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Abstract
This study tests the hypothesis that the prevalence of severe clinical manifestations in Gaucher

disease type 1 (GD1) patients at the time of treatment initiation has changed since alglucerase/

imiglucerase enzyme replacement therapy (ERT) was approved in the United States (US) in 1991.

US alglucerase/imiglucerase-treated GD1 patients from the International Collaborative Gaucher

Group Gaucher Registry clinicaltrials.gov NCT00358943 were stratified by age at ERT initiation

(<18, 18 to <50, �50 years), era of ERT initiation (1991-1995, 1996-2000, 2001-2005, 2006-

2009), and splenectomy status pre-ERT. Prevalence of splenectomy decreased dramatically across

the eras among all age groups. Bone manifestations were more prevalent in splenectomized

patients than non-splenectomized patients in all age groups. Prevalence of bone manifestations

differed across eras in certain age groups: non-splenectomized patients had a lower prevalence of

ischemic bone events (pediatric patients) and bone crisis (pediatric patients and adults 18 to <50

years) in later eras; splenectomized adult (18 to <50 years) patients had a lower prevalence of

ischemic bone events and bone crisis in later eras. Over two decades after the introduction of

ERT, the prevalence of splenectomy and associated skeletal complications has declined dramati-

cally. Concomitantly, the interval between diagnosis and initiation of ERT has decreased, most

strikingly in pediatric patients who have the most severe disease. Together, these findings suggest

that since the introduction of alglucerase/imiglucerase ERT, optimal standard of care has become

established in the US to prevent destructive complications of GD1.

1 | INTRODUCTION

In Gaucher disease (GD) biallelic mutations in the glucocerebrosidase

gene result in defective lysosomal acid b-glucosidase (glucocerebrosi-

dase, EC 3.2.1.21) that causes widespread accumulation of

macrophages engorged with glucosylceramide-laden lysosomes and

system-wide pathophysiology mediated by accumulating sphingoli-

pids.1 The clinical effects are multisystemic with heterogeneous mani-

festations and natural history.2,3 Symptomatic presentation of GD can

occur at any age with variable combinations of cytopenia,
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hepatosplenomegaly, diverse patterns of skeletal disease, and growth

retardation, and in the most severe cases, neurodegenerative disease.

The vast majority of cases are patients with GD type 1 (GD1) who lack

the early-onset neurological disease that characterizes type 2 and type

3 disease.3

GD1 is a chronic progressive disease.4 The natural history of

GD1 prior to the availability of an effective treatment was that of a

devastating disease associated with a high incidence of splenectomy,

bleeding complications, liver disease, painful and disabling skeletal dis-

ease due to fragility fractures, bone crisis and avascular osteonecrosis

(AVN), pulmonary hypertension, malignancies, and premature

death.5–10 Only symptomatic care was available in the form of blood

transfusions and joint replacement surgery. Although splenectomy was

frequently performed for symptomatic relief (pressure symptoms and

cytopenia), it resulted in accelerated disease in bone and in other

organs as well as life-threatening complications such as pulmonary

hypertension.5,10,11

Following proof of principle studies12 and a pivotal clinical trial in

1991,13 the United States (US) Food and Drug Administration (FDA)

approved alglucerase (mannose-terminated, human placental acid

b-glucosidase, Ceredase®, Sanofi Genzyme, Cambridge, MA), the first

macrophage-targeted enzyme replacement therapy (ERT) for GD1.

In 1994, following a clinical trial showing clinical equivalency of alglu-

cerase and a recombinant version of mannose-terminated glucocere-

brosidase,14 imiglucerase (Cerezyme®, Sanofi Genzyme, Cambridge,

MA) was approved for treatment of GD1. ERT with mannose-

terminated acid b-glucosidase (imiglucerase and others) is the current

standard of care for GD1; imiglucerase has been shown to reverse

many disease manifestations, including some bone pathologies,15–17

and to reduce the risk of AVN.18,19

Since ERT became the standard of care in the 1990s, there

appears to be a noticeable decline in the frequency of severe phe-

notypes typically encountered in the pre-ERT era. The purpose of

this analysis is to confirm these clinical observations through a

descriptive analysis of the disease manifestations of GD1 patients at

the initiation of alglucerase/imiglucerase treatment during the two

decades following the approval of alglucerase and imiglucerase. The

International Collaborative Gaucher Group (ICGG) Gaucher Registry

(clinicaltrials.gov NCT00358943), initiated in 1991, offers an excel-

lent instrument to assess temporal changes in the impact of the

availability of ERT. Over the past quarter-century, the ICGG

Gaucher Registry has captured phenotypic, genotypic, natural history

and treatment response data in patients with GD from around the

world. More than 6000 GD patients from over 60 countries have

been enrolled in the Registry.20

We analyzed clinical characteristics of symptomatic GD1 patients

at the initiation of alglucerase/imiglucerase ERT in four approximately

5-year intervals over the first two decades after approval of alglucerase

and imiglucerase, from 1991 to 2009. We focused in particular on

whether the prevalence of splenectomy at the time of treatment initia-

tion was declining, as this procedure has been associated with rapid

progression to severe skeletal, pulmonary and hepatic manifestations

as well as increased cancer risk.2,5,11,19,21

2 | METHODS

2.1 | The ICGG Gaucher Registry

The ICGG Gaucher Registry is a voluntary, global, observational

database, which is governed by an international group of experts

(ICGG Gaucher Registry Board of Advisors), with operational support

provided by Sanofi Genzyme. It is open to all GD patients around the

world regardless of their treatment status or choice of treatment.

Clinical assessments and care of patients enrolled in the Registry are

determined by their treating physicians. Treating physicians voluntarily

provide data on assessments currently used to monitor the clinical

manifestations, disease progression of GD and response to therapy.

2.2 | Patient selection

As of March 04, 2016, GD1 patients were selected from the ICGG

Gaucher Registry based on the following criteria: (1) enrolled from clinics

and physician practices in the US, (2) began imiglucerase (“imiglucerase”

from here forward will refer to both alglucerase and imiglucerase treat-

ment) ERT between January 1, 1991 and June 24, 2009 (inclusive), (3)

had a known date of GD1 diagnosis and of imiglucerase initiation, (4)

had reported splenectomy status and (5) if splenectomized, had a known

date of splenectomy. The sample was limited to US patients as imiglu-

cerase treatment first became available in the US. The rationale for

restricting the study to US patients was that this dataset provided the

longest potential time window of treatment initiation for analysis. Also,

focusing on a single country minimizes confounders with respect to vari-

able clinical practice and phenotypes in different parts of the world, for

example, indications and timing of starting treatment and genotypes.

2.3 | Study design

Patients were classified into three age cohorts based upon their age at

treatment initiation: pediatric patients <18 years of age, adult patients

18 to <50 years of age, adult patients �50 years of age. Patients

were also stratified by splenectomy status and date of imiglucerase

treatment initiation.

Four approximately equal eras based on date of treatment initia-

tion were defined beginning in 1991, the year that alglucerase became

commercially available in the US. Era 1 was defined as 1991 through

1995, Era 2 as 1996 through 2000, Era 3 as 2001 through 2005, and

Era 4 as 2006 through 2009. Eras are of equal length (5 years) with the

exception of Era 4, which is 4 years due to the shortage of imiglucerase

that occurred beginning June 25, 2009.

This study was conducted according to the principles of the Decla-

ration of Helsinki (2013).22 Informed consent was obtained from all sub-

jects. The data are reported in accordance with STROBE (Strengthening

the Reporting of Observational Studies in Epidemiology) guidelines.23

2.4 | Demographics

Demographic variables included sex, age at GD1 diagnosis, year of

GD1 diagnosis, age at imiglucerase treatment initiation, time interval
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between diagnosis and initiation of imiglucerase, splenectomy status,

year of splenectomy, and genotype (N370S homozygous, N370S heter-

ozygous, and other). Genotype was not available for all patients since it

was not an inclusion criterion for the current analysis. Splenectomized

patients included those with either total or partial splenectomy.

2.5 | Clinical parameters

Clinical parameters analyzed included bone, visceral and hematologic

manifestations as entered by the reporting sites. Bone manifestations

included bone pain, acute bone crisis, AVN, infarction, fractures and

hip replacement. Bone pain according to the Registry guidance was

defined as present if the patient reported bone pain as occurring in the

month before the medical visit. Bone crisis was defined as stated in the

Registry guidance, as acute pain requiring immobilization, narcotics,

and accompanied by one or more of the following: periosteal elevation,

elevated white blood cell count, fever and/or debilitation of >3 days.

Information on AVN, infarction, and fracture was collected primarily

from skeletal radiology exam reports, and secondarily from medical his-

tory at the time of enrollment in the ICGG Gaucher Registry. Informa-

tion on hip replacement was collected from reports of medically

significant surgical procedures. AVN is defined as bone necrosis result-

ing from infarction in a sub-articular (ie, joint) location. Infarction is

defined as an area of necrosis at other sites, (ie, medullary infarction).

An ischemic bone event was defined as present if the patient was

reported as having either AVN or infarction. Baseline was defined as

any occurrence of bone crisis, bone pain, ischemic bone events, frac-

ture, or hip replacement prior to treatment initiation or up to 6 weeks

from the date of treatment initiation.

Visceral parameters included liver and spleen volumes expressed

as multiples of normal (MN) (2.5% of body weight for liver; 0.2% of

body weight for spleen) as described previously.18 Splenomegaly was

classified categorically as Mild or None (�5 MN), Moderate (>5 to

�15 MN), and Severe (>15 MN). Hepatomegaly was defined

categorically as Mild or None (�1.25 MN), Moderate (>1.25 to�2.5

MN), and Severe (>2.5 MN). Baseline was defined as the data point

closest to initiation of treatment with imiglucerase using a window of

no more than 26 months to 16 weeks (inclusive) from initiation of

treatment for liver and spleen volumes.

Hematological parameters included hemoglobin concentration

(g/dL) and platelet count (3103/mm3). Anemia was defined categori-

cally based on hemoglobin concentration according to age and gender

norms: <12 g/dL for males older than 12 years; <11 g/dL for females

older than 12 years; <10.5 g/dL for children ages >2 to 12 years;

<9.5 g/dL for children ages 6 months to 2 years; <10.1 g/dL for

children younger than 6 months of age. As defined in the Registry

protocol, severity of thrombocytopenia was classified categorically

according to the platelet count: Mild or None (�120 3 103/mm3),

Moderate (60-<120 3 103/mm3) or Severe (<60 3 103/mm3).

Baseline was defined as the data point closest to initiation of treatment

with imiglucerase using a window of no more than 28 weeks to 12

weeks (inclusive) from initiation of treatment for hemoglobin and

platelet count.

2.6 | Statistical analyses

Descriptive analyses for each age cohort by splenectomy status at the

time of treatment initiation and by era were conducted for baseline

demographics. For patients who had been splenectomized prior to

treatment initiation, summary statistics were calculated for age at

splenectomy, calendar year of splenectomy, and whether they were

splenectomized prior to 1991 or during/after 1991. Patients splenec-

tomized on or after the date of treatment initiation were considered

to have an intact spleen at baseline. Within each age cohort, the chi-

square test was used to compare splenectomy status at treatment ini-

tiation and genotype frequency across the eras, and the Kruskal-Wallis

test was used to compare age at diagnosis, age at treatment initiation,

and the time interval between diagnosis and initiation of imiglucerase

across the eras.

Collapsing data from all four eras together, the prevalence of

bone crisis, bone pain, and ischemic bone events was compared

between splenectomized and non-splenectomized patients at base-

line within each age group using the chi-square test or Fisher’s

exact test (for strata with small sample sizes). Within categories of

age group and splenectomy status at initiation of imiglucerase, the

chi-square test (or Fisher’s exact test, when appropriate) was used

to test differences in prevalence across the eras of each bone mani-

festation at baseline.

Hematologic endpoints (hemoglobin concentration, platelet count)

and liver volume at baseline were analyzed using analysis of variance

(ANOVA) to compare mean values across the eras, stratified by age

cohort and splenectomy status. Spleen volume for patients with

intact spleens at treatment initiation was also analyzed using ANOVA

to compare mean values across the eras stratified by age cohort.

All hypothesis tests were two-tailed with an alpha level of 0.05.

Statistical analyses were conducted using the SAS software version 9.2

(Cary, North Carolina).

3 | RESULTS

3.1 | Patients

As of March 04, 2016, 1427 (69.0%) of 2069 US GD1 patients in the

ICGG Gaucher Registry met all inclusion and exclusion criteria. Most

excluded patients were excluded because they were never reported as

treated (n5327); 178 patients were excluded because they did not

start imiglucerase within the specified time windows; 99 were excluded

because of missing a GD1 diagnosis date; 12 were excluded because

the first treatment was unknown; five were excluded because the first

treatment was not imiglucerase; five patients were excluded for

unknown imiglucerase initiation date; two patients were excluded for

conflicting treatment initiation dates; 13 were excluded for missing

date of splenectomy (if splenectomized) and one patient was excluded

for missing splenectomy status.

The distributions of sex, age at GD1 diagnosis, age at imiglucerase

initiation, splenectomy status before treatment initiation, and genotype

by age cohort and treatment initiation era are presented in Table 1.
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TABLE 1 Patient characteristics by age group and imiglucerase initiation era

Imiglucerase Initiation Eras

Statistic 1991–1995 1996–2000 2001–2005 2006–2009

Total number of patientsa N 694 345 265 123

<18 Years of Age at Imiglucerase Initiation

Total Patientsa N 172 109 80 38

Sex

Male n (%) 80 (46.5) 53 (48.6) 46 (57.5) 16 (42.1)

Female n (%) 92 (53.5) 56 (51.4) 34 (42.5) 22 (57.9)

Age at GD1 diagnosis (years) Mean (SD) 5.5 (3.57) 6.0 (4.18) 7.1 (4.34) 6.2 (4.54)

Median
(25th, 75th)

4.9
(3.0, 7.3)

5.0
(2.8, 8.6)

6.2
(3.7, 9.9)

5.3
(2.3, 9.9)

Min, Max 0.0, 15.9 0.0, 16.3 0.8, 17.2 0.1, 16.8

Age at imiglucerase
initiation (years)

Mean (SD) 9.9 (4.49) 7.4 (4.72) 7.9 (4.23) 7.8 (4.84)

Median
(25th, 75th)

10.1
(6.0, 13.7)

5.9
(3.7, 10.3)

6.6
(4.6, 11.1)

5.7
(4.1, 11.3)

Min, Max 0.7, 17.9 0.4, 17.8 1.7, 17.5 1.5, 17.5

Splenectomized prior to date
of imiglucerase initiation

n (%) 34 (19.8) 3 (2.8) 1 (1.3) 0

Genotypeb n 137 100 72 36

N370S/N370S n (%) 21 (15.3) 12 (12.0) 10 (13.9) 5 (13.9)

N370S/Other n (%) 81 (59.1) 66 (66.0) 47 (65.3) 18 (50.0)

Other/Other n (%) 35 (25.5) 22 (22.0) 15 (20.8) 13 (36.1)

18 to <50 years age at imiglucerase initiation

Total Patientsa N 370 156 120 43

Sex

Male n (%) 163 (44.1) 74 (47.4) 61 (50.8) 19 (44.2)

Female n (%) 207 (55.9) 82 (52.6) 59 (49.2) 24 (55.8)

Age at GD1 diagnosis (years) Mean (SD) 18.7 (12.28) 25.5 (12.70) 28.4 (12.44) 27.0 (12.84)

Median
(25th, 75th)

17.8
(7.5, 28.0)

26.8
(17.3, 34.7)

29.4
(21.0, 38.2)

26.8
(17.8, 38.2)

Min, Max 0.0, 49.5 0.0, 49.4 1.4, 49.7 4.2, 49.4

Age at imiglucerase
initiation (years)

Mean (SD) 34.9 (8.88) 34.7 (9.24) 35.8 (8.52) 36.7 (8.00)

Median
(25th, 75th)

35.7
(26.9, 42.3)

34.1
(27.3, 42.8)

37.2
(29.4, 42.0)

38.4
(30.6, 42.6)

Min, Max 18.2, 50.0 18.1, 49.7 18.2, 49.8 18.1, 50.0

Splenectomized prior to date
of imiglucerase initiation

n (%) 158 (42.7) 30 (19.2) 19 (15.8) 7 (16.3)

Genotypeb n 272 140 112 36

N370S/N370S n (%) 75 (27.6) 71 (50.7) 59 (52.7) 15 (41.7)

N370S/Other n (%) 168 (61.8) 60 (42.9) 49 (43.8) 18 (50.0)

Other/Other n (%) 29 (10.7) 9 (6.4) 4 (3.6) 3 (8.3)

(Continues)
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Mean age at diagnosis differed significantly across the eras for each of

the three age groups (P< .05 for pediatric patients; P< .0001 for adults

18 to <50 years; P< .05 for adults �50 years) as did age at initiation

of treatment for pediatric patients (P< .0001) (Table 1). Genotype

frequency across the eras was significantly different for the adults

18 to <50 years (P< .0001). There appears to be a greater frequency

of the N370S homozygous genotype in later eras for this age group

(Table 1). No statistically significant differences in genotype were pres-

ent in the other two age groups.

3.2 | Prevalence of splenectomy

Of the 1427 patients starting ERT across all 4 eras, 360 (25.2%)

patients had undergone splenectomy prior to the initiation of imiglu-

cerase (Table 1). Among the patients who had undergone splenectomy

(379), the majority (360 patients, 95%) were splenectomized prior to

treatment. The reduction in splenectomy prevalence pre-ERT treat-

ment was striking. Both adult groups who started ERT in Era 1 had a

high prevalence of splenectomy, with 43% of adults 18 to <50 years

and 44% of adults �50 years having been splenectomized pre-ERT

(Table 1). In pediatric patients, approximately 20% of patients who

started ERT in Era 1 were splenectomized (Table 1). Compared to Era

1, patients who started ERT in subsequent Eras 2, 3, and 4, had signifi-

cantly lower prevalence of splenectomy at the time of initiation of

treatment (Table 1 and Figure 1). The trend was most marked in the

pediatric population in whom splenectomy at the time of treatment ini-

tiation virtually disappeared in Era 4 relative to Era 1 (0% vs. 19.8%,

respectively). The majority of the splenectomized adult patients, even

those who began ERT in the later eras, had been splenectomized prior

to 1991 (Supporting Information Table S1).

3.3 | Bone manifestations

In each age group, there was a highly significant excess of key manifes-

tations of bone disease (bone crisis, ischemic bone events, and bone

pain) in splenectomized patients compared to patients with intact

spleen (P< .0001, Supporting Information Figure S1) with data col-

lapsed across all 4 treatment initiation eras. Further stratification of

patients with and without spleen by treatment era revealed a signifi-

cantly lower prevalence of bone crisis in pediatric patients with intact

spleen with each successive era of ERT (P< .01) (Figure 2A). We also

found a decreasing prevalence of bone crisis in splenectomized

(P< .05) and non-splenectomized (P< .05) adults 18 to <50 years of

age in later eras than in the first era. There were no significant differen-

ces in adults �50 years of age across eras.

The results for ischemic bone events parallel those for bone cri-

sis, with a lower prevalence of patients with ischemic bone events in

later eras (Figure 2B). Decreasing prevalence of ischemic bone

TABLE 1 (Continued)

Imiglucerase Initiation Eras

Statistic 1991–1995 1996–2000 2001–2005 2006–2009

�50 years of age at imiglucerase initiation

Total Patientsa N 152 80 65 42

Sex

Male n (%) 75 (49.3) 42 (52.5) 34 (52.3) 25 (59.5)

Female n (%) 77 (50.7) 38 (47.5) 31 (47.7) 17 (40.5)

Age at GD1 diagnosis (years) Mean (SD) 40.2 (21.40) 44.8 (18.42) 48.6 (17.67) 46.3 (20.60)

Median
(25th, 75th)

38.3
(24.9, 55.5)

47.2
(29.3, 58.2)

52.5
(39.9, 59.3)

51.1
(28.2, 63.9)

Min, Max 0.5, 81.5 5.9, 74.8 4.5, 81.8 4.9, 78.9

Age at imiglucerase initiation (years) Mean (SD) 62.0 (9.36) 61.8 (8.59) 62.6 (8.48) 63.5 (7.92)

Median
(25th, 75th)

60.1
(54.2, 68.3)

60.4
(54.4, 69.5)

61.8
(56.5, 68.1)

65.2
(57.6, 69.0)

Min, Max 50.0, 84.2 50.1, 85.0 50.1, 84.1 50.0, 82.0

Splenectomized prior to date
of imiglucerase initiation

n (%) 67 (44.1) 22 (27.5) 11 (16.9) 8 (19.0)

Genotypeb n 104 70 58 37

N370S/N370S n (%) 59 (56.7) 47 (67.1) 43 (74.1) 23 (62.2)

N370S/Other n (%) 40 (38.5) 19 (27.1) 12 (20.7) 12 (32.4)

Other/Other n (%) 5 (4.8) 4 (5.7) 3 (5.2) 2 (5.4)

a“Total Patients” includes all patients who met inclusion criteria for analysis.
bSample sizes are not the same as for other variables because genotype was not part of the inclusion criteria for the study and not all patients had a
genotype recorded in the Registry.
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events with each successive era is significant in pediatric patients

with intact spleens (P< .01) and splenectomized adults 18 to <50

years of age (P< .05). Very few patients who initiated therapy

in childhood have been splenectomized and the proportion of

splenectomized patients declines in later eras for adult patients

(Table 1), necessitating caution when interpreting results involving

small numbers of patients.

In general, bone pain was reported by a large proportion of

patients by the time of treatment initiation with no significant differen-

ces in prevalence of bone pain across the eras in any age cohort

(Figure 2C). Data on prevalence of fractures and hip replacement by

era, age group, and splenectomy status were too sparse for meaningful

interpretation (data not shown).

3.4 | Indicators of splenic and hepatic involvement

Splenomegaly and hepatomegaly were evident prior to treatment initia-

tion in all eras (Supporting Information Table S1). Spleen volumes dif-

fered across eras, with significantly lower mean volumes observed in

later eras for children and adults 18 to <50 years (P< .01) (Supporting

Information Figure S2 Panel A). For hepatomegaly, the difference

across the eras did not reach significance for any group except the

intact spleen adults 18 to <50 years of age cohort (P< .01, Supporting

Information Figure S2 Panel B).

In pediatric patients, >94% of non-splenectomized patients had

moderate or severe splenomegaly in each era and >95% had moder-

ate or severe hepatomegaly in each era (Supporting Information

Table S1). All splenectomized pediatric patients with reported liver

volumes (n515) had moderate or severe hepatomegaly. In adults 18

to <50 years of age, greater than 70% (range: 70% to 89%) of

spleen-intact patients had moderate or severe splenomegaly in each

era and greater than 44% (range 45% to 81%) had moderate or

severe hepatomegaly; greater than 66% (range 67% to 95%) of sple-

nectomized patients had moderate or severe hepatomegaly. In

adults �50 years of age, greater than 42% (range 43% to 68%) of

spleen-intact patients had moderate or severe splenomegaly in each

era; 15% to 39% had moderate or severe hepatomegaly. The preva-

lence of splenectomized patients who had moderate or severe hepa-

tomegaly in this age group ranged from 20% to 100% across the

eras, with only two splenectomized patients representing the era

where the prevalence was 100%. In general, there was less visceral

disease in the adults �50 years.

3.5 | Indicators of hematological disease

Overall there were no clinically meaningful differences in hemoglobin

concentrations or platelet counts across the eras. Significant P-values

(P< .05) were observed for hemoglobin concentration among non-

splenectomized and splenectomized adults 18 to <50 years, with

slightly higher concentrations in later eras, and for platelet counts

among non-splenectomized pediatric patients, with no apparent trend

across eras (Supporting Information Figure S2 panels C and D, respec-

tively). Anemia ranged from 18.8% to 61.1% across the eras and age

groups with no discernable trend (Supporting Information Table S2).

Thrombocytopenia tended to be in the mild to moderate range; pediat-

ric patients had the lowest prevalence of severe thrombocytopenia

(Supporting Information Table S2).

FIGURE 1 The proportion of GD1 patients who were splenectomized prior to imiglucerase initiation by age group and era of imiglucerase
initiation. ****P< .0001. P-values are from chi-square test. Abbreviations: GD1, Gaucher disease type 1
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3.6 | Time interval between GD1 diagnosis and

initiation of imiglucerase

The median time interval between GD1 diagnosis and initiation of

treatment differed across eras (P< .0001 for pediatric patients and

adults 18 to <50 years and P< .01 for adults �50 years), with the lon-

gest interval observed in Era 1 in all age groups (Figure 3).

4 | DISCUSSION

Until the introduction of alglucerase/imiglucerase ERT in the early

1990s, individual cohort studies of GD1 depicted generally devastating

disease with high rates of splenectomies, disabling skeletal complica-

tions and premature deaths.8,10,24 During two decades of ERT, clini-

cians have observed a remarkable transformation in the presenting

phenotype of GD1. Our study is the first formal assessment of the

changing spectrum of disease manifestations at the time of treatment

initiation in the era of ERT. We focused our study on the US as imiglu-

cerase ERT was first approved here, and we hoped our study cohort

would represent a generally uniform clinical practice with respect to

indications for starting treatment and dose.

During the first 5 years after approval of ERT, the patient cohort

largely represented the accumulation of patients in advanced stages of

GD1 with a high prevalence of splenectomies, disabling skeletal compli-

cations, and a long interval between diagnosis and initiation of ERT.

During the subsequent 5-year periods, imiglucerase ERT became estab-

lished as the standard of care. Splenectomies and disabling skeletal

complications declined steadily in patients starting therapy. Eras 2

(1996–2000) and 3 (2001–2005) represent the adoption of ERT in clin-

ical practice when increasing numbers of physicians, especially hema-

tologists, were becoming more familiar with the efficacy and safety of

imiglucerase. Educational efforts with physicians during this time

period focused on improving the understanding of the natural progres-

sion of GD1, the benefits of ERT and the evidence of maximal effect

on AVN risk reduction through early initiation of ERT. Hence by Era 4

(2006–2009), the backlog of severely affected patients with advanced

destructive complications associated with splenectomy and GD1 was

significantly depleted. Patients in the most recent era are symptomatic

patients who commenced ERT generally with an intact spleen and prior

to the development of irreversible skeletal complications. Importantly,

even among splenectomized patients, the prevalence of pretreatment

bone crisis and ischemic bone events have decreased significantly rela-

tive to Era 1.

Our most clinically significant finding is the markedly diminished

role of splenectomy in the management of GD1 since the introduc-

tion of ERT in 1991. In all age groups, the vast majority of pre-ERT

splenectomies were performed prior to 1991 (Supporting Informa-

tion Table S1). In the pediatric group, where the time interval

between diagnosis and initiation of ERT showed a striking closure

across the eras, splenectomies were completely eliminated by Era 4.

We saw a similar trend in the reduction in splenectomies in the adult

cohorts, but a significant proportion of adult patients had undergone

splenectomies sometime prior to ERT treatment even in Era 4. The

FIGURE 2 Prevalence of bone manifestations of GD1 by
splenectomy status, age group, and era of imiglucerase initiation:
Panel A) Bone crisis; Panel B) Ischemic bone events; Panel C) Bone
pain. *P< .05; **P< .01; †P-values are from chi -square test; ‡P
-values are from Fisher’s exact test. Strata without a corresponding
P-value indicate that P> .05. Abbreviations: GD1, Gaucher disease
type 1; NS, non-splenectomized; S, splenectomized
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majority of the splenectomies in these adult patients were per-

formed many years prior to the commencement of ERT. In adults 18

to <50 years the median calendar year of splenectomy in each of

the eras ranged from 1974 to 1990 and in adults �50 years from

1966 to 1981 (Supporting Information Table S1). Although the ICGG

Gaucher Registry does not capture indications for splenectomies,

the collective experience of the authors suggest they were most

likely performed for massive splenomegaly, pressure symptoms and

cytopenia, with some patients having the procedure for misdiagnosis

of hematological malignancy.

A higher frequency of signature bone events (bone crisis,

ischemic bone events, and bone pain) in splenectomized patients

compared to non-splenectomized patients was observed in our large

cohort of US ICGG Gaucher Registry patients in keeping with smaller

single-center studies.2,5,6,19,25 Without GD1-specific treatment, sple-

nectomy removes a reservoir organ for the storage of the primary

substrate glucosylceramide and secondary pathogenic substrates

such as glucosylsphingosine,26 leading to accelerated accumulation

of Gaucher cells at other sites, which in turn accelerates bone dis-

ease,5,25 liver disease,27 pulmonary hypertension,28 marrow disease

causing bone marrow failure,29 and immune alterations and comor-

bidities.30 Thus, a consensus conference of leading Gaucher disease

physician experts have determined that a major goal in management

of GD1 is to prevent splenectomy through timely initiation of

ERT.11,31 With widely available, non-invasive, reliable testing for GD,

diagnostic splenectomy is strongly contraindicated and palliative total

splenectomy is not recommended except under life-threatening

circumstances such as uncontrollable bleeding or splenic rupture.32

The concept that treatment instituted after splenectomy may avert

postsplenectomy complications is questionable in light of studies

showing that postsplenectomy patients treated with ERT continue

nevertheless to suffer new ischemic bone events.19,33 It is therefore

gratifying to confirm that with the advent of ERT, the number of sple-

nectomized GD1 patients initiating treatment has decreased dramati-

cally. Our study suggests management of GD1 patients in the US is

making steady progress towards timely initiation of ERT to prevent

the need for splenectomy. The reduced need for splenectomy, in the

era of ERT has also been reported in a study of 99 Dutch patients.11

Further studies should examine the temporal trends with respect to

splenectomy in GD1 and define the rare indications for splenectomy

in the era of ERT.

A statistically significant decrease in the prevalence of bone

crisis and ischemic bone events was observed across the eras in

spleen-intact pediatric patients and a similar trend occurred in some

adult patients as well (Figure 2A,B). This important finding underscores

that splenectomy is not the only determinant of bone crises and

ischemic bone events. Bone manifestations can occur in the setting

of intact spleen and their prevalence may be reduced by early

initiation of ERT.19 Consistent with the latter concept, we found that

the median interval between the age at diagnosis and the age at

beginning imiglucerase treatment decreased over the eras (Figure 3).

This effect was observed most clearly in pediatric patients who began

FIGURE 3 Median interval between age at diagnosis and age at imiglucerase initiation by age group and era of imiglucerase initiation.
**P< .01; ****P< .0001. P-values were derived from Kruskal-Wallis test
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ERT almost simultaneously with diagnosis in later eras relative to

earlier eras when there was significant delay between diagnosis and

treatment initiation. This salutary development of timely institution

of treatment should decrease the risk of AVN,19 enhance bone

development and growth in children, prevent delayed puberty,34–36

and increase the years of improved quality of life for patients with

GD1.37

One of the most interesting findings of our study was that a his-

tory of bone pain remained constant across the eras although the prev-

alence of splenectomies and irreversible skeletal complications

declined markedly in the new generation of patients. This highlights

the importance of considering Gaucher disease in the evaluation of

patients with unexplained recurrent or chronic bone pain.

The general lack of change from 1991 to 2009 in average

pretreatment hemoglobin concentration and platelet count is not

surprising in view of previously published Registry data showing

that severe anemia and thrombocytopenia are uncommon. Only

about 40% of GD1 patients are anemic at all prior to starting

treatment, with no linear correlation between platelet count and

magnitude of splenomegaly.21,38 Because of insufficient data, the

frequency of clinically significant bleeding, with or without blood

transfusions, could not be analyzed.

GBA gene genotype frequencies in patient cohorts showed the

expected distribution in Era 1, with a lower prevalence of N370S homo-

zygosity in pediatric patients (15%), rising to 28% in adults 18 to<50

years and 57% in adults �50 years (Table 1), and with reciprocal trends

for N370S/other genotypes. The comparison of genotype frequencies

across the eras within each age group did not find any significant differ-

ences with the exception of the adults 18 to <50 years of age in whom

there is an increased prevalence of N370S homozygosity in later eras.

While generally N370S homozygosity is associated with milder disease,

several studies have shown many of these patients present with severe

disease manifestations even in childhood.39–42 Our study does not

address the issue of N370S homozygous or other patients identified

through newborn screening and whether there is role for ERT in the

prevention of disease manifestations. Our study is entirely focused on

patients with variable degrees of symptomatic disease with visceral,

hematological and skeletal manifestations including bone pain.

Current treatment algorithms and third party payor guidelines

largely presuppose that patients will have advanced disease. These

guidelines may need to be revisited as evidence accrues that early

treatment before the onset of irreversible manifestations may improve

long-term, patient-centered outcomes and may prevent the irreversible

morbidity that characterized GD1 patients in the pre-ERT era at great

cost to the quality and quantity of their lives.18,19,34 Whether early

institution of treatment can avert some of the late-onset complications

of GD1 and reduce the incidence of hematologic malignancies such as

multiple myeloma, for which Gaucher patients have a 5–60-fold

increased risk,43,44 needs further study.

Although our study is one of largest cohorts reported, the study

has some limitations common to any observational registry study.

These analyses were restricted to US patients for the reasons

described above. Cultural, economic, and healthcare accessibility

differences in other countries may affect the generalizability of these

results to other regions. Patients enrolled in the Registry may not be

representative of the patient population as a whole due to selection

biases related to the centers that choose to participate. Centers that

contribute to the Registry are well informed with respect to GD1 and

ERT. Treatment initiation for GD1 may be more delayed for patients

receiving care in other settings. Assessments, lab techniques, and imag-

ing are not necessarily standardized across reporting centers. Attrition

of patients and missing data tend to accrue over time and may not nec-

essarily be random. Classification of patients as GD1 was ascertained

by the treating physician as is the standard practice. Some patients

may have been misclassified as GD1 when they were actually GD3,

but we believe if such instances occurred, they are rare. Also as

previously noted, the small number of splenectomized patients in the

later eras, particularly in the pediatric age cohort, limits interpretation

of some results.

Our results confirm the hypothesis that the current phenotype for

GD1 at the time of treatment initiation is characterized by a markedly

lower prevalence of splenectomy and a lower frequency of destructive

bone complications, relative to the period when ERT first became

commercially available in the US. This is particularly evident in

pediatric patients and adult patients younger than 50 years of age. This

transformation in phenotype at treatment initiation suggests a need to

revisit treatment guidelines and goals.
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