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Abstract

Background—Cholinergic projection systems degeneration is associated with dopamine non-

responsive features of Parkinson's disease (PD). Cholinergic deficits are variable in non-demented 

PD. Identification of cholinergic deficits in PD may help with selection of suitable patients for 

targeted cholinergic drug treatment in PD. The objective of this retrospective multivariate 

predictor analysis study was to identify clinical markers indicative of cholinergic deficits in PD 

patients, as assessed by acetylcholinesterase ([11C]PMP) positron emission tomography.

Methods—One hundred thirty-seven PD patients (34 female) participated; median modified 

Hoehn and Yahr score was 2.5 (range 1–4), average age of 65.6 ± 7.4 years, and average duration 

of motor disease symptoms of 6.0 ± 4.2 years. Subjects were dichotomized as “normocholinergic” 

or “hypocholinergic” based on a 5th percentile cutoff from normal for the basal forebrain-cortical 

and pedunculopontine nucleus-thalamic cholinergic projection systems. Previously identified 

clinical indices of cholinergic denervation were used for statistical prediction of cholinergic 

deficits. Logistic regression determined which risk factors predicted cholinergic deficits. 
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Sensitivity, specificity, and accuracy were determined for the (combinations of) significant 

predictor variables.

Results—There were 49 (35.8%) hypocholinergic PD subjects. The combination of RBD 

symptoms and fall history showed highest diagnostic accuracy (81.1%) for predicting combined 

thalamic and cortical cholinergic deficits. A combined assessment of 8.5 meter walk time and 

lower score on the Montreal cognitive assessment scale provided diagnostic accuracy of 80.7 % 

for predicting isolated cortical cholinergic denervation.

Conclusion—Assessment of clinical indices of cholinergic denervation may be useful for 

identifying suitable subjects for trials of targeted cholinergic drug treatments in PD.
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INTRODUCTION

Parkinson's disease (PD) is a multisystem neurodegenerative syndrome with significant 

heterogeneity of motor and non-motor features.1 Cholinergic projection systems 

degeneration is associated with specific motor and non-motor features of PD, independent of 

nigrostriatal dopaminergic denervation; it is associated with impaired cognition,2–7 

falling,8–10 slower gait speed,11 REM sleep behavior disorder (RBD),12 and impaired 

olfaction.6, 13 In addition, older age, longer motor disease symptom duration, and male 

gender associate with cholinergic system degeneration in PD.7, 14

Cholinergic system degeneration is heterogeneous in PD, and may affect basal forebrain-

neocortical or pedunculopontine nucleus-thalamic projections differentially.7 Heterogeneity 

of cholinergic system degeneration may explain clinical variation in PD. Optimal evaluation 

of cholinergic replacement therapy requires accurate identification of the subset of PD 

patients with cholinergic deficits. Clinical trials of cholinergic agents in PD would be 

facilitated greatly by inclusion of convenient clinical measures as markers of differential 

cholinergic system loss.

The purpose of this study was to identify convenient, cost-effective, and non-invasive 

clinical markers of cholinergic deficits in PD subjects. Our previous studies on markers of 

cholinergic denervation were mainly based on univariate analysis of a single clinical 

predictor variable. The objective of this retrospective study was to perform a multivariate 

predictor analysis to identify which combination(s) of clinical markers of cholinergic 

deficits best predict cholinergic denervation as assessed by acetylcholinesterase (AChE) 

positron emission tomography (PET).6, 7, 10–14

METHODS

Subjects

This retrospective cross-sectional multivariate predictor study included 137 PD patients (34 

female) who are part of an ongoing cohort study (ClinicalTrials.gov Identifier 

NCT01565473). The median modified Hoehn and Yahr score was 2.5 (range 1–4),15, 16 
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average age of 65.6 ± 7.4 years, and average duration of motor disease symptoms of 6.0 ± 

4.2 years. Patients met the UK Parkinson's Disease Society Brain Bank clinical diagnostic 

criteria.17 The diagnosis of PD was confirmed by the presence of a typical pattern of 

nigrostriatal dopaminergic denervation with vesicular monoaminergic transporter-type 2 

PET.18 Most subjects were on dopaminergic replacement therapy. None of the subjects were 

on anti-cholinergic or cholinesterase inhibitor drugs.

Written informed consent was obtained from all subjects prior to research procedures. The 

University of Michigan Medical School Institutional Review Board for human studies 

approved the study.

Clinical risk factors for cholinergic deficits

We dichotomized each cholinergic deficit associated clinical feature into a “hypocholinergic 

risk factor” (risk is present=1, risk is absent=0). Cutoffs for continuous variables were based 

on 85% specificity cutoff as determined by receiver-operating characteristic (ROC) analysis 

across all PD subjects. This approach yielded the following clinical indices for cholinergic 

deficits: age of 71 years or older, duration of motor disease symptoms of 9 years or longer, 

University of Pennsylvania Smell Identification Test (UPSIT)19, 20 score of 9 or lower, 8.5 

meter walk time of 9.6 seconds or longer at self-selected gait speed, Montreal cognitive 

assessment (MoCA) test21 score of 24 or lower, history of 1 or more falls in the previous 

year, presence of RBD as assessed by using the informant-based response to question #1 on 

the Mayo Sleep Questionnaire,22 and male gender. Walk time was assessed in the morning, 

after overnight withdrawal of dopaminergic drugs (dopaminergic “off” state). All subjects 

walked 8.5 meters in a hallway and were timed using a stopwatch.11 MoCA and UPSIT 

assessments were performed in the dopaminergic “on” state. Table 1 provides an overview 

of average values and percentages for each of the clinical features for the different groups.

Brain imaging procedures

All brain imaging procedures have been described in detail previously.23 In short, all 

subjects underwent brain magnetic resonance imaging (MRI) for anatomic co-registration 

with [11C]PMP AChE PET24 to enable an MRI-based volume of interest analysis. Thalamic 

and neocortical [11C]PMP AChE hydrolysis rates per minute (k3), a measure of cholinergic 

terminal integrity, were estimated using reference tissue-based linear least squares analysis25 

with the striatum as the reference tissue.

Cholinergic deficits

Subjects were characterized as either “normocholinergic” or “hypocholinergic” based on the 

5th percentile cut-off from normal range neocortical or thalamic cholinergic innervation. 

There were 49 (35.8%) hypocholinergic PD subjects; 26 with cortical-only cholinergic 

denervation, 18 PD subjects with a combination of both cortical and thalamic cholinergic 

denervation, and 5 with thalamic-only cholinergic denervation. We grouped hypocholinergic 

subjects either as cortical-only hypocholinergic or as combined cortical and thalamic 

hypocholinergic (Figure 1).
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Statistical analysis

Statistical procedures were performed using SPSS Statistics 20 (IBM, Chicago, Ill). Separate 

analyses were performed for the cortical-only hypocholinergic and the combined cortical 

and thalamic hypocholinergic groups. Stepwise (likelihood ratio) logistic regression was 

performed to determine which risk factors best predicted cholinergic group status 

(normocholinergic or hypocholinergic). For each of the significant predictors and for 

combinations of significant predictors (i.e. all risk factors are present) the sensitivity (% true 

positive for risk factor across all hypocholinergic subjects), specificity (% true negative for 

risk factor across all normocholinergic subjects), and accuracy (proportion of true positives 

and true negatives across all subjects) were calculated. Area under the curve of ROC 

analysis was calculated for the combination of significant predictors with highest diagnostic 

accuracy. The proportion of negative and positive cases for each cholinergic deficits risk 

factor was compared between the normocholinergic vs. the hypocholinergic group using the 

χ2 test for contingency tables.

RESULTS

For the combined cortical and thalamic cholinergic denervation group, results of stepwise 

logistic regression showed significant prediction of cholinergic deficits (2, χ2=18.5, 

p<0.001) by presence of RBD (Wald=8.7, p=0.003) and fall history (Wald=10.0, p=0.002). 

The highest diagnostic test accuracy (81.1%; specificity 93.2%) was obtained with the 

combination of RBD presence and fall history (Table 2). Area under the curve of ROC 

analysis was 0.64.

For the cortical-only cholinergic denervation group, results of stepwise logistic regression 

showed significant prediction of cholinergic deficits (4, χ2=21.8, p<0.001) by a longer walk 

time (Wald=4.1, p=0.042), lower MoCA score (Wald=5.0, p=0.026), higher age (Wald=7.3, 

p=0.007), and male gender (Wald=4.2, p=0.040). The highest diagnostic test accuracy 

(80.7%; specificity 98.9%) was obtained with the combination of walk time (9.6 seconds or 

longer) and lower MoCA score (24 or lower; Table 2). Area under the curve of ROC 

analysis was 0.59.

DISCUSSION

The goal of this study was to identify combination(s) of convenient clinical markers that 

predict cholinergic deficits in PD patients. A history of falling, especially combined with 

RBD presence, may be indicative of combined cortical and thalamic cholinergic deficits. 

Longer 8.5 meter walk time in combination with a MoCA score of 24 or lower may be 

indicative of cortical-only cholinergic deficits.

Ideally, studies should be conducted to identify markers that are specific to cholinergic 

system degeneration exclusively. However, this may be a challenging goal to achieve given 

the multisystem neurodegenerative nature of PD26 and the effect of co-morbidities on PD 

features.27–30 Selection of effective cut-off criteria of the clinical features was based on high 

specificity but at the expense of lower sensitivity. The reason for this selection approach 

relates to the multisystem neurodegeneration process of PD where clinical manifestations 
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like cognitive impairment or gait speed can have different contributing pathogenetic factors 

that are not limited to cholinergic denervation alone, such as noradrenergic denervation or 

amyloidopathy.31, 32 A more sensitive selection process would consequently include a 

greater number of PD subjects without cholinergic denervation. Therefore, we believe that 

in the presence of multisystem neurodegeneration recruitment for cholinergic augmentation 

therapy should prioritize specificity above sensitivity to maximize clinical response and 

minimize side-effects.

A prerequisite of clinical trials of novel cholinergic augmentation therapies is the proper 

identification of the subset of PD subjects with cholinergic deficits. Cholinergic system PET 

imaging is a highly effective method for identifying cholinergic deficits but with restricted 

applicability due to relatively high expense and limited availability. We identified fall 

history in combination with presence of RBD as best predictors of combined cortical and 

thalamic cholinergic deficits; however, it should be noted that a history of RBD was based 

on clinical symptoms endorsement of dream enactment behavior and not assessed by 

polysomnography.12 Time to walk 8.5 meter (9.6 seconds or longer) in combination with a 

MoCA score of 24 or lower were best predictors of isolated cortical cholinergic deficits. The 

development of patient stratification tools was recently recommended as the highest priority 

translational research recommendation in the final report of the “Parkinson's Disease 2014: 

Advancing Research, Saving Lives” meeting organized by the United States National 

Institute of Neurological Disorders and Stroke (http://www.ninds.nih.gov/research/

parkinsonsweb/PD2014). Although our findings will require validation in an independent 

cohort, the proposed method of patient selection based on clinical predictor variables may 

present a cost-effective and efficient method to enrich study populations for trials of 

cholinergic agents in PD.
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ABBREVIATIONS

AChE acetylcholinesterase

MoCA Montreal cognitive assessment

MRI magnetic resonance imaging

PD Parkinson's disease

PET positron emission tomography

[11C]PMP [11C]methylpiperidin-4-yl propionate

RBD rapid eye movement (REM) sleep behavior disorder

ROC receiver-operating characteristic

UPSIT University of Pennsylvania smell identification test
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Figure 1. 
Averaged radioactivity from 40 to 70 minutes frames of dynamic [11C]PMP PET for a 

subject with normal cortical and thalamic cholinergic innervation (row A), a subject with 

cortical-only cholinergic deficits (row B), and a subject with combined cortical and thalamic 

cholinergic deficits (row C).
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Table 1

Average values and percentages for each of the clinical features associated with cholinergic deficits for the 

different groups. UPSIT=University of Pennsylvania smell identification test; MoCA=Montreal cognitive 

assessment; RBD=REM sleep behavior disorder.

Normocholinergic (N=88) Cortex and thalamus combined
cholinergic deficits (N=23)

Cortex only cholinergic
deficits (N=26)

Age (years) 63.9 ± 7.1 69.0 ± 7.4 68.4 ± 6.8

% Gender (female / male) 31.8 / 68.2 13.0 / 87.0 11.5 / 88.5

Motor disease symptom duration (years) 5.3 ± 3.8 8.2 ± 4.5 6.6 ± 5.0

UPSIT 17.4 ± 8.1 14.6 ± 8.0 13.8 ± 8.1

8.5 meter walk time (seconds) 8.0 ± 1.8 10.0 ± 5.9 9.1 ± 2.8

MoCA 26.3 ± 2.4 25.1 ± 3.1 25.2 ± 2.9

% Falls (no fall Hx / fall Hx) 78.4 / 21.6 47.8 / 52.2 73.1 / 26.9

% RBD (no RBD / RBD) 53.4 / 46.6 21.7 / 78.3 53.8 / 46.2

Mov Disord. Author manuscript; available in PMC 2016 February 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Müller et al. Page 11

T
ab

le
 2

χ2
 te

st
 r

es
ul

ts
 f

or
 th

e 
ch

ol
in

er
gi

c 
de

fi
ci

ts
 r

is
k 

fa
ct

or
 p

ro
po

rt
io

ns
 o

f 
co

m
bi

ne
d 

co
rt

ic
al

 a
nd

 th
al

am
ic

 h
yp

oc
ho

lin
er

gi
c 

PD
 s

ub
je

ct
s 

vs
. n

or
m

oc
ho

lin
er

gi
c 

PD
 

su
bj

ec
ts

, a
nd

 c
or

tic
al

-o
nl

y 
PD

 s
ub

je
ct

s 
vs

. n
or

m
oc

ho
lin

er
gi

c 
PD

 s
ub

je
ct

s.
 S

en
si

tiv
ity

, s
pe

ci
fi

ci
ty

, a
nd

 a
cc

ur
ac

y 
fo

r 
th

e 
di

ff
er

en
t (

co
m

bi
na

tio
ns

 o
f)

 

ch
ol

in
er

gi
c 

de
fi

ci
ts

 r
is

k 
fa

ct
or

s 
is

 in
cl

ud
ed

. S
ig

ni
fi

ca
nt

 c
on

tin
ge

nc
y 

ta
bl

e 
re

su
lts

 a
re

 in
 it

al
ic

s.
 T

ab
le

 is
 s

or
te

d 
by

 in
cr

ea
si

ng
 a

cc
ur

ac
y 

w
ith

in
 e

ac
h 

of
 th

e 

gr
ou

p 
co

m
pa

ri
so

ns
. H

x=
hi

st
or

y;
 R

B
D

=
R

E
M

 s
le

ep
 b

eh
av

io
r 

di
so

rd
er

.

χ2
(p

-v
al

ue
)

Se
ns

it
iv

it
y 

(%
)

Sp
ec

if
ic

it
y 

(%
)

A
cc

ur
ac

y 
(%

)

C
om

bi
ne

d 
co

rt
ic

al
-t

ha
la

m
ic

R
B

D
7.

3 
(0

.0
07

)
78

.3
53

.4
58

.6

F
al

l H
x

8.
5 

(0
.0

04
)

52
.2

78
.4

73
.0

R
B

D
 &

 fa
ll

 H
x

13
.0

 (
<

0.
00

1)
34

.8
93

.2
81

.1

C
or

ti
ca

l-
on

ly

G
en

de
r

4.
2 

(0
.0

41
)

88
.5

31
.8

44
.7

W
al

ki
ng

 s
pe

ed
4.

4 
(0

.0
37

)
34

.6
84

.1
72

.8

M
oC

A
7.

3 
(0

.0
07

)
42

.3
83

.0
73

.7

W
al

ki
ng

 s
pe

ed
 &

 g
en

de
r

3.
8 

(0
.0

50
)

26
.9

88
.6

74
.6

M
oC

A
 &

 g
en

de
r

5.
9 

(0
.0

15
)

34
.6

86
.4

74
.6

A
ge

8.
2 

(0
.0

04
)

42
.3

84
.1

74
.6

A
ge

 &
 g

en
de

r
5.

7 
(0

.0
17

)
30

.8
88

.6
75

.4

M
oC

A
 &

 a
ge

 &
 g

en
de

r
0.

9 
(0

.3
49

)
7.

7
96

.6
76

.3

M
oC

A
 &

 a
ge

3.
6 

(0
.0

57
)

15
.4

95
.5

77
.2

W
al

ki
ng

 s
pe

ed
 &

 a
ge

 &
 g

en
de

r
3.

4 
(0

.0
67

)
7.

7
98

.9
78

.1

W
al

ki
ng

 s
pe

ed
 &

 M
oC

A
 &

 a
ge

 &
 g

en
de

r
3.

4 
(0

.0
65

)
3.

8
10

0
78

.1

W
al

ki
ng

 s
pe

ed
 &

 a
ge

6.
9 

(0
.0

09
)

15
.4

97
.7

78
.9

W
al

ki
ng

 s
pe

ed
 &

 M
oC

A
 &

 a
ge

6.
9 

(0
.0

09
)

7.
7

10
0

78
.9

W
al

ki
ng

 s
pe

ed
 &

 M
oC

A
13

.2
 (

<
0.

00
1)

19
.2

98
.9

80
.7

Mov Disord. Author manuscript; available in PMC 2016 February 01.


