are changes in mean 99mTc-sestamibi scores between baseline eval-
uation and first follow-up visit, with average length of follow-up being

shown for each group. Most pronounced reduction in scintigraphic

score was observed in group III. Groups I and II had similar initial
scores at enrollment, but in patients not treated with ERT (group I),

score worsened, whereas in patients continuing treatment (group II),

score continued to improve, though with lesser slope than in pa-

tients of group III.
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splenomegaly than in patients with milder splenomegaly (P 5 0.002
for ERT dose per month, P5 0.003 for cumulative ERT, P5 0.005
for total ERT). The same pattern was observed in patients with
reduced platelet count versus patients with normal platelet count
(P 5 0.001 for ERT dose per month, P , 0.0001 for cumulative
ERT, P5 0.001 for total ERT). No other clinical parameter (either
separately or combined in the overall SSI) was associated with
improvement in the scintigraphic score in response to ERT.
A sensitivity analysis based on data obtained with the 3 statis-

tical models (repeated-measures ANOVA, multiple regression anal-
ysis, and GEEs) confirmed the coherence of the results obtained.

DISCUSSION

Despite reports on the use of 99mTc-sestamibi scintigraphy to
assess bone marrow involvement in GD patients (25,26,33), the
mechanism of accumulation in the marrow is unclear. Evidence
acquired during this study might shed some light on this matter. A
prosthetic hip replacement that was planned for a 39-y-old woman
with GD immediately after 99mTc-sestamibi scintigraphy allowed
ex vivo SPECT/CT imaging of her resected femoral head, which was
then processed for immunohistochemical analysis using an anti-
glucosylceramide antibody. The accumulation of 99mTc-sestamibi
within the femoral head matched MR imaging changes indicating
macroscopic marrow infiltration, and immunohistochemistry con-
firmed the presence of Gaucher cells in the same area (Fig. 6).
Thus, although 99mTc-colloid scintigraphy was not performed on
this patient for a pairwise comparison, the pathophysiology of
99mTc-sestamibi accumulation in the bone marrow of GD patients
might be similar to that observed in multiple myeloma patients, in
whom focal sites of 99mTc-sestamibi uptake match sites of active
disease as detected by 18F-FDG PET and MR imaging (34).
The criteria for monitoring the efficacy of ERT and for assessing

the effect of adjustments in the dose or administration schedule are
not clearly defined (35,36), especially concerning the skeletal
manifestations of the disease, which are responsible for much of
the disability associated with untreated GD (36). The recommen-
dation to evaluate the entirety of the femora and spine with plain

radiography every year or at the time of dosage adjustment (11,36)
contrasts with the common notion that radiographically detectable
improvements in the skeleton in response to ERT develop much
more slowly than visceral or hematologic responses or improve-
ment in quality of life (12,37).
Current guidelines for ERT in GD are derived mostly from early

observations adopting a rather crude dose adjustment (e.g., 30 U/kg
of body weight/mo in pediatric patients with hematologic and vis-
ceral manifestations only and double that dose if skeletal mani-
festations are also present, with a subsequent 50% dose increase in
the case of bone crises) rather than from carefully designed dose-
finding studies (3,36). Prospective and comparative studies on dif-
ferent dosing regimens and fractionation are limited (12). This
issue is important for the use of resources available for health care.
In this investigation, we validated 99mTc-sestamibi scintigraphy

as an additional method for monitoring the evolution of bone mar-
row involvement in GD patients, with or without treatment. Long-
term changes in the scintigraphic score correlated strongly with
the main ERT parameters, that is, dose per month, duration of treat-
ment, and cumulative and total ERT doses. On average, patients
exhibiting an improved 99mTc-sestamibi score received a signifi-
cantly higher ERT dose per month than patients who did not im-
prove. The threshold ERT dose above which the scintigraphic score
is expected to exhibit any improvement (with a median and mean
value of 2 units) was calculated to be about 35–36 U/kg/mo in
patients receiving ERT. In ERT-naïve patients, an ERT dose of about
28 U/kg/mo induced a reduction of 1 unit in the bone marrow score.
Therefore, this evidence-based threshold should be considered
the minimum ERT dose expected to induce a reduction in bone
marrow infiltration. In addition, the 99mTc-sestamibi score showed
complete or nearly complete recovery in several patients after ERT.
This information is not easily provided by radiography (which
evaluates only the skeletal consequences of marrow infiltration)
and sometimes is not provided even by MR imaging (which shows
some abnormalities that can be irreversible even after long-term
therapy, such as those caused by bone marrow infarction) (Sup-
plemental Fig. 1, available at http://jnm.snmjournals.org) (15).

FIGURE 4. Pattern of changes in scintigraphic score observed in

the 29 patients who were evaluated at least at 2 follow-up points after

baseline evaluation. The 2 group I patients who started ERT after

first follow-up evaluation are plotted separately and identified as
group I⇒III. Although population of patients with at least 2 follow-up

evaluations after enrollment is reduced, patterns observed are quite

consistent with those observed at first follow-up in entire population.

FIGURE 3. Average changes in overall Zimran SSI observed at

first follow-up visit vs. baseline, showing patterns similar to those
observed with 99mTc-sestamibi score.
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Demonstrating a dose–response threshold for the bone marrow
is important in predicting a certain response to ERT, which follows
a pattern relatively independent from the response of other param-
eters of disease severity. Despite the strong trend toward a better
bone response to higher ERT doses, the risk for bone complica-
tions cannot be established as a criterion to start higher-dose ERT
(38,39).
The likelihood that ERT would nearly eliminate bone marrow

infiltration was higher under 3 circumstances: if therapy was ini-
tiated when signs of disease had appeared less than 10 y earlier, if
patients had a less severe degree of bone marrow infiltration when
ERT was begun, and if patients received a higher cumulative ERT
dose or ERT for a longer period. These observations are especially
important in that—due to limited resources—ERT is sometimes
postponed even beyond guideline indications. Scintigraphic mon-
itoring with 99mTc-sestamibi provides evidence that such a delay
reduces the chance of attaining a normal or near-normal scinti-
graphic score, at least within a certain time window.
The sequential scintigraphic evaluations in this study showed

that the response of bone marrow infiltration to ERT was dramati-
cally more pronounced in ERT-naïve patients who initiated treat-
ment after the baseline evaluation than in those already receiving
ERT at enrollment. A tentative explanation for this finding is that
the therapeutic effect is especially pronounced in the first phases

of ERT (when the disease is severe) but becomes less pronounced
as the disease severity approaches normalization. The patients of
group II had already received an average cumulative ERT dose of
1,730 U/kg (distributed over an average 47-mo period) at the time
of the baseline 99mTc-sestamibi scan. Thus, the difference between
groups II and III in the slopes defining improvement of the scin-
tigraphic score is most likely linked more to the difference in ob-
servation time after the start of ERT between the 2 groups than to
the slight difference in ERT dose. Nevertheless, although the ERT-
induced improvement in the scintigraphic score was less pro-
nounced in patients already receiving ERT before enrollment than
in ERT-naïve patients at enrollment, patients already receiving
ERT still benefit from ERT. These observations indicate that im-
provement in the scintigraphic score caused by ERT is not linear
over the entire duration of treatment but rather resembles a first-
order process, that is, with a logarithmic-type function whereby
a constant fraction of the process (improvement) takes place over
time. Instead, the scintigraphic score worsened in those few patients
not receiving ERT during follow-up. The patterns of changes in the
quantitative scintigraphic score mimicked the corresponding pattern
of changes in the overall Zimran SSI observed during follow-up.
Furthermore, cross-sectional analysis of the follow-up data showed
that no relevant effect of ERTwas observed on the 99mTc-sestamibi
score until platelet count and splenomegaly had improved.

TABLE 3
Correlation of Changes in 99mTc-Sestamibi Score and in Combined Clinical SSI with Other Variables

Stepwise forward

First/only follow-up

vs. baseline

Last/only follow-up

vs. baseline

Cross-sectional

time series

Variable Slope P Slope P* Slope P

Group II (n 5 17)
99mTc-sestamibi score

ERT dose per month NS NS 20.0142 NS
ERT duration NS 20.0424 0.009 20.0187 0.005

Cumulative ERT NS 20.0006 0.056 20.0001 NS

Total ERT NE NE NE NE 20.0003 0.018

Combined clinical SSI
ERT dose per month NS NS 20.0350 0.066
ERT duration NS NS 20.0453 ,0.001

Cumulative ERT NS 20.0002 0.0001 20.0001 NS

Total ERT NE NE NE NE 20.0040 ,0.001
Group III (n 5 31)

99mTc-sestamibi score
ERT dose per month 20.036 0.012 20.0250 NS 20.0219 0.008

ERT duration NS NS 20.0364 0.007 20.0283 0.003

Cumulative ERT 20.0016 0.0001 20.0005 0.005 20.0006 0.001

Total ERT NE NE NE NE 20.0004 0.001
Combined clinical SSI

ERT dose per month NS NS 20.0350 0.002

ERT duration NS NS 20.0334 0.015

Cumulative ERT NS NS 20.0007 0.002
Total ERT NE NE NE NE 20.0007 0.006

*Calculated using mean ERT dose per month during entire follow-up period.
NS 5 not statistically significant; NE 5 not evaluated; in comparisons of stepwise forward analysis, total ERT corresponds to cumu-

lative ERT, because intervals considered for analysis start with baseline evaluation only.

Cumulative ERT 5 overall amount of enzyme administered over follow-up period. Total ERT 5 overall amount of enzyme administered

since beginning of ERT (possibly preceding enrollment in study) until end of follow-up. With stepwise forward, this parameter was not
considered because data were obtained with differences in analyzed parameters in interval between controls.
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CONCLUSION

The results of this study demonstrate that, although based on
localized evaluation and possibly not directly mirroring glucosyl-
ceramide accumulation, the 99mTc-sestamibi bone marrow score is
an excellent predictor of the overall severity of GD and that changes
in the scintigraphic score correlated more closely with the main
determinants of ERT than did the other clinical score (either sep-
arately or combined in the Zimran SSI). Of major clinical interest
is that the results of ERT on the scintigraphic score were better in
patients with a shorter manifestation of disease and in patients with
less severe disease when initiating ERT. Furthermore, a dose–response
relationship was identified between ERT and the scintigraphic
score, and a minimum threshold was defined for the ERT dose
expected to yield a positive response of the scintigraphic score to
treatment. Therefore, 99mTc-sestamibi scintigraphy can be used to
evaluate bone marrow response to ERT. Major benefits of this pro-
cedure are the ability to identify the quantity of enzyme required
for bone marrow and skeletal benefit and to correlate this quantity
with predictions of the optimal dose of exogenous glucocerebro-
sidase for successful treatment of patients with GD.
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