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Mutations in GBA, the gene encoding glucocerebrosidase, the enzyme deficient in Gaucher disease, are common risk factors for

Parkinson disease, as patients with Parkinson disease are over five times more likely to carry GBA mutations than healthy

controls. Patients with GBA mutations generally have an earlier onset of Parkinson disease and more cognitive impairment than

those without GBA mutations. We investigated whether GBA mutations alter the neurobiology of Parkinson disease, studying

brain dopamine synthesis and resting regional cerebral blood flow in 107 subjects (38 women, 69 men). We measured dopa-

mine synthesis with 18F-fluorodopa positron emission tomography, and resting regional cerebral blood flow with H2
15O positron

emission tomography in the wakeful, resting state in four study groups: (i) patients with Parkinson disease and Gaucher disease

(n = 7, average age = 56.6 � 9.2 years); (ii) patients with Parkinson disease without GBA mutations (n = 11, 62.1 � 7.1 years);

(iii) patients with Gaucher disease without parkinsonism, but with a family history of Parkinson disease (n = 14, 52.6 � 12.4

years); and (iv) healthy GBA-mutation carriers with a family history of Parkinson disease (n = 7, 50.1 � 18 years). We compared

each study group with a matched control group. Data were analysed with region of interest and voxel-based methods. Disease

duration and Parkinson disease functional and staging scores were similar in the two groups with parkinsonism, as was striatal

dopamine synthesis: both had greatest loss in the caudal striatum (putamen Ki loss: 44 and 42%, respectively), with less

reduction in the caudate (20 and 18% loss). However, the group with both Parkinson and Gaucher diseases showed decreased

resting regional cerebral blood flow in the lateral parieto-occipital association cortex and precuneus bilaterally. Furthermore, two

subjects with Gaucher disease without parkinsonian manifestations showed diminished striatal dopamine. In conclusion, the

pattern of dopamine loss in patients with both Parkinson and Gaucher disease was similar to sporadic Parkinson disease,

indicating comparable damage in midbrain neurons. However, H2
15O positron emission tomography studies indicated that

these subjects have decreased resting activity in a pattern characteristic of diffuse Lewy body disease. These findings provide

insight into the pathophysiology of GBA-associated parkinsonism.
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Introduction
Once widely believed not to be hereditable (Bharucha et al.,

1986), the aetiology of Parkinson disease is now known to

include important genetic components, either through rare

Mendelian forms or via more common susceptibility alleles

(Obeso et al., 2010; Lill et al., 2012). Among the known genetic

risk factors are mutations in GBA, the gene encoding glucocereb-

rosidase, the enzyme deficient in Gaucher disease. Gaucher dis-

ease is a recessively inherited lysosomal disorder, which, in adults,

primarily manifests with hepatosplenomegaly, anaemia, thrombo-

cytopaenia and bone involvement. The increased risk of Parkinson

disease is reported in both Gaucher homozygotes and heterozy-

gotes; based on published data from a Gaucher Disease Registry

(Rosenbloom et al., 2011), among subjects with Gaucher disease,

the probability of developing Parkinson disease before the age of

70 is 5–7% and 9–12% before the age of 80, compared with 1.2

and 2.6% in the general population, respectively (Elbaz et al.,

2002). Moreover, patients with Parkinson disease are over five

times more likely to carry GBA mutations than are healthy controls

(Sidransky et al., 2009).

The identification of specific genetic risk factors for Parkinson

disease and the pathology they confer can provide a window

into molecular mechanisms underlying disease pathogenesis,

and may inform potential new treatment approaches.

Although the clinical phenotype of GBA-associated Parkinson

disease is, in general, similar to Parkinson disease without

GBA mutations, patients with GBA mutations tend to have a

younger age at onset and more cognitive impairment

(Goker-Alpan et al., 2008; Sidransky et al., 2009; Brockmann

et al., 2011; Seto-Salvia et al., 2012; Alcalay et al., 2012).

These phenotypic dissimilarities raise the possibility that the

neurobiology of GBA-associated parkinsonism may differ from

that of typical Parkinson disease.

For example, the trend towards greater cognitive impairment in

GBA-associated parkinsonism could reflect greater involvement of

the ‘cognitive’ dopaminergic system, which originates in the

medial portion of the substantia nigra and predominantly innerv-

ates the nucleus accumbens and head of the caudate nucleus

(Haber et al., 2000). These medial nigral neurons are known to

be spared in typical Parkinson disease, whereas neurons located

more laterally in the nigra, which are principally involved in motor

processing and project to the tail of the putamen, tend to be lost

early in the course of the disease (Stoessl et al., 2011). This

distribution of nigral neuronal loss in the midbrain is reflected in

the early loss of striatal dopaminergic terminals, which can be

measured in vivo by means of 18F-fluorodopa PET. The uptake

of 18F-fluorodopa in the striatal nuclei, indicated by an influx con-

stant, Ki, reflects presynaptic dopamine synthesis (by DOPA de-

carboxylase) and storage. Histological studies have demonstrated

that levels of striatal 18F-fluorodopa uptake correlate well with

nigral cell counts in both patients with Parkinson disease and

non-human primates with parkinsonism induced by the nigral

toxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)

(Stoessl et al., 2011). In typical Parkinson disease, decreased
18F-fluorodopa uptake is consistently localized to the tail of the

putamen (Morrish et al., 1998; Stoessl et al., 2011), whereas the

pattern in GBA-associated parkinsonism has not been determined

beyond occasional case reports (Kono et al., 2007; Kraoua et al.,

2009; Saunders-Pullman et al., 2010).

The pattern of cortical dysfunction in GBA-associated parkinson-

ism remains similarly undefined, and it is of interest because it

could explain some of the cognitive changes not typically found

in sporadic Parkinson disease (Alcalay et al., 2012). Dysfunction of

cortical neurons is likely to be associated with regional changes in

cortical synaptic activity and metabolism, coupled in the

non-ischaemic brain, as is the case in Parkinson disease, to

regional cerebral blood, which can be reproducibly measured

using H2
15O PET (Fox et al., 1988).

To determine the degree and distribution of dopamine loss in

GBA-associated Parkinson disease, as well as the pattern of resting

cortical synaptic activity, we used multimodality imaging with
18F-fluorodopa and resting H2

15O PET to study patients with par-

kinsonism, comparing those with and without Gaucher disease. In

addition, we studied two groups, patients with Gaucher disease

and healthy carriers with GBA mutations and a strong family his-

tory of Parkinson disease, but lacking clinical manifestations of

Parkinson disease. These two groups were included to screen for

early brain changes that might be predictive of Parkinson disease

in these high-risk individuals. As such changes are more likely in

subjects with a family history of Parkinson disease, we chose to

focus on at-risk individuals with a family history of Parkinson

disease.

Materials and methods

Subjects
All patients and healthy controls (totalling 107 subjects, 38 females/69

males) were studied at the Clinical Centre of the National Institutes of

Health Intramural Research Program. Each participant provided written

informed consent and was enrolled in protocols approved by the

Institutional Review Board, National Human Genome Research

Institute and the Radiation Safety Committee of the National

Institutes of Health. There were four study groups, two with parkin-

sonism: (i) those with Gaucher disease; and (ii) those without GBA

mutations (sporadic Parkinson disease); and two without parkinsonism

but with a parent or sibling with Parkinson disease: (iii) patients with

Gaucher disease; and (iv) healthy GBA-mutation carriers. Patients with

parkinsonism met UK Parkinson Disease Society Brain Bank Clinical

Diagnostic Criteria for Parkinson disease (Hughes et al., 1992). All

patients with Gaucher disease had the type 1 phenotype. All patients

with parkinsonism, including those with GBA mutations, showed clin-

ical improvement on dopaminergic medication. Because parkinsonism

tends to have an earlier onset in GBA mutation carriers and because

the patient cohorts had different sex distributions, each of the four

study groups was compared with its own separate healthy control
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group, specially matched for age, sex and education (Table 1). All

study subjects and healthy controls had extensive physical and

neurological evaluations, including structural MRI studies of the

brain, to exclude any other neurological or structural abnormalities

(Supplementary material).

Clinical phenotype and genetic testing
Each patient with parkinsonism was evaluated using uniform clinical

assessments including the Unified Parkinson Disease Rating Scale

(Fahn et al., 1987) and Hoehn and Yahr staging (Hoehn and Yahr,

1967). The Wechsler Adult Intelligence Scale III was used to assess

cognitive performance. The University of Pennsylvania Smell

Identification test was used to evaluate olfaction, and the results are

summarized in Supplementary Table 1. To identify GBA mutations,

genomic DNA was sequenced by selectively amplifying all exons and

most intronic portions in three 1.7 to 3.0 kb fragments as previously

described (Tayebi et al., 1998). The GBA genotypes identified in the

study groups are listed in Supplementary Table 2.

Positron emission tomography
PET studies were performed with a GE Advance 3D scanner (septa

retracted, 4.25 mm slice separation, 35 slices, axial field of view

15.3 cm). Presynaptic dopamine synthesis was measured with
18F-fluorodopa and regional cerebral blood flow with H2

15O during

the same scanning session. All drugs that might impact the results

were tapered appropriately; Parkinson disease medications were sus-

pended at least 12 h prior to the PET study, and caffeine and nicotine

intake at least 4 h prior. Sixty minutes before scanning, participants

were pretreated with carbidopa (200 mg) to reduce peripheral
18F-fluorodopa metabolism and to increase tracer availability in the

brain. Scanning started with two resting regional cerebral blood flow

studies, each obtained following intravenous injection of 12 mCi of

H2
15O. Then, a dose of 18F-fluorodopa averaging 14.8 � 2.4 mCi

was infused over 90 s, and 25 dynamic scans were acquired over

90 min. All scans were attenuation-corrected and reconstructed (32

planes, 6.5 mm full-width at half-maximum). Further processing was

performed using SPM5 software (Wellcome Trust Centre for

Neuroimaging, University College of London).

For regional cerebral blood flow analysis, after subtraction of back-

ground activity, the two individual H2
15O scans were normalized to an

average template, scaled proportionally to a whole brain mean of 50,

smoothed (10 mm3 full-width at half-maximum Gaussian kernel), and

then averaged. 18F-fluorodopa data were aligned in-plane,

co-registered to the regional cerebral blood flow scans and affine

normalized. The kinetic rate constant, Ki, for 18F-fluorodopa uptake

was calculated voxel-by-voxel by means of a linear fit based on the

Patlak method, using the time activity curve in the cerebellum as the

input function. The use of a cerebellar reference region may more

accurately reflect striatal Ki values when using a reference region

method, but may also result in smaller Ki values than when occipital

reference regions are used (Moore et al., 2003). Voxel-wise group

comparisons of Ki and regional cerebral blood flow were performed

using a single general linear model for each measure that included all

study and control groups. This allowed for a priori contrast tests com-

paring each of the study groups to its own age- and sex-matched

control group, as well as comparing these differences (study versus

its own control) across study groups. To test for significant deviations

from the norm in individual patients, we also compared each partici-

pant separately with the entire healthy control group, using age and

sex as nuisance covariates. Finally, to further evaluate individual con-

tributions to the findings, we used volumes of interest outlined with

the PickAtlas tool (SPM5) to extract individual mean Ki values from

caudate and putamen for each study participant, and we extracted

regional cerebral blood flow values from the maxima voxels in parietal

cortex derived from the between-group comparisons. We also calcu-

lated an asymmetry index for the putaminal Ki values by dividing the

value of the side with the higher Ki by that with the lower Ki. Analyses

of demographic and non-parametric data were performed with

SPSS18 (IBM). The significance level was set at P5 0.05 family-wise

error corrected for multiple comparisons. Unless mentioned explicitly,

all P values given were family-wise error-corrected and figures are

displayed at a height threshold of T = 3.17.

Table 1 Demographics of patients and healthy controls in each study group

Parkinson
and Gaucher
diseases

Parkinson disease
without GBA
mutations

Gaucher
diseasea

Gaucher
disease
carriera

Total or
average

Patients

Number 7 11b 14 7 39

Average agec 56.6 � 9.2 62.1 � 7.1 52.6 � 12.4 50.1 � 18.0 55.5 � 12.3

% Female 14.3 27.3 35.7 57.1 33.3

Educationd 16.0 � 3.1 18.1 � 2.4 16.1 � 2.7 16.7 � 2.6 16.8 � 2.7

Controls

Number 13 14 23 18 68

Average age 56.5 � 8.4 62.3 � 7.6 50.3 � 8.8 50.9 � 14.9 53.5 � 11.1

% Female 14.3 27.3 35.7 57.1 33.3

Education 16.4 � 3.1 16.2 � 2.7 16.5 � 2.7 16.6 � 3.2 16.5 � 2.9

a No clinical signs of Parkinson disease, but first degree relative with parkinsonism.

b Eight of these patients were tested for GBA mutations; findings were similar when the non-tested patients were excluded.
c Average age and SD at the time of PET testing.
d Years of schooling, not significantly different between the groups of patients and their control groups.
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Results

Clinical findings in patients with
parkinsonism
Disease duration, Unified Parkinson Disease Rating Scale scores

and Hoehn and Yahr stage scores were similar in the two

groups of patients with parkinsonism (Table 2). Overall Wechsler

Adult Intelligence Scale III IQ scores did not differ between the

two groups (t = 0.69, P = 0.52), but in the Parkinson disease–

Gaucher disease group, one patient scored 420 points below

the estimated premorbid verbal IQ and another was found to

have impaired verbal memory. More patients with both

Parkinson and Gaucher diseases first presented with right-sided

symptoms (Table 2).

Dopamine synthesis in patients with
parkinsonism
The decrease in striatal dopamine synthesis was similar in both

Parkinson disease groups (Fig. 1, Table 3 and Supplementary

Tables 3 and 4), with greatest reduction in the caudal striatum

(putamen, mean Ki reduction: 44% in patients with both

Parkinson and Gaucher diseases and 42% in non-GBA Parkinson

disease), and less reduction in the caudate (20% and 18% loss).

Findings related to laterality corresponded to the initial site of

presentation in both groups (Table 3): patients with both

Parkinson and Gaucher diseases showed a larger area of decreased

dopamine synthesis in the left (cluster size: 2219 voxels) compared

with the right (2146) hemisphere, while the opposite was true in

patients with Parkinson disease without GBA mutations (left:

1932; right: 2948). Both groups showed greater asymmetry in

putaminal Ki than their control groups. However, comparison of

the two Parkinson disease groups, corrected by comparison with

their respective control group, failed to show any difference in

dopamine synthesis, even when the statistical threshold was

made more liberal (P50.01 uncorrected).

Dopamine synthesis in participants
without parkinsonism
In the group of patients with Gaucher disease and no parkinson-

ism, 18F-fluorodopa uptake was also decreased bilaterally in the

striatum, reaching corrected significance (P = 0.012, cluster-

corrected) in the tail of the left putamen (Table 3 and Fig. 2).

Figure 1 Ki values. Parametric comparison of Parkinson disease groups with their respective control groups. Colour bar indicates t values.

Displayed at height threshold T = 6.26 (P50.001 family-wise error-corrected) to highlight areas of greatest contrast. Dopamine synthesis

is decreased mainly in the tail of the putamen, with a similar distribution in both groups. GD = Gaucher disease; PD = Parkinson disease.

Table 2 Disease duration, presentation and motor and
cognitive scores for the Parkinson disease groups

Parkinson and
Gaucher
diseases

Parkinson
disease
without
GBA
mutations

Parkinson disease
duration (years)

4.4 � 3.1 5.8 � 3.5

Initial right-sided
symptom

57% 18%*

Hoehn & Yahr stage 2.4 � 0.7 1.9 � 0.7

UPDRS 27.4 � 8.2 27.5 � 10.5

IQ (WAIS III) 97.3 � 8.4a 108.6 � 35.6

a One subject had only a verbal IQ.

*P5 0.05.
Values are presented as mean � SD. UPDRS = Unified Parkinson Disease Rating
Scale; WAIS III = Wechsler Adult Intelligence Scale III.
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This effect can be attributed to the contribution of two patients,

with ages in the third and fifth decades, with 16 and 29% reduc-

tion in mean putaminal Ki, respectively, compared with their

control group. While neither had increased putaminal Ki asym-

metry, their mean putaminal Ki values fell two standard deviations

(SD) below the mean of their control group. The younger had

predominant involvement of the anteroventral putamen

(Supplementary Fig. 1).

Among the asymptomatic GBA mutation carriers, Ki values and

striatal symmetry did not differ from their control group in either

voxel based or volume of interest analyses. All control groups had

similar Ki values.

Table 3 Regions of decreased dopamine synthesis (Ki values) or decreased regional cerebral blood flow in study groups
compared with their respective control groups

Neuroimaging
measurement
and study group

Region Side k T P-value Maxima voxel

Cluster-level
Corrected

Voxel-level
FWE-corrected

MNI coordin-
ates (x, y, z)

[18F]-Fluorodopa, Ki values

Parkinson and Gaucher
diseases (Fig. 1)

Striatum Right 2146 13.1 P5 0.0001 P5 0.0001 32, �2, 2

Striatum Left 2219 11.4 P5 0.0001 P5 0.0001 �26, 2, 0

Parkinson disease without
GBA mutations (Fig. 1)

Striatum Right 2948 14.1 P5 0.0001 P5 0.0001 32, �4, 2

Striatum Left 1932 11.6 P5 0.0001 P5 0.0001 �28, �8, 2

Gaucher disease, no
Parkinson disease (Fig. 2)

Putamen Left 467 4.28 P = 0.012 P = 0.33 �32, �2, �8

H2
15O, relative regional cerebral blood flow

Parkinson and Gaucher
diseases (Fig. 3)

Lateral parietal
association cortex

Left 5823 7.27 P5 0.0001 P = 0.0002 �50, �54, 50

Lateral parietal
association cortex

Right 3251 5.74 P5 0.0001 P = 0.001 36, �58, 64

Precuneus Mid 959 5.32 P5 0.0001 P = 0.006 0, �70, 40

Parkinson and Gaucher
diseases compared with
Parkinson disease
without GBA mutationsa

(Supplementary Fig. 2)

Precuneus Mid 782 4.66 P = 0.011 P = 0.065 �2, �64, 48
Inferior parietal

lobule
Left 547 4.61 P = 0.038 P = 0.076 �50, �52, 52

a This comparison was corrected by the comparison of these two patient groups with their respective control groups.

k = cluster size at height threshold T = 3.17; T = value of the Student’s t statistic; FWE = family-wise error.

Figure 2 Ki values. Parametric comparison of patients with Gaucher disease without parkinsonism and their controls. On the SPM ‘glass

brains’ (left) and on a standard single subject template (right), striatal regions where the group of patients with Gaucher disease but no

clinical manifestations of parkinsonism had lower Ki values than their control group (Table 3). PD = Parkinson disease.
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Resting regional cerebral blood flow
Resting regional cerebral blood flow was significantly decreased

only in the patients with Gaucher disease and parkinsonism

(Table 3 and Supplementary Table 4). This group had lower

regional cerebral blood flow values than its control group in

both inferior parietal lobules, more pronounced on the left, and

in the precuneus of both hemispheres but sparing the posterior

cingulate gyrus (Fig. 3). This pattern of decreased regional cerebral

blood flow was also observed when patients with both Parkinson

and Gaucher diseases were compared, through their respective

control groups, with patients with sporadic Parkinson disease

(Supplementary Fig. 2). Among individual patients with both

Parkinson and Gaucher diseases, all but two showed decreased

regional cerebral blood flow in dorsal precuneus; this was not

seen in any of the subjects with Parkinson disease without GBA

mutations. Regional cerebral blood flow values extracted from the

precuneus maximum voxel correlated significantly with Wechsler

Adult Intelligence Scale III IQ scores in patients with parkinsonism

(Spearman � = 0.52, P = 0.04), but there was no significant

correlation of IQ with values extracted from the left lateral parietal

maximum voxel (Spearman � = 0.38, P = 0.11). Among patients

with sporadic Parkinson disease, regional cerebral blood flow did

not differ significantly from that measured in their control group,

but there was a trend (P = 0.075 cluster corrected) for decreased

regional cerebral blood flow in the right inferior parietal lobule

(Supplementary Fig. 3). In patients with Gaucher disease but with-

out Parkinson disease, including the two patients with decreased

putaminal dopamine synthesis, and in GBA mutation carriers, re-

gional cerebral blood flow was normal. The four control groups

did not differ in regional cerebral blood flow.

Discussion
Multimodality imaging of patients with Gaucher disease and

parkinsonism yielded several findings that clarify the neurobiology

of this disorder and suggest new avenues for further research.

First, the pattern of dopamine synthesis in the striatum resembled

the pattern seen in patients with Parkinson disease without GBA

mutations: the putamen was more affected than the caudate.

Reduced synthesis of dopamine in the putamen reflects the

greater involvement of the neurons located more laterally in the

pars compacta of the substantia nigra and is characteristic of

Parkinson disease (Stoessl et al., 2011). Second, patients with

Gaucher disease who lacked symptoms of Parkinson disease had,

as a group, reduced putaminal dopamine synthesis. This effect was

largely driven by two patients who had reduced dopamine syn-

thesis in the putamen. The third finding of our study bears more

directly on the greater prevalence of cognitive impairment in GBA-

associated parkinsonism: subjects with Gaucher disease–Parkinson

disease had decreased regional cerebral blood flow in the associ-

ation cortex of the parietal convexity and in the precuneus, a

pattern characteristic of diffuse Lewy body disease, which is

accompanied by cognitive impairment (Lim et al., 2009; Silbert

and Kaye, 2010; Compta et al., 2011).

The differential susceptibility of various midbrain neuronal

groups to Parkinson disease is one of the most fascinating facets

of the disease and is of interest because of its possible implications

for the understanding of the pathophysiology and treatment of

Parkinson disease (Obeso et al., 2010). The greater survival of

medial midbrain neurons could relate to intrinsic properties of

the neurons themselves, such as presenting receptors and cyto-

plasmic machinery, or to differential susceptibility to environmental

and/or genetic interactions. Our study suggests that GBA muta-

tions do not alter this differential susceptibility. Parkinson disease

associated with mutations in other genes, such as SNCA or LRRK2

(Paisan-Ruiz et al., 2004), also has a pattern of reduced dopamin-

ergic function indistinguishable from ‘sporadic’ Parkinson disease

(Stoessl et al., 2011). Thus, PET imaging provides an incisive

means to probe the distribution of nigral neuronal loss in vivo in

GBA-associated Parkinson disease, which could be further vali-

dated through histological analysis of midbrain tissue post mortem.

Among the seven GBA mutation carriers and 14 patients with

Gaucher disease but without Parkinson disease studied, all with a

strong family history of Parkinson disease, only two (10%) had

significantly reduced levels of dopamine synthesis. While

Figure 3 Regional cerebral blood flow in the group with both

Parkinson and Gaucher diseases group compared with its control

group. Regions with lower regional cerebral blood flow in the

group with Parkinson and Gaucher diseases (Table 3), displayed

on a rendered template in A and on a midsagittal section of a

standard brain in B. Note that the precuneus is involved, but the

posterior cingulate, indicated by the arrow in B, is not (‘cingulate

island’ sign).
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long-term follow-up will be critical in this group, this observation

may offer some reassurance to such at-risk individuals, and clearly

reinforces that GBA mutations alone are not predictive of altera-

tions in dopamine. Other genetic or environmental factors are

likely to act in concert to confer the observed disease risk.

Moreover, low dopamine synthesis is not necessarily predictive

of developing Parkinson disease. 18F-fluorodopa PET has been

used since the early 1990s to clarify the role of genetics in

Parkinson disease. Applying this technique to ‘sporadic’

Parkinson disease revealed a concordance of 75% in clinically dis-

cordant monozygotic twins (Piccini et al., 1999). By measuring the

rate of progression of dopamine loss in the striatum, it was calcu-

lated that the mean period between detecting decreased dopa-

mine synthesis with PET and the onset of clinical manifestations of

Parkinson disease was generally shorter than 7 years (Morrish

et al., 1998). However, asymptomatic individuals carrying

Parkinson disease risk mutations may behave very differently.

For instance, decreased dopamine synthesis on PET has been

reported in heterozygous carriers of parkin mutations (Khan

et al., 2005). However, after a 5-year follow-up, only a 0.56%

annual reduction in putamen 18F-fluorodopa uptake was observed,

compared with the 9–12% annual loss of putamen 18F-fluorodopa

uptake reported for sporadic Parkinson disease, suggesting that

parkin mutation carriers with decreased dopamine synthesis are

unlikely to develop clinical Parkinson disease (Pavese et al.,

2009). In our patients with Gaucher disease, especially the two

exhibiting abnormal dopamine synthesis, longitudinal follow-up is

needed to determine the rate of 18F-fluorodopa change and

whether clinical Parkinson disease develops. Subjects are being

monitored for premotor features of Parkinson disease and

neurocognitive changes at regular intervals. Testing whether dopa-

mine imaging can distinguish patients with GBA mutations less

likely to develop Parkinson disease from those who already have

neural changes suggestive of a higher Parkinson disease risk is

crucial because identifying presymptomatic stages will facili-

tate the evaluation of therapies aimed at preventing neurodegen-

eration. As with other neurodegenerative disorders such as

Alzheimer’s disease, the emphasis in Parkinson disease treatment

research has shifted from purely symptomatic or replacement stra-

tegies to neuroprotection of at-risk individuals (Postuma et al.,

2010).

A striking finding in our study was the pattern of decreased

parietal/precuneus regional cerebral blood flow, reflecting

decreased synaptic activity, in the group with Parkinson and

Gaucher diseases compared with those with sporadic Parkinson

disease. Both Parkinson disease groups showed the pattern of

reduced biparietal resting activity characteristic of Parkinson dis-

ease (Ma et al., 2007) (Fig. 3 and Supplementary Fig. 3).

However, this reduction was significantly more pronounced in

GBA mutation carriers and, as characteristically found in diffuse

Lewy body disease, it involved the precuneus but spared the mid

and posterior portions of the cingulate gyrus (‘cingulate island

sign’, Fig. 3), which is affected in Alzheimer’s disease, a disorder

with an otherwise similar regional cerebral blood flow pattern (Lim

et al., 2009). In the group with sporadic Parkinson disease,

regional cerebral blood flow was not reduced in the precuneus

(Supplementary Fig. 3). Interestingly, regional cerebral blood

flow in the precuneus, but not in lateral parietal cortex, was cor-

related with IQ, suggesting that involvement of the precuneus was

critical in defining the GBA-associated pattern. This notion is fur-

ther supported by inspection of individual cases: all but two pa-

tients with Gaucher disease and Parkinson disease had significantly

decreased regional cerebral blood flow in the precuneus, but this

was not seen in any of the patients with sporadic Parkinson dis-

ease. This observation suggests that Parkinson disease–Gaucher

disease has features characteristic of diffuse Lewy body disease,

a finding supported by both clinical and pathological studies of

GBA-associated Parkinson disease (Goker-Alpan et al., 2008;

Neumann et al., 2009). Neuropathological studies of subjects

with Parkinson disease and GBA mutations demonstrate that

Lewy bodies are not restricted to the nigra, as in classical Parkin-

son disease, but can be disseminated in the cortex, and involve

hippocampal regions CA2–4 (Wong et al., 2004). Damage of

neurons in these regions, which project heavily through the para-

hippocampus to the parietal association cortex (Lavenex et al.,

2002), would reduce synaptic activity, and thereby regional cere-

bral blood flow, in the parietal cortex, as we found in the subjects

with both Parkinson and Gaucher diseases. Dorsal precuneus, the

portion affected in our group with Parkinson and Gaucher dis-

eases, is active during visual working memory (Kochan et al.,

2011); involvement of this region explain the impairment in

visual working memory found in GBA-associated Parkinson disease

(Alcalay et al., 2012).

Although the mechanism for the association between GBA mu-

tations and parkinsonism is still unknown, proposed mechanisms

include a gain-of-function role for mutated glucocerebrosidase

enhancing �-synuclein aggregation; an enzymatic loss-of-function,

where increased lysosomal glucosylceramide impacts �-synuclein

processing and clearance; and a ‘bidirectional feedback loop’

fostered by lysosomal dysfunction (Goker-Alpan et al., 2010;

Mazzulli et al., 2011; Westbroek et al., 2011). The aggregation

of �-synuclein into cytotoxic oligomers and insoluble amyloid

fibres occurs both in GBA-associated parkinsonism and other

forms of Parkinson disease (Mazzulli et al., 2011). In diffuse

Lewy body disease, in addition to widespread Lewy bodies, there

is prominent extracellular amyloid deposition in the brain, which

seems to correlate with dementia more strongly than diffuse

Lewy body pathology (Compta et al., 2011). Whether the cogni-

tive impairment and abnormal regional cerebral blood flow

observed in subjects with both Parkinson and Gaucher diseases is

also associated with extracellular amyloid-b plaques is an open

question. It would be of interest to quantify amyloid deposition

in the brain of patients with GBA mutations, either by histological

studies or in vivo using amyloid imaging (Fodero-Tavoletti et al.,

2007).

The main limitation of this study is the small sample size of the

group of patients with parkinsonism and Gaucher disease, and

thus our results must be viewed with some caution. However,

Gaucher disease is a rare disorder and our findings met corrected

significance, strongly suggesting their validity. Importantly, we

found that striatal dopamine loss in GBA-associated Parkinson dis-

ease does not differ from sporadic Parkinson disease. Furthermore,

this study reveals systems-level neurobiological abnormalities spe-

cifically in patients with Gaucher disease and parkinsonism, which
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may contribute to an understanding of the earlier onset and

increased cognitive impairment described in this group and sup-

port its close association with diffuse Lewy body disease. The re-

cruitment of additional subjects and sequential follow-up of GBA

mutation carriers are essential to fully establish the usefulness of

PET imaging as a biomarker for identifying at-risk individuals for

future therapeutic trials.
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