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Abstract Subtle cognitive and behavioral changes are com-
mon in early Parkinson’s disease. The cause of these symp-
toms is probably multifactorial but may in part be related to
extra-striatal dopamine levels. 6-[18F]-Fluoro-L-dopa
(FDOPA) positron emission tomography has been widely
used to quantify dopamine metabolism in the brain; the most
frequently measured kinetic parameter is the tissue uptake rate
constant, Ki. However, estimates of dopamine turnover, which
also account for the small rate of FDOPA loss from areas of
specific trapping, may be more sensitive than Ki for early
disease-related changes in dopamine biosynthesis. The pur-
pose of the present study was to compare effective distribution
volume ratio (eDVR), a metric for dopamine turnover, to
cognitive and behavioral measures in Parkinson’s patients.

We chose to focus the investigation on anterior cingulate
cortex, which shows highest FDOPA uptake within frontal
regions and has known roles in executive function. Fifteen
non-demented early-stage PD patients were pretreated with
carbidopa and tolcapone, a central catechol-O-methyl trans-
ferase (COMT) inhibitor, and then underwent extended imag-
ing with FDOPA PET. Anterior cingulate eDVR was com-
pared with composite scores for language, memory, and ex-
ecutive function measured by neuropsychological testing, and
behavior change measured using two informant-based ques-
tionnaires, the Cambridge Behavioral Inventory and the Be-
havior Rating Inventory of Executive Function-Adult Version.
Lower mean eDVR (thus higher dopamine turnover) in ante-
rior cingulate cortex was related to lower (more impaired)
behavior scores. We conclude that subtle changes in anterior
cingulate dopamine metabolism may contribute to
dysexecutive behaviors in Parkinson’s disease.
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Background

Loss of nigrostriatal dopaminergic projections is the major
cause of the motor signs that define Parkinson’s disease (PD).
However, PD patients also experience a variety of non-motor
symptoms, many of which are related to extranigral patholo-
gy. Cognitive deficits in executive function, memory, and
psychomotor speed are common in early PD (Muslimovic
et al. 2005). Two informant-based questionnaires, the
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Cambridge Behavioral Inventory (CBI; Bozeat et al. 2000)
and the Behavior Rating Inventory of Executive Function-
Adult Version (BRIEF-A; Isquith et al. 2006), have been
validated as measures of behavioral change in neurological
diseases. The CBI, for example, is consistent with standard-
ized neuropsychiatric interviews, but is more practical to use,
and can distinguish the behavioral profiles of several neuro-
degenerative syndromes (Wedderburn et al. 2008). The pur-
pose of the present study was to compare positron emission
tomography (PET)-based estimates of dopamine turnover in
anterior cingulate cortex to scores from these instruments in a
group of non-demented PD patients.

[18F]-Fluoro-L-dopa (FDOPA) PET has been widely used
to quantify dopaminemetabolism in vivo. FDOPA follows the
metabolic pathway of L-dopa, including decarboxylation by
L-aromatic amino acid decarboxylase (AAAD) present in
ca techo lamine rg ic and se ro tone rg ic t e rmina l s ,
vesicularization, and reuptake, as well as metabolism by
catechol-O-methyl transferase (COMT; Brown et al. 1999;
Firnau et al. 1988). Formation of COMT metabolites that
cross the blood–brain barrier, reducing signal to noise, is a
significant limitation of FDOPA. Quantification of COMT
metabolites is particularly critical for estimation of tracer
kinetics in regions outside of the striatum, where uptake is a
fraction of striatal levels. However, measurement of the me-
tabolite fraction requires serial arterial blood sampling, which
increases the risk/benefit ratio of PET studies.

The rate constants for movement of radioactivity between
plasma and tissue compartments are quantified from dynamic
FDOPA PET images using graphical methods. Models widely
used to estimate the uptake rate constant (Ki) typically assume
irreversible FDOPA trapping (Patlak et al. 1983). The actual
slowly reversible kinetics of FDOPA in the trapped compart-
ment can be quantified by a modified graphical analysis
(Patlak and Blasberg 1985), using PET data extended beyond
the conventional 90-min imaging window. In addition to the
uptake rate constant, Ki, the extended method estimates Kloss,
a rate constant that quantifies the slow egress of trapped
radiotracer due to neurotransmission. The ratio Ki /Kloss is
effective distribution volume (eDV), the inverse of which is
dopamine turnover (Doudet et al. 1998; Sossi et al. 2001).
Dopamine turnover, measured biochemically, is the ratio of
dopamine metabolites and dopamine; since this ratio cannot
be measured using PET, in part because FDOPA is an analog
of L-dopa and thus does not reflect tyrosine hydroxylase
activity, effective dopamine turnover is an estimate of the
relative strength of its uptake and elimination processes (Sossi
et al. 2002). Effective dopamine turnover is elevated when
Kloss is large relative to the tracer influx rate constant, Ki. In
high turnover states, distribution volume is low, indicating that
tracer is either coming into the trapped compartment slowly or
leaving it quickly. Thus, eDVis analogous to the level of water
in a bucket that has open filling and draining spigots—low

eDV results from high flow through the draining spigot (Kloss)
relative to the filling spigot (Ki). Previous studies have shown
that low eDV appears to be a more sensitive marker than the
uptake rate constant (Ki) for early cellular changes associated
with PD (Sossi et al. 2002).

The above method can be extended to allow the use of a
reference tissue input, in which case the estimated result is the
effective distribution volume ratio (eDVR; Sossi et al. 2002).
However, the fraction of the signal from the reference tissue
that is due to FDOPA steadily declines with time, as it is
replaced by its metabolite 3-O-methylFDOPA. This produces
a well-known negative bias in the tissue-derive uptake rate
constant (K*i). More importantly in the current context, the
graphical method assumes the entire reference tissue signal to
be FDOPA, and thus the failure of the expected amount of
uptake to appear in the trapped compartment is interpreted by
the model as loss of trapped tracer. This large apparent loss
rate completely obfuscates the much smaller true rates of
fractional loss of trapped tracer from the target tissue (Kloss)
that is needed to accurately estimate eDVR (Holden et al.
2010). For the present study, we pretreated subjects with
tolcapone, a central and peripheral COMT inhibitor, as well
as carbidopa, to reduce the circulating metabolite fraction
sufficient for estimation of eDVR. Non-human primate stud-
ies have shown that reduction of the COMT metabolite frac-
tion corrects the downward bias of K*i, and upward bias of
Kloss, resulting in a larger and more accurately measured
eDVR (Holden et al. 1997).

The anterior cingulate cortex, which receives dopaminergic
projections from the ventral tegmental area through the
mesolimbic pathway, is the region of highest FDOPA uptake
amongst frontal cortical regions (Moore et al. 2003; Li et al.
2014). Dopamine levels in prefrontal cortex are known to
influence executive performance in non-PD populations
(Meyer-Lindenberg et al. 2005). Anterior cingulate FDOPA
uptake (K*i) is increased in early PD (Rakshi et al. 1999), and
is inversely related to performance on the Stroop task (Bruck
et al. 2005). For these reasons, we chose to focus the present
investigation on anterior cingulate cortex; we hypothesized
that mean anterior cingulate cortex eDVR would be related to
measures of cognition and behavior in Parkinson’s patients.

Patients and methods

Fifteen non-demented early-stage PD subjects (mean age
60.3 years; SD, 6 years; 12 men) were recruited from local
movement disorders clinics. All subjects passed a competency
assessment and had MiniMental Status Exam scores of 28/30
or higher (Folstein et al. 1975, Dubois et al. 2007). Within a 2-
month period, subjects underwent neuropsychological assess-
ment, brain magnetic resonance imaging (MRI), and FDOPA
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PET. The study was approved by the local IRB and written
informed consent was obtained from all participants.

For the study participants, mean duration of motor symp-
toms was 5.6 years (SD 5 years), mean Hoehn and Yahr stage
was 1.63 (Hoehn and Yahr 1967), and mean Unified
Parkinson’s disease Rating Scale (UPDRS) total and motor
sub scores were 15.6 (SD 6), and 10 (SD 12) respectively. Five
subjects were taking monoamine oxidase inhibitors, 7 dopa-
mine agonists (pramipexole or ropinerole), and three
carbidopa/levodopa (750–1200 mg of levodopa daily). Partic-
ipants discontinued anti-Parkinson medications for 12–18 h
prior to PET imaging and UPDRS scoring.

A neuropsychologist (BB) performed cognitive testing
using a battery designed to evaluate language, verbal memory,
and executive function (Morrison et al. 2000). Subjects’ care-
givers also competed two questionnaires that have been vali-
dated as measures of disease-related change in executive
function and behavior in neurological disease, the CBI
(Bozeat et al. 2000) and the BRIEF-A (Isquith et al. 2006).
During the CBI, the informant answers 39 questions about the
research subject’s behavior, first indicating the frequency of
observed mood or behavioral symptoms, and then indicating
how much distress the symptom causes the carer. Scores for
frequency range from 0 (never) to severe (several occurrences
per week); the scores for distress range from 0 (not at all) to 3
(severely distressing). Cumulative scores are generated for
frequency and distress to the career by summing the scores
for all items. Factor analyses showed that the CBI addresses
broad domains of executive function and self-care, stereotypic
and eating behavior, mood, and loss of social awareness
(Bozeat et al. 2000). The BRIEF-A is a 75-item questionnaire
in which the informant indicates the frequency of observed
behaviors—such as disorganization, difficulty concentrating,
messiness, and forgetfulness—as occurring “never,” “some-
times,” or “often”. The responses to items in categories of
inhibition, shift, emotional control, self-monitoring, initiate,
plan/organize, task monitor, and organization of materials are
summed to yield a metacognition index and behavior regula-
tion index, as well as a global executive composite (GEC;
Isquith et al. 2006). In the present study, the CBI scores for
frequency and distress were highly correlated; therefore, the
cumulative score for carer distress (CBI-dis) from the CBI,
and the GEC from the BRIEF-A were used as summary
measures for behavior change.

For the purpose of generating composite neuropsycholog-
ical indices for comparison with PET, raw Z scores for the
individual tests were computed with reference to means and
standard deviations taken from a sample of 15 age- and
education-matched controls participating in longitudinal stud-
ies of aging (Sager et al. 2005). This control sample did not
complete behavioral questionnaires, HVLT, or FDOPA PET.
Z scores from tests in which higher scores indicate worse
performance (TMT B-A and WCST-64 perseverative errors)

were multiplied by −1. Then, Z scores for individual tests
were averaged to generate indices representing neuropsycho-
logical domains: For language, Boston Naming (Kaplan et al.
1983) and Controlled Oral Word Association tests (Benton
et al. 1983); for memory, Hopkins Verbal Learning Test
(HVLT; Benedict et al. 1998); for executive function, Stroop
Color-Word score (Golden 1976), Trail Making Test part B
minus part A time difference (TMT B-A) (Reitan 1992), and
Wisconsin Card Sorting Test-64 (WCST-64) Perseverative
Responses score (Paolo et al. 1996). Because the CBI and
BRIEF-A GEC were highly correlated (r=0.8), a composite Z
score for behavior was generated by averaging Z scores for the
CBI-dis and GEC, then multiplying by −1 to yield a behav-
ioral index for which negative scores indicated greater than
mean impairment and positive scores indicate greater than
mean function.

Brain MRIs were acquired on a General Electric 3T SIGNA
scanner using an 8-channel head coil, with higher-order shim-
ming. These scans included a high-resolution magnetization-
prepared rapid gradient echo (MPRAGE) T1-weighted volume
(TR 6.6 ms, TE 2.8 ms, flip angle 8°, inversion time 900 ms,
field of view 260mm, slice thickness 1.2 mm) that was used for
PET coregistration and automated cortical segmentation. These
T1-weighted MRI volumes were automatically segmented in
Freesurfer 4.5 (surfer.nmr.mgh.harvard.edu) to yield standard
regions of interest (ROIs) according to the Desikan-Killany
atlas (Desikan et al. 2006). The regions were visually inspected
for errors and corrected as necessary.

PET images were acquired on a Siemens ECAT EXACT
HR + scanner. Subjects, off anti-Parkinson medication for 12–
18 h, were pretreated with carbidopa, 2.5 mg/kg and
tolcapone, a COMT inhibitor, 200 mg orally, 1 h prior to
PET. Following intravenous injection of a mean of 5.2 mCi
±10 % of FDOPA, 18 (2×0.5, 3×1, 3×2, 4×5, 6×10 min) 3D
dynamic frames were collected from 0 to 90 min; following a
45-min delay, 5 additional (10 min) frames were collected for
extended kinetic modeling (Holden et al. 2010).

PET image sinograms were reconstructed by filtered back-
projection into 23 volumes, which were corrected for scatter,
attenuation, and F-18 decay. Each frame was realigned, with-
in-subject, to the sum of the first 18 frames. The PET sum
image was then coregistered to the T1-weightedMRI using an
affine transformation with 12° of freedom in SPM8 (www.fil.
ion.ucl.ac.uk/spm), which was then applied to each realigned
PET volume. From the coregistered PET timeseries, a time-
activity curve (TAC) was generated for each of the automat-
ically defined cortical segments as well as a hand-drawn
occipital cortex reference region (of mean volume 11,378,
SD 2284 mm3). The ROI and reference region TACs were
then entered into the modified graphical analysis (Patlak and
Blasberg 1985) to generate eDVR (Sossi et al. 2001). Because
the modified graphical method requires the time integral of the
reference tissue time course, interpolation of the time
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course over the rest interval between the two data acquisition
periods, was required; the measured data following the time
course peak were fitted to the sum of two decaying exponen-
tial functions, and the fit was evaluated at the time points
during the gap in the data to represent the unmeasured frames.
Figure 1 shows a representative case; Kloss was then estimated
as previously described (Holden et al. 1997).

To generate a composite PETmeasure for comparison with
the neuropsychological data, eDVR values for the right and
left caudal and rostral anterior cingulate cortex (Freesurfer
segments 1002, 2002,1026, 2026; Fig. 2, inset) were averaged
to generate an index of dopamine turnover. We then used
linear regression models to explore relationships between
anterior cingulate eDVR and the cognitive and behavioral
indices, with UPDRS III as a covariate to control for the effect
of disease severity. Statistical analyses were conducted in
SPSS (Version 21, IBM, Chicago). Significant relationships
(P>0.05) were plotted to exclude cases in which apparent
relationships were driven by outliers.

Results

Subject characteristics and Z scores for cognitive and behav-
ioral indices are shown in Table 1. The composite Z score for
behavior was related to anterior cingulate eDVR (Fig. 2; t=
3.6, P=0.004). Other neuropsychological indices (language,
memory, or executive) were not convincingly related to ante-
rior cingulate eDVR. An apparent trend towards relationship
between the executive index and eDVR (t=2.1, P=0.06) was
dependent on an outlying value (−4.15).

Discussion

In this study, higher cingulate cortex eDVR (corresponding to
a lower rate of dopamine turnover) was related to lower
caregiver perception of behavioral abnormalities amongst
Parkinson’s patients. This relationship was not reflected in
the neuropsychological indices— however, since the protocol
enrolled early-stage, non-demented individuals, few had sig-
nificant impairment on formal testing (Table 1; Gallagher et al.
2013). Previous work has suggested that some behavioral
symptoms of PD, such as apathy, do not correlate well with
formal executive measures (Robert et al. 2012). The CBI has
been shown to be internally consistent, to have good agree-
ment with other validated neuropsychiatric interviews, and to
be sensitive to cognitive effects of disease progression in PD
(Wedderburn et al. 2008; Athey and Walker 2006). In other
neurodegenerative conditions such as Alzheimer’s disease,
informant questionnaires have proved to be a useful addition
to formal cognitive testing as predictors of disease progression
(Tierney et al. 1996). We found scores derived from the two

informant questionnaires to be highly correlated; this is inter-
esting because although the BRIEF-Awas sensitive to subtle
executive changes associated with mild cognitive impairment
or memory complaints (Rabin et al. 2006), it has not been used
as extensively in neurodegenerative disease as the CBI. The
Correlation between the BRIEF-A and CBI in this PD sample
may reflect their similar structure and executive focus; how-
ever, it could also reflect informant biases. One limitation of
informant reports is that they can suffer from rater bias be-
cause informants are not blinded to disease state.

The effects of extra-striatal dopamine levels on be-
havior in PD are not fully understood. Extra-striatal
dopamine levels are influenced by disease factors,
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Fig. 1 Interpolation of the reference tissue time course. The measured
data (⎕) were fitted to the sum of two decaying exponential functions to
generate interpolated values (Δ)

Fig. 2 Anterior cingulate cortex effective distribution volume ratio
(eDVR) versus behavioral index (mean inverse Z score of BRIEF-A
and CBI). Lower Z scores, corresponding to greater behavioral
impairment, were related to lower eDVR, thus higher dopamine
turnover. Inset Anterior cingulate regions within which eDVR was
measured

824 Brain Imaging and Behavior (2015) 9:821–827



genetic factors, and exogenous dopamine supplementa-
tion. While levodopa or D2 receptor agonists improve
mental flexibility, response inhibition, and working
memory in PD, they do not improve memory encoding,
and can adversely affect decision-making and compul-
sive behaviors (Kehagia et al. 2010). Research on
COMT sequence variants in PD and other neuropsycho-
logical disorders suggests an inverted U-shaped relation-
ship between frontal dopamine levels and executive
function, such that both high and low dopamine levels
adversely affect cognition (Wu et al. 2012). Thus,
schizophrenic patients homozygous for a fast metaboliz-
ing COMT polymorphism (Val158Met) show improved
executive function and cognitive efficiency with am-
phetamine, which increases frontal synaptic dopamine,
while persons homozygous for the slow polymorphism
(Met/Met) show the same or impaired performance with
amphetamine (Meyer-Lindenberg et al. 2005). In PD,
Met/Met homozygous show higher Ki in frontal cortex
on delayed imaging in comparison to Val/Val, suggest-
ing that frontal dopamine turnover is influenced by
COMT genotype (Wu et al. 2012).

Several groups have described the tissue-derived
FDOPA uptake rate constant (K*i) to be increased in
prefrontal and limbic cortex in early PD, suggesting that
influx of the tracer into cells projecting to these regions
is more avid than normal (Bruck et al. 2005, Kaasinen
et al. 2001, Rinne et al. 2000). Relationships between
frontal FDOPA K*i and cognition have also been re-
ported: Rinne et al. (2000) reported elevated FDOPA

uptake in medial frontal cortex be correlated with im-
proved verbal fluency; Bruck et al. (2005) reported
higher FDOPA uptake in dorsolateral prefrontal cortex
to be related to worse performance on vigilance task,
but higher uptake in anterior cingulate and medial fron-
tal cortex to be related to improved performance on the
Stroop task. In the present study, patients whose infor-
mants reported little behavior change had higher cingu-
late cortex eDVR (K*i/Kloss), indicating that the profile
that has been described in the early phases of neuronal
loss in the striatum (declining K*i, elevated Kloss, and
increased dopamine turnover) was less evident than in
subjects with behavioral change. Findings from this
study support previous evidence that behavior in PD
patients is regulated in part by mesolimbic dopamine
levels.

We chose to focus this investigation on anterior cin-
gulate cortex in part because K*i in this region is
highest of frontal cortical regions (Moore et al. 2003;
Li et al. 2014), and has been related to executive tasks
in other studies (Bruck et al. 2005). Anterior cingulate
cortex is a major target of mesocortical dopaminergic
projections arising from the ventral tegmental area (Paus
2001). Although autopsy studies have shown reduced
neurotransmitter levels and Lewy bodies in limbic cor-
tex of PD patients (Braak et al. 1995; Scatton et al.
1983), anterior cingulate FDOPA uptake is relatively
preserved or even increased in early disease (Moore
et al. 2008; Rakshi et al. 1999). Previous investigations
in PD patients suggest that increased effective dopamine

Table 1 Subject characteristics

Age (y) Gender (M/F) Education (y) MMSE (of 30) UPDRS Total Language Z
score

Memory Z
scorea

Executive Z
score

Behavior Z
scorea

77 M 17 30 20 −0.61 −1.91 0.06 0.02

63 M 12 29 43 −0.17 −1.39 −4.15 −1.87
66 M 12 29 18 −1.32 0.33 −0.53 0.81

55 F 20 30 24 0.21 0.85 0.84 0.62

66 M 14 29 26 −0.53 −0.18 −0.97 −0.07
62 M 17 30 36 −2.61 0.33 0.45 −1.78
69 M 16 30 18 −0.23 1.02 0.10 1.11

52 F 16 28 40 -0.58 −0.36 0.19 0.54

57 M 12 30 41 −1.23 −0.18 0.07 0.83

68 M 18 28 26 −0.06 −1.39 −1.09 0.69

41 M 16 29 18 0.41 1.20 1.13 −0.32
61 M 18 29 44 1.45 −0.01 0.02 −1.10
51 M 17 30 23 1.02 0.85 0.74 0.79

72 F 16 28 20 1.13 1.37 0.83 0.66

80 M 18 29 9 −1.20 −0.53 −0.51 0.03

MMSEMiniMental State Examination Score; UPDRS Unified Parkinson’s Disease Rating Scale score (off)
a Control neuropsychometric data unavailable

Brain Imaging and Behavior (2015) 9:821–827 825



turnover in the striatum may be a more sensitive indi-
cator of disease involvement than the uptake rate con-
stant (Sossi et al. 2002). Therefore, increased dopamine
turnover in this anterior cingulate cortex may also be an
early sign of pathologic involvement.

Functional imaging studies have suggested that the
supracallosal anterior cingulate cortex and dorsolateral pre-
frontal cortex participate in tasks that require cognitive con-
trol. Cognitive control “generally refers to a resource-limited
system that guides voluntary, complex actions” and modifica-
tion of habitual responses (MacDonald et al. 2000); within this
system, the anterior cingulate cortex seems to be specifically
involved in performance monitoring (Paus 2001). Lesions of
the anterior cingulate and adjacent cortical regions cause
apathy, amotivation, and akinetic mutism; apathy and
amotivation are problematic disease symptoms in many
Parkinson’s patients (Jordan et al. 2013). Therefore, increased
eDVR may signify early changes in catecholamine synthesis
and storage within limbic cortex that impact behavioral
regulation.

This study is one of the first to measure effective dopamine
turnover in limbic cortex in humans. The primary limitation of
this study is the lack of a non-demented, non-PD, healthy
elderly control sample. Another possible limitation is that
some of the cognitive instruments used (or, the composite
scores themselves) did not have the sensitivity required to
detect behavior change or relationships with eDVR. Based
on previous work in non-human primates (Doudet et al.
1997), we believe that the use of tolcapone improved the
estimate of eDVR by reducing the COMTmetabolite fraction;
however, this has yet to be validated in humans. The single
dose of tolcapone used in the protocol posed little risk for
subjects (Gallagher et al. 2011a, b); however, we cannot
recommend adoption of this procedure at other centers with-
out a more systematic investigation of its effects on eDVR.
Such an investigation would require acquisition of FDOPA
PET in both PD and age-matched healthy subjects with and
without tolcapone and would include arterial metabolite
sampling.

This study presents new data suggesting that effective
dopamine turnover can be measured in extra-striatal tissues
in humans, and that anterior cingulate dopamine turnover is
related to behavior in PD patients. Further work will need to
be done to investigate whether this relationship is disease-
specific, or might also be present in a healthy control sample.
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