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The objective of this study was to detect regional patterns of

cardiac sympathetic denervation in idiopathic Parkinson disease
(IPD) using 11C-hydroxyephedrine (11C-HED) PET and determine

the denervation rate over 2 y. Methods: We obtained 62 cardiac
11C-HED PET scans in 39 patients (30 men and 9 women; mean
age6 SD, 61.96 5.9 y), including 23 patients with follow-up scans

at 2 y. We derived 11C-HED retention indices (RIs; mL of blood/

min/mL of tissue) reflecting nerve density and integrity for 480 left

ventricular (LV) sectors. We compared IPD patients with 33
healthy controls using z score analysis; RI values # 2.5 SDs were

considered abnormal. We expressed global and regional LV dener-

vation as the percentage extent of z score severity and severity-

extent product (SEP) on 9-segment bullseye maps and decline
in cardiac sympathetic innervation as the 2-y difference in SEP

(diff-SEP). Results: Baseline 11C-HED PET in the 39 IPD patients

revealed an RI mean of 0.052 6 0.022 mL of blood/min/mL of

tissue. In comparison with data from normal controls, 12 patients
had normal 11C-HED PET, 5 showed mild denervation (percentage

extent , 30%), and 22 had moderate to severe denervation (per-

centage extent . 30%, z score # 2.5 SD). In the 23 paired PET
scans, worsening cardiac denervation (global diff-SEP . 9) oc-

curred in 14 of 23 (60.9%) patients over 2 y, including percentage

LV abnormality (59% increasing to 66%), z-severity (–2.4 down to

–2.5), and SEP (–195 to –227) (P 5 0.0062). We found a mean
annual decline of 4.6% 6 5.6 (maximum, 13%) in 11C-HED reten-

tion from a baseline global RI mean of 0.0481 6 0.0218 to 0.0432 6
0.0220 (P 5 0.0009). At baseline, 5 patients with normal uptake had

no interval change; 3 with mild denervation developed interval de-
cline in lateral and inferior segments (diff-SEP –82 to –99) compared

with anterior and septal segments (–65 to –79), whereas the reverse

pattern occurred in 15 patients with severe baseline denervation.
Conclusion: Progressive decline in cardiac sympathetic neural in-

tegrity in IPD patients occurs at a modest rate over 2 y on 11C-HED

scans with marked heterogeneity and a regional pattern of involve-

ment and decline.
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Idiopathic Parkinson disease (IPD) is an a-synucleinopathy char-
acterized in part by loss of dopaminergic neurons in the substantia
nigra pars compacta (1). Beyond this, IPD is a progressive multi-
system disease with motor and nonmotor dysfunction due to ce-
rebral and extracerebral Lewy body accumulation, including
postganglionic, presynaptic neurons and distal axons of the auto-
nomic nervous system (2). Extensive cardiac sympathetic neuro-
nal loss has been demonstrated on 123I-metaiodobenzylguanidine
(123I-MIBG) imaging (3–8), 11C-meta-hydroxyephedrine (11C-HED)
(9–11), and 18F-fluorodopamine (18F-DA) PET (12,13), occur-
ring early in the course of disease before development of the
classic symptoms of tremor, rigidity, bradykinesia, and postural
instability (14–16).
Losses in cardiac uptake and retention of 123I-MIBG, a false

analog of norephinephrine, have been proposed as a diagnostic tool
for detection of the prodromal phase of IPD (14,16). 11C-HED PET
provides similar assessment of cardiac sympathetic neural integrity
with the advantages of higher spatial resolution, attenuation correc-
tion, and 3-dimensional tomographic regional evaluation of the
myocardium (17–19). Both 123I-MIBG scintigraphy and 11C-HED
PET may be able to distinguish IPD from other parkinsonian dis-
orders such as multiple system atrophy, although neurodegeneration
of preganglionic central nervous system glia can cause abnormal
123I-MIBG scintigraphy and 11C-HED PET findings (9,10).
Despite considerable accumulated literature, we still have

little information about the natural history of cardiac sympa-
thetic denervation in IPD. We hypothesized heterogeneous patterns
and nonuniform rates of progression in 11C-HED abnormalities and
sought to quantify the rate of decline in sympathetic neural integrity
over 2 y.

MATERIALS AND METHODS

The Institutional Review Board of the University of Michigan

approved this study, and we obtained written informed consent from
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all patients and healthy controls. This study was compliant with the

Health Insurance Portability and Accountability Act (clinicaltrials.

gov identifier NCT01565473). This study was not funded by indus-

trial or commercial sources nor did it evaluate products for commer-

cial purposes.

We established the diagnosis of IPD using published research
criteria (20), clinical neurologic examination, and the results of a

(1)-11C-dihydrotetrabenazine (11C-DTBZ) vesicular monoamine

transporter type 2 PET scan. PET neuroimaging experts reviewed

all 11C-DTBZ scans at monthly consensus meetings and confirmed

them to be consistent with IPD based on finding of nigrostriatal

dopaminergic denervation. Details of the 11C-DTBZ PET protocol

have been published previously (11,21).
We screened patients with IPD and control subjects to exclude

those with a history of cardiac disease, congestive cardiac failure, or

diabetes mellitus and those with Q-waves or ST-segment changes on

electrocardiography.

We obtained 62 cardiac 11C-HED PET scans in 39 patients (30 men
and 9 women; mean age 6 SD, 61.9 6 5.9 y; age range, 50–73 y)

including 23 patients with follow-up 11C-HED PET at 2-y duration

(mean 6 SD, 2.2 6 0.18 y). Mean levodopa equivalent dose in the

patients was 570.4 6 335.9 mg. This cohort represents part of an

earlier published report of IPD patients studied with 11C-HED PET

(11), now reported in a larger group with analysis of follow-up scan

data. The protocol for cardiac 11C-HED PET scanning and segmental

analysis has been previously published and is briefly summarized

here (11).

We obtained 40-min dynamic cardiac PET scans with an ECAT
Exact HR1 PET scanner (Siemens Medical Solutions) after intra-

venous injection of a mean of 740 MBq of 11C-HED. Attenuation

correction was performed using 3 68Ge line sources. A region of

interest placed over the left ventricular (LV) chamber near the base

of the heart was used to generate a time–activity curves for total

activity in blood. The LV wall was subdivided into each of the

8 short-axis sections from apex to base into 60 angular sectors,

thereby generating 480 sectors. As a semiquantitative measure of

nerve density and neuronal integrity, we normalized tissue 11C-HED

concentrations in the final image frame (30–40 min after injection) by

dividing them by the integral of the blood time–activity curve over the

40-min scan. This procedure provided a 11C-HED retention index (RI,

in mL of blood/min/mL of tissue) for each myocardial region. We used

the RIs of 33 healthy control subjects (15 men and 18 women aged

20–78 y; mean age, 47 y) to define a normal 11C-HED retention

database. We compared RI data of each IPD patient with the healthy

control database by means of z score analysis, with z scores of

less than 2.5 considered to be abnormal 11C-HED retention. We

applied an age-adjustment factor to the 11C-HED RI values of the

patients with IPD, normalizing to an age of 50 y. The control group

had a modest decline of the 11C-HED RI with age (1.3% decline

per decade).
We expressed global, regional, and segmental measurements of

abnormal cardiac sympathetic denervation as percentage extent, z

score severity, and severity-extent product (SEP). We obtained the

SEP by multiplying the percentage extent and the z score severity

integers, combining percentage extent and severity of sympathetic

denervation into a single product. We assessed the interval progression

between serial 11C-HED PET scans by the difference of the SEP

scores (diff-SEP). We performed visual assessment of regional cardiac

sympathetic innervation with bullseye and polar maps.

We performed statistical analysis using SAS and STATA software
(version 9.1 [SAS Institute] and version 11.1 [StataCorp], respec-

tively). We compared serial 11C-HED PET cardiac parameters using

the Wilcoxon signed-rank test and sign test. We also compared 2 sub-

groups of IPD patients, those with normal findings or mild cardiac

sympathetic denervation and those with severe cardiac sympathetic de-
nervation using the Student t test.

RESULTS

Baseline Studies

In the 39 patients with IPD, mean disease duration was 4.7 6
3.2 y (range, 1–14 y) and mean Hoehn and Yahr score was 2.2 6
0.4 (range, 1–2.5). Baseline 11C-HED PET in these patients had an
age-adjusted global RI mean of 0.052 6 0.022 mL of blood/min/mL
of tissue. In comparison, the 33 control subjects had an age-adjusted
mean 11C-HED RI of 0.0866 0.015 mL of blood/min/mL of tissue.
There was no significant correlation between the levodopa-
equivalent dose and the age-adjusted global RI in the PD patients
(R 5 20.13, not significant). The individual RI measurements
and global and regional LV parameters are presented in Sup-
plemental Table 1 (supplemental materials are available at
http://jnm.snmjournals.org).
The IPD patients showed a binomial distribution of denervation:

12 had normal 11C-HED PET scan results and 5 had mild dener-
vation (percentage extent , 30%) whereas the remaining (22/39,
56.4%) had moderate to severe denervation (percentage extent
. 30%, z score # 2.5 SD). The mean percentage LV extent dener-
vation was 50% (range, 0–100), the mean z score severity was –2.2
(range, –3.6 to 0.28), and the mean SEP was –162 6 142 (range,
–358 to 0). We observed a regional pattern of severe and frequent
involvement of the lateral and inferior cardiac territories (Supple-
mental Figs. 1A and 2). Patients with normal or mild denervation
did not differ significantly from those with severe denervation with
respect to age, duration of motor disease, Hoehn and Yahr stage,
motor Unified Parkinson Disease Rating Scale scores, or vesicular
monoamine transporter type 2 imaging striatal findings with
11C-DTBZ PET (Table 1).

2-Year Follow-up Studies

In the 23 patients with follow-up 11C-HED PET imaging, the
frequency distribution of cardiac sympathetic denervation also
followed a binomial distribution (Supplemental Fig. 1B). These
23 paired PET scans demonstrated worsening cardiac denervation
over 2 y in 14 of 23 (60.9%) patients, percentage LV abnormality
(59% increasing to 66%), z score severity (–2.4 down to –2.5),
and SEP (–195 down to –227) (P 5 0.0062). There was a mean
annual decline of 4.6% 6 5.6% (max, 13%) in 11C-HED up-
take and retention from baseline age-adjusted global RI mean
of 0.0481 mL 6 0.0218 mL of blood/min/mL of tissue to
0.0432 6 0.0220 (P 5 0.0009) (Table 2; Fig. 1).
Segmental analysis of diff-SEP revealed an overall uniform

global reduction in cardiac sympathetic innervation over 2 y.
When analyzed by baseline 11C-HED PET classification, the data
revealed segmental patterns of decline: 5 patients with normal
scans at baseline showed no significant interval change; 3 patients
with mild denervation (percentage extent , 30%) showed prefer-
ential decline in distal lateral, inferior, and apical segments (diff-
SEP range between –82 and –99) compared with anterior and
septal segments (–65 to –79); and 15 patients with severely ab-
normal baseline scans showed further progression preferentially
involving the anterior and septal segments (diff-SEP range, –39 to
–65) and less so the lateral, inferior, and apical segments (–25 to
–40) (Fig. 2). Polar plots of cardiac denervation patterns are pre-
sented in Figures 3 and 4.
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DISCUSSION

Our findings indicate significant heterogeneity of cardiac sympa-
thetic denervation in IPD. Just over half of the patients showed
extensive denervation with a regional pattern of sympathetic
neuronal loss, preferentially involving the inferior and lateral LV
walls, and relatively sparing the anterior and septal walls, confirming
our earlier observations (11). This regional pattern of involvement
was found also with 18F-fluorodopamine PET imaging, with relatively

lower sympathetic innervation in the lateral wall, with sparing of the
septum (22,23).
Progressive decline in cardiac sympathetic neural integrity occurs

at a modest rate, as we observed with 11C-HED PET scans at a 2-y
interval. This is similar to findings on serial 18F-fluorodopamine
PET imaging; radioactivity on the second study was decreased
by 31% in the LV free wall compared with only 16% in the
septum, with a mean interval of 2 y between studies (12,22).
We found, however, that serial 11C-HED PET scans showed

TABLE 1
Group Comparison Results of Clinical Variables and 11C-DTBZ PET Variables in Group of Patients (n 5 17) with Either
Normal or Partial, Mild Cardiac Denervation (Global SEP $ 100) Versus Group of Patients (n 5 22) with More Extensive

Cardiac Denervation (Global SEP # 150)

Variable
Normal or relatively preserved sympathic

cardiac innervation (n 5 17)
More extensive sympathetic cardiac

denervation (n 5 22) Student t test

Age 63.7 ± 5.8 61.0 ± 5.9 1.3994 (P 5 0.0850)

MoCa score 25.63 ± 1.69 26.84 ± 1.92 1.55 (P 5 0.14)

Duration of motor
disease (y)

4.3 ± 3.2 5.1 ± 3.1 −0.8347 (P 5 0.2046)

Hoehn and Yahr stage 2.23 ± 0.32 2.18 ± 0.42 0.3776 (P 5 0.3541)

Nonmotor experiences

of daily living

5.24 ± 4.42 6.54 ± 5.51 −0.8005 (P 5 0.7857)

UPDRS scores

Motor UPDRS scores 27.74 ± 7.30 28.86 ± 13.412 −0.3122 (P 5 0.6217)

UPDRS tremor
scores

4.13 ± 43.10 3.39 ± 2.71 0.7410 (P 5 0.2321)

UPDRS PIGD scores 5.43 ± 3.06 6.08 ± 3.21 −0.5943 (P 5 0.7218)

Fatigue severity scale 22.75 ± 12.86 32.16 ± 13.18 1.71 (P 5 0.10)

Epworth sleepiness
scale

6.35 ± 2.78 8.29 ± 4.27 −1.6088 (P 5 0.0582)

Striatal 11C-DTBZ DVR 2.04 ± 0.27 1.91 ± 0.30 1.3043 (P 5 0.1002)

Putamen 11C-DTBZ

DVR

1.90 ± 0.25 1.78 ± 0.30 1.3764 (P 5 0.0886)

Caudate nucleus 11C-

DTBZ DVR

2.00 ± 0.33 1.88 ± 0.33 1.0882 (P 5 0.1419)

MoCa 5 Montreal Cognitive Assessment; UPDRS 5 Unified Parkinson Disease Rating Scale; PIGD 5 postural instability and gait

difficulties; DVR 5 distribution volume ratio.

Data in parentheses are significance levels.

TABLE 2
Baseline and 2-Year Follow-up 11C-HED PET Left Ventricle Sympathetic Cardiac Denervation in 23 Patients with IPD

Variable Baseline 2-y follow-up Matched-paired Student t test

Global LV (mL of blood/min/mL of tissue) 0.0481 ± 0.0218 0.0432 ± 0.0220 3.509 (P 5 0.001)

Percentage LV extent (%) 59.2 66.1 −2.198 (P 5 0.0194)

Z-severity LV −2.44 −2.52 0.8007 (P 5 not significant)

Percentage left circumflex extent (%) 66.0 69.6 −2.2218 (P 5 0.0184)

Percentage left anterior descending extent (%) 56.2 65.0 −2.3940 (P 5 0.0128)

Percentage right coronary artery extent (%) 61.7 65.7 −1.3490 (P 5 0.0955, not significant)

Global LV SEP −194.6 −226.6 2.944 (P 5 0.003)

Data in parentheses are significance levels.
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significant heterogeneity and a regional pattern of decline that was
predicated in part on baseline 11C-HED PET results. Patients with
mildly affected scans at baseline showed further decline preferen-
tially in lateral and inferior segments. In contrast, patients with
severely denervated baseline scans affecting principally the lateral
and inferior segments showed further progression preferentially in
the anterior and septal segments, all of which appears to represent a
pattern of catch-up eventually leading to global LV denervation.
In subjects with severely abnormal baseline 11C-HED PET scans,

we have previously attributed this regional pattern to the hypothesis

of redundancy of the cardiac sympathetic innervation of the anterior

and septal LV walls in contrast to the more vulnerable innervation

of the lateral and inferior walls by the left cardiac nerve, which runs

with the left circumflex artery and is supplied only by the ipsilateral

left-sided cervical sympathetic ganglia (24,25). As the disease prog-

resses, the redundancy of the anterior and septal LV innervation may

no longer prevent decline in 11C-HED uptake, resulting in less pro-

nounced regional heterogeneity on the 2-y follow-up PET scans.
In our current study, we found a binomial distribution, with one

group of patients showing normal or mildly abnormal 11C-HED

scans and the second group with severely denervated scans. In

the first group, those with normal baseline scans showed no dener-

vation after 2 y of serial PET imaging, supporting the notion of a

protected phenotype. In a relevant study, Tsujikawa et al. performed

a chronologic study of 123I-MIBG scans in 70 IPD patients over a

mean interval of 3 y (26). Although follow-up
studies showed a significant decline in both
the early and the delayed heart-to-mediastinal
ratios, cluster analysis identified 2 groups of
patients at baseline, those with markedly re-
duced 123I-MIBG (n 5 42) and those with
normal or mildly abnormal scans (n 5 28).
This second group with IPD with normal or
mildly low 123I-MIBG uptake at the early
stages of illness was characterized as female-
dominant, young onset, slow progression in
motor dysfunctions, and preserved cognitive
function. Our imaging findings are similar to
those mentioned above, although we did not
observe the same clinical correlations, likely
related to our small numbers.
A limitation of our study was the lack of a

formal reproducibility analysis of 11C-HED
PET without a threshold for least-significant
change, which made it difficult to determine
the significance of small changes in the mean
11C-HED RI within segments. This was per-
tinent for the subgroup with normal baseline
of 11C-HED PET, as changes in individual
11C-HED RIs were considered within the
range of test–retest reproducibility of the
PET instrument. Determining the precision
of 11C-HED PET is an area of future study.
Additionally, our study is limited principally
by the small number of IPD patients, partic-
ularly the group with serial 11C-HED PET.
This may have limited the power to detect
correlations to clinical manifestations. Hav-
ing a larger number of IPD patients may also
have given us an opportunity to explore fur-
ther the finding of a protected phenotype, in

which the cardiac sympathetic innervation may be spared in IPD.
Also, a larger group may have given us a chance to follow a larger

FIGURE 1. Bullseye plots using 9-segment model summarizing segmental distribution of sym-

pathetic denervation with respect to mean percentage extent, z score severity, and SEP, in

comparison to global mean measurements in 23 patients, comparing baseline measurements

with 2-y follow-up. There is a decline in global LV RI per annum of 4.6% translating to increasing

abnormalities of LV segmental extent, z score severity, and SEP. Over 2 y, changes in percentage

LV abnormality (59% increasing to 66%), z score severity (–2.4 down to –2.5), and SEP (–195

down to –227) indicate worsening cardiac sympathetic innervation. There is a general proximal-

to-distal gradient, with basal segments being relatively spared compared with distal segments.

FIGURE 2. Bullseye plots summarizing decline in sympathetic denervation

with respect to SEP, in 23 patients, comparing differences in baseline mea-

surements with 2-y follow-up of SEP, based on starting category at baseline,

either mild abnormality or severe. In patients with severe denervation at base-

line preferentially affecting lateral wall, anterior and septal walls showed rela-

tively greater decline, whereas patients with mild abnormality on PET scans at

baseline had relatively greater progression in lateral, inferior, and apical walls.

Patients with normal baseline 11C-HED PET had small changes that were not

considered significant within margin of test–retest error for 11C-HED PET.

Formal reproducibility analysis of 11C-HED is an area of future research.
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cohort of patients for a longer interval than 2 y to determine with
greater accuracy the outcome of the denervation process. We still
do not have an accurate portrayal of the natural history of the denerva-
tion process, although we have clarified the marked heterogeneity of it.

CONCLUSION

Cardiac sympathetic denervation in IPD
has a binomial distribution pattern, with a
progressive decline in cardiac sympathetic
neural integrity occurring at a modest rate
over 2 y on 11C-HED scans with significant
heterogeneity and regional pattern of in-
volvement and decline.
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