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Neural correlates underlying micrographia in
Parkinson’s disease

Tao Wu,"2 Jiarong Zhang,"2 Mark HaIIett,3 Tao Feng,z""5 Yanan Hou''? and Piu Chan'‘?

Micrographia is a common symptom in Parkinson’s disease, which manifests as either a consistent or progressive reduction in the
size of handwriting or both. Neural correlates underlying micrographia remain unclear. We used functional magnetic resonance
imaging to investigate micrographia-related neural activity and connectivity modulations. In addition, the effect of attention and
dopaminergic administration on micrographia was examined. We found that consistent micrographia was associated with
decreased activity and connectivity in the basal ganglia motor circuit; while progressive micrographia was related to the dysfunc-
tion of basal ganglia motor circuit together with disconnections between the rostral supplementary motor area, rostral cingulate
motor area and cerebellum. Attention significantly improved both consistent and progressive micrographia, accompanied by
recruitment of anterior putamen and dorsolateral prefrontal cortex. Levodopa improved consistent micrographia accompanied
by increased activity and connectivity in the basal ganglia motor circuit, but had no effect on progressive micrographia. Our
findings suggest that consistent micrographia is related to dysfunction of the basal ganglia motor circuit; while dysfunction of the
basal ganglia motor circuit and disconnection between the rostral supplementary motor area, rostral cingulate motor area and
cerebellum likely contributes to progressive micrographia. Attention improves both types of micrographia by recruiting additional
brain networks. Levodopa improves consistent micrographia by restoring the function of the basal ganglia motor circuit, but does
not improve progressive micrographia, probably because of failure to repair the disconnected networks.
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Introduction

Micrographia, a common symptom in Parkinson’s disease,
is characterized by small handwriting with further progres-
sive reduction in size (McLennan et al., 1972; Jarzebska
et al., 2006; Wagle Shukla et al., 2012). Micrographia
has a high association with accurate diagnosis of
Parkinson’s disease (Mutch et al., 1991; Duarte et al.,
1995). Moreover, this problem can occur early in the dis-
ease and is one of the first symptoms (McLennan et al.,
1972; Becker et al., 2002; Ponsen et al., 2008); thus, it
may be useful for early diagnosis of Parkinson’s disease
(Wagle Shukla et al., 2012; Rosenblum et al., 2013).

The neurophysiological mechanisms underlying microgra-
phia in Parkinson’s disease remain unknown. It has been
suggested that micrographia is a component of bradykine-
sia, as these two symptoms are correlated (Wagle Shukla
et al., 2012). Inappropriate scaling of the dynamic muscle
force to the movement parameters, which has been pro-
posed to contribute to bradykinesia (Berardelli et al.,
1986), may be a reason for micrographia (Van Gemmert
et al., 1999; Wagle Shukla et al., 2012). However, the re-
lationship between micrographia and bradykinesia remains
controversial (McLennan et al., 1972). It is well known
that micrographia can present at an early stage of
Parkinson’s disease, even without significant bradykinesia.
Other reasons like tremor, rigidity, or stress (McLennan
et al., 1972), inability to properly control wrist and finger
movements (Teulings et al., 1997; Van Gemmert et al.,
2003), difficulty in maintaining a constant force (Teulings
et al., 1991; Van Gemmert et al., 1999), increased cognitive
or motor demands (Van Gemmert et al., 1998, 2001) and
visuospatial perception (Van Gemmert et al., 2003;
Broderick et al., 2009) have been suggested to contribute
to micrographia. However, these mechanisms can only pro-
vide partial explanations. Most importantly, the neural cor-
relates of this problem have not been identified.

Micrographia usually manifests in two forms: ‘consistent’
and ‘progressive’. Consistent micrographia is a global re-
duction in writing size compared with writing before the
development of the disease, whereas progressive microgra-
phia is a gradual reduction in size during writing (Wilson,
1925; Kim et al., 2005). Although most patients with
micrographia have both consistent and progressive micro-
graphia, some patients present consistent micrographia
without clear progressive micrographia, and vice versa
(Kim et al., 2005). Consistent micrographia is likely a
manifestation of hypokinesia (smallness of movement),
and can be alleviated by levodopa (McLennan et al.,
1972) or high-frequency stimulation of the subthalamic nu-
cleus (Siebner et al., 1999). Levodopa also improves kine-
matics of handwriting, such as velocity, acceleration, and
stroke duration (Lange et al., 2006; Tucha et al., 2006).
Thus, it is likely that consistent micrographia is a conse-
quence of dysfunction of basal ganglia circuits secondary to
dopaminergic  depletion. In  contrast, progressive
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micrographia is a manifestation of the sequence effect.
The sequence effect is a description of progressive reduction
in speed and amplitude of repetitive action, which is a
common feature in Parkinson’s disease (Benecke et al.,
1987; Agostino et al., 1992; lansek et al., 2006; Kang
et al., 2010). Unlike consistent micrographia, progressive
micrographia is usually not improved by levodopa treat-
ment (Ling et al., 2012), which suggests that progressive
micrographia may be independent of dopaminergic path-
ways; the neural networks outside basal ganglia circuits
may have a role in this phenomenon. Presumably, dysfunc-
tion of some areas that are important in controlling sequen-
tial movements, e.g. the rostral supplementary motor area
(pre-SMA) or cerebellum (Nachev et al., 2008; D’Angelo,
2011), may be associated with progressive micrographia.

In the current study, we used functional MRI to investi-
gate the neural correlates underlying micrographia in
Parkinson’s disease. We supposed that different neural net-
works are involved in consistent and progressive microgra-
phia. Moreover, we investigated the effects of attention and
dopamine administration on micrographia. It has been
commonly observed that external visual, auditory or
verbal cues or attention can effectively increase the ampli-
tude of handwriting in patients with Parkinson’s disease
with consistent micrographia (Oliveira et al, 1997;
Swinnen et al., 2000; Nieuwboer et al., 2009; Bryant
et al., 2010; Ringenbach et al., 2011). In contrast, whether
external cues or attention can improve progressive micro-
graphia is unclear. We hypothesized that attention could
recruit additional brain circuits (Redgrave et al., 2010) to
improve consistent and  progressive  micrographia.
Moreover, we hypothesized that dopamine could improve
consistent micrographia by restoring function of the basal
ganglia motor circuit, but would have no benefit to pro-
gressive micrographia. This work will be helpful to our
understanding of neurophysiological mechanisms underly-
ing micrographia, and provide new insights on our know-
ledge of hypokinesia and the sequence effect in Parkinson’s
disease.

Materials and methods

Subjects

Forty-three patients with Parkinson’s disease diagnosed with
micrographia were chosen from our dataset. The diagnosis of
Parkinson’s disease was based on the UK Parkinson’s Disease
Society Brain Bank Clinical Diagnostic Criteria (Hughes et al.,
1992). Patients were assessed with the Unified Parkinson’s
Disease Rating Scale (UPDRS; Lang and Fahn, 1989), the
Hoehn and Yahr Disability Scale (Hoehn and Yahr, 1967),
Fatigue Severity Scale (Krupp et al., 1989) and Mini-Mental
State Examination while OFF their medications. Bradykinesia/
rigidity was the predominant symptom and was more severe
on the right side in every patient. To avoid difficulty of hand-
writing and disturbance of the functional MRI signal, all pa-
tients were chosen to have at most a mild tremor.
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Our patients with Parkinson’s disease were divided into two
groups: consistent micrographia and progressive micrographia.
The consistent micrographia group contained patients with
global reduction but without significant progressive reduction
in writing size; whereas patients in the progressive microgra-
phia group had progressive reduction but without significant
global reduction in writing size. Patients with mixed consistent
and progressive micrographia were excluded. The criteria of
consistent and progressive micrographia are shown in the
‘Behavioural data analysis’ section. There were 20 patients in
the consistent micrographia group, and 23 patients in the pro-
gressive micrographia group. Two patients in the consistent
micrographia group and five patients in the progressive micro-
graphia group were excluded because of excessive head motion
during the functional MRI acquisition. Each group had 18
patients remaining. Eighteen healthy subjects were included
as the control group. All patients and control subjects were
right-handed according to the Edinburgh Inventory (Oldfield,
1971). The demographics and clinical details from the controls
and remaining Parkinson’s disease patients are shown in
Table 1. The experiments were performed according to the
Declaration of Helsinki and were approved by the
Institutional Review Board. All subjects gave their written in-
formed consent for the study.

Task

All subjects wrote with their right hand. The Chinese character
“Zheng’ (JF) was used for handwriting in the current study
(Ma et al., 2013; Supplementary Fig. 1). We chose this char-
acter as it is simple (has five distinct strokes) and is commonly
used. All our subjects had no difficulty writing this character.
Moreover, this character has a well-defined overall square
shape, the size of each character can be easily measured (Ma
et al., 2013). Subjects had ample time to practice the task
before functional MRI scanning. The subjects first practiced
outside the MRI scanner. They were asked to write the char-
acter horizontally as they would do naturally (free writing).
Then, we asked the subjects to pay attention to the handwrit-
ing: patients in the consistent micrographia group were asked
to write the characters larger (attention on size); whereas pro-
gressive micrographia group patients were required to write
the characters with same size (attention on consistency). We
did not provide any external visual or auditory cues to help
them to improve micrographia.

T. Wu et dl.

In addition, we asked the subjects to write at a certain speed
and force to avoid the influences of these factors on our re-
sults. They were required to write at approximately one stroke
per second, and all subjects had no difficulty to write at this
speed. We used an electronic pressure gauge to quantitatively
measure the force of right hand writing, and required the sub-
jects to write with ~20% of maximal writing force. With this
force, all subjects wrote the character clearly, and no subject
reported fatigue during functional MRI scanning. We gave the
subjects enough practice until they could write at the required
speed and force. When the subjects could perform the tasks
correctly, they practiced inside the MRI scanner until they
could write comfortably, smoothly, and could execute the writ-
ing tasks as required without any difficulty while lying inside
the scanner.

Functional magnetic resonance
imaging

Functional MRIs were performed on a 3T MR scanner (Trio
system; Siemens Magnetom scanner). A standard head coil was
used with foam padding to restrict head motion. High-
resolution axial T;- and T,-weighted images were obtained
in every participant to detect clinically silent lesions. High-
resolution anatomical images were acquired with 3D-
MPRAGE (magnetization-prepared rapid gradient-echo) se-
quence (repetition time = 2000 ms, echo time =2.19ms, 176
sagittal  slices, 1mm  slice  thickness, field of
view = 224 mm x 256 mm). Blood oxygen level-dependent
data were acquired with gradient-echo echo-planar sequences
(repetition = 2000 ms, echo time = 40 ms, 33 axial slices, 3.5-
mm thickness, no gap, flip angle=90°, field of
view = 256 mm x 256 mm, matrix size = 64 x 64).

During functional MRI scanning, subjects had a locally de-
veloped MRI-compatible graphic tablet placed on a cushion
over their laps, and held a fibre optic pen in the right hand.
The tablet could be oriented in the MRI scanner so that the
writing posture could be comfortably adjusted. The subjects
could see the tablet and what they have written on the tablet
clearly through a mirror built into the head coil. Each func-
tional MRI scan session lasted 8 min, was block designed and
contained two conditions, which were defined as the ‘rest’ and
‘write’ condition, respectively. Each condition lasted 40s and
was repeated six times. In the ‘rest’ condition, the subjects

Table | Demographics and clinical details of the subjects

Consistent micrographia group Progressive micrographia group Controls

Age, years® (range) 60.39 + 3.47 (54-67)

Sex? 6 female, 12 male
Disease duration (years)® 438 £ 1.31
UPDRS motor score® 20.39 £5.30
Hoehn and Yahr staging” 1.61 4 0.40
Fatigue Severity Scale® 3.83 £ 0.96

Mini-Mental State Examination® 28.94 + I.11
L-DOPA dose (mg/day)® 338.89 + 69.78

59.61 + 3.34 (52-66)
5 female, |3 male
4.09 £ 1.27
19.06 + 4.78
1.53 + 0.44
3.98 4+ 1.03
29.28 + 0.96
305.56 + 80.24

59.94 + 3.13 (55-65)
6 female, 12 male

29.56 £ 0.70

Values are (mean =+ SD).

*The comparisons among the three groups were analysed with ANOVA (P > 0.05).
®The comparisons between the consistent micrographia and progressive micrographia group were analysed with two-sample t-tests (P > 0.05).
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were asked to relax and focus on the tablet. During the ‘write’
condition, the subjects performed following writing tasks as
required.

Healthy controls had three functional MRI sessions, in
which they performed free writing, attention on size, and at-
tention on consistency tasks in separate sessions. Patients were
first scanned after their medication had been withdrawn for at
least 12h (OFF condition). In the OFF condition, consistent
micrographia patients performed free writing and attention on
size tasks; while progressive micrographia patients performed
free writing and attention on consistency tasks in separate ses-
sions. We verbally informed each subject which task to be
performed before the beginning of each session. Then, levo-
dopa was administered orally as 250 mg Madopar® (200 mg
levodopa/50 mg benserazide, Roche) in all patients. Sixty mi-
nutes after oral levodopa had been given, approximately when
plasma levodopa achieved the highest level, the patients
received the third functional MRI session and were asked to
repeat the free writing task (free writing ON). No external cue
was given to help the subjects write at the specified rate or size.
The functional MRI scanning sessions are summarized in
Supplementary Table 1.

Data analysis

Behavioural data analysis

The characters that were written during functional MRI scan-
ning were stored and analysed offline. The size of the character
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was defined as the area of the quadrilateral outlined by the
top, bottom, left, and right margins of each character (Ma
et al., 2013). Because all subjects could write at least seven
characters in each ‘write’ block (40s), we used sizes from the
first seven characters in each block for behavioural data ana-
lysis. Consistent micrographia in each patient was defined by
the mean size of the characters that was below the mean —2 SD
(standard deviation) of the controls (Kim et al., 2005). We
applied regression analysis to quantify progressive microgra-
phia (Kim ez al., 2005; Ling et al., 2012). The mean character
sizes across the writing blocks were plotted from the first to
the seventh and the b value (slope) of the regression line was
obtained in each functional MRI session in each subject
(Fig. 1). Progressive micrographia was defined by a b-value
below the mean —2 SD of the controls (Kim et al., 2005).
This b-value was termed Mb and was used to evaluate the
severity of progressive micrographia in the current study. For
the progressive micrographia group, the size of the first char-
acter in each ‘write’ block was compared to that in the con-
trols to evaluate whether there was consistent micrographia in
the patients, as the mean size of the characters across the
‘write’ block was contaminated with the sequence effect.

We used two repeated-measures ANOVA to evaluate behav-
ioural performances. The first ANOVA model contained two
groups (controls and consistent micrographia group) and two
conditions (free writing and attention on size). The values of
the mean size of the characters in each subject and each con-
dition were entered into this model. The second ANOVA
model contained two groups (controls and progressive
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Figure | Character size in each group. Mean character size (from the first to the seventh character) in the control subjects (A), Parkinson’s
disease patients with consistent micrographia (B), and Parkinson’s disease patients with progressive micrographia (C) in each writing condition
during functional MRI scanning. Values are shown as mean and SD. Black line = the free writing condition; green line = the attention on size
condition; blue line = the attention on consistency condition; red line = the free writing ON condition.
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micrographia group) and two conditions (free writing and at-
tention on consistency). The Mb values were entered into this
model. The main effect of group and condition on writing size
or consistency, and the group—condition interaction were cal-
culated. Post hoc t-tests of between conditions or groups were
investigated using polynominal contrasts and Tukey test. Then,
two-sample #-tests were used to compare the character sizes
before and after levodopa administration in the consistent
micrographia group, as well as compare the Mb values
before and after levodopa administration in the progressive
micrographia group.

The speed of writing was calculated as total strokes in each
session divided by 240s (40 s/block x six blocks of writing).
Similar analysis as that described above was used to explore
the effects of groups and conditions on writing speed. The
slope of change in speed of handwriting across the functional
MRI scanning sessions was used to assess whether there was a
progressive slowing of movement or ‘fatigue’ (regression ana-
lysis; Ling et al., 2012). A correlation analysis between the
Fatigue Severity Scale and Mb values in the free writing con-
dition was performed to evaluate whether progressive micro-
graphia was related to fatigue. In addition, pen pressure on the
tablet was recorded to measure the force of handwriting
during functional MRI scanning in each group. All statistical
analyses were performed with SPSS 17.0 software.

Imaging data analysis

Data preprocessing

Image analysis was performed with SPM8 software (Wellcome
Institute of Cognitive Neurology, London, UK). Functional
MRI data were slice-time corrected and aligned to the first
image of each run for motion correction. Functional images
were co-registered to high-resolution anatomical images. After
spatial normalization, all images were resampled into voxels
that were 3 x 3 x 3mm in size, and smoothed with a 6-mm
Gaussian smoothing kernel. Each participant’s movement par-
ameters were examined. As described previously, seven pa-
tients had excessive head motion (>1.5mm maximum
translation in x, y or z, or 1.5° of maximum angular rotation
about each axis), and their datasets were discarded. Root
mean squared movement of translation and rotation param-
eters (Power et al., 2012) was used to evaluate head motion.
There was no significant difference in head motion among the
groups in the remaining subjects (ANOVA, P > 0.05;
Supplementary Table 2).

Brain activity analysis

Data were first analysed for each single participant separately
on a voxel-by-voxel basis using the general linear model ap-
proach for the time series. We defined a model using a fixed
effect boxcar design convolved with a haemodynamic response
function for analysis of task-dependent activation. We added
the head motion parameters as regressors to optimally control
for the motion effects. A contrast representing the effect of the
‘write’ condition compared with the ‘rest’ condition was cal-
culated in each participant. These contrast images were used in
the second level for random-effects analyses.

At the second level, first, a one-sample #-test model was used
to identify the brain activity in each condition in each group.

T. Wu et dl.

Then, three repeated-measures ANOVAs were used to deter-
mine the interaction between group and experimental condi-
tions. The first ANOVA contained groups of control and
consistent micrographia and conditions of free writing and
attention on size. The second ANOVA had groups of control
and progressive micrographia and conditions of free writing
and attention on consistency. The third ANOVA contained
groups of patients with consistent micrographia, and those
with progressive micrographia and conditions of free writing
and free writing ON. The contrast images from the first level
analysis were modelled using a flexible factorial design for
each ANOVA analysis. Post hoc tests were performed to ex-
plore the differences between conditions or groups.

In the free writing condition, regression analysis between
brain activity and mean character size in the consistent micro-
graphia group, and between brain activity and Mb values in
the progressive micrographia group was performed to find out
brain activations specifically relating to the severity of consist-
ent or progressive micrographia. In addition, the differences of
the character sizes between the free writing and attention on
size, and between the free writing and free writing ON condi-
tions in the consistent micrographia group (Asize); as well as
the differences of Mb values between the free writing and at-
tention on consistency, and between the free writing and free
writing ON conditions in the progressive micrographia group
(AMb) were calculated in each patient. In the consistent micro-
graphia group, regression analysis between brain activity in the
attention on size condition or in the free writing ON condition
and corresponding Asize values was measured to find out
brain activations specifically relating to the improvement of
consistent micrographia. In the progressive micrographia
group, regression analysis between brain activity and AMb
values in the attention on consistency condition was performed
to find out brain activations specifically relating to the im-
provement of progressive micrographia.

Functional connectivity analysis

We additionally investigated the functional connectivity of
neural networks relating to micrographia. Because focal
damage in the putamen can result in micrographia (Lewitt,
1983; Pullicino et al., 1994; Troyer et al., 2004), and the pu-
tamen is the most severely affected region in Parkinson’s dis-
ease (Brooks et al., 1990), we chose the putamen as a region of
interest to assess micrographia-related network changes. As all
patients were more affected in the right side, and all subjects
wrote with their right hands, we focused on the left putamen
in this study. The putamen is divided into anterior and pos-
terior portions by the anterior commissure. As the anterior and
posterior putamen have different functions and are differently
affected in Parkinson’s disease (see ‘Discussion’ section), the
left posterior and anterior putamen were chosen as two separ-
ate regions of interest. According to our brain activity results,
we chose five more regions that may relate with micrographia
as regions of interest, including the left rostral and caudal
supplementary motor area (pre-SMA and caudal SMA, re-
spectively), left premotor cortex (PMC), right rostral cingulate
motor area (rCMA), and right cerebellum (anterior lobe,
culmen). Among these regions of interest, the pre-SMA
(Nachev et al., 2008) and cerebellum (D’Angelo, 2011) are
important in controlling sequential movements; while volume
reduction of the rCMA has been related to the sequence effect
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(Lee et al., 2014). We supposed that connectivity changes in
these areas may be associated with progressive micrographia.

These seven regions of interest were centred at the voxels
showing the maximum magnitude of activation within each
area. The radius for the pre-SMA, caudal SMA, PMC,
rCMA, and cerebellum was 5mm, whereas the radius for
the anterior and posterior putamen was 3mm to avoid the
regions of interest extending to the adjacent regions (e.g.
globus pallidus; Wu et al,, 2011). A seed reference time
course was obtained within each region of interest.
Correlation analysis was carried out between the seed refer-
ence and the whole brain in a voxel-wise manner in each
region of interest. The nuisance covariates of head motion
parameters, white matter signal, and CSF signal were re-
gressed out. The individual results were entered into a
random effect one-sample i-test to determine brain regions
showing significant connectivity with each region of interest
within each group in each condition.

Similar to the brain activity analysis, we used three
ANOVAs with a flexible factorial design to measure the inter-
action of network connectivity between group and experi-
mental conditions in each region of interest. Post hoc t-tests
were performed to explore the differences of network con-
nectivity between conditions or groups in each region of inter-
est. In the free writing condition, regression analysis between
network connectivity in each region of interest and mean
character sizes in the consistent micrographia group, and be-
tween network connectivity in each region of interest and Mb
values in the progressive micrographia group was performed
to find out brain networks specifically relating to the severity
of consistent or progressive micrographia. In the consistent
micrographia group, regression analysis between network
connectivity in each region of interest in the attention on
size condition or in the free writing ON condition and cor-
responding Asize values was measured to find out brain net-
works specifically relating to the improvement of consistent
micrographia. In the progressive micrographia group, regres-
sion analysis between network connectivity in each region of
interest and AMb values in the attention on consistency con-
dition was performed to find out brain networks specifically
relating to the improvement of progressive micrographia. A
family-wise error-corrected threshold of P < 0.05 was used
for all brain activity and connectivity analysis. Extent thresh-
old was 10 voxels.

Results

Task performance

The results of task performance in each condition in each
group are shown in Table 2. In the consistent microgra-
phia group, the mean size of the characters was less than
the mean —2 SD of the controls (0.636 cm?); whereas the
Mb value was higher than the mean Mb -2 SD of the
controls (—0.023) in the free writing condition in each
patient. In the progressive micrographia group, the Mb
value was below the mean Mb -2 SD of the controls;
whereas the mean size of the first character was larger
than the mean —2 SD of the controls (0.627 cm?) in the

Table 2 Task performance during functional MRI scanning
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Progress|

Consistent micrographia

Control
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Free wr
ON

Attention on
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Free wr

iting

Free wr
ON

Attention

iting

Free wr

Attention on

Attention

Free writing

consistency

on size
0.842 + 0.106°

consistency

on size

0.661 £+ 0.139
0.837 £ 0.091
—0.058 +£0.014

0.773 £ 0.093°
0.818 + 0.102
—0.020 +0.010°

0.636 £+ 0.153*
0.821 + 0.089
—0.061 +0.012*

0.740 + 0.076°

0.978 £0.135 0.908 + 0.132 0.558 + 0.086"

0.892 £ 0.128

Mean size of the characters (cm?)
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0.770 + 0.054°
—0.009 £0.013

0.829 + 0.086°
0.002 = 0.009

0.579 + 0.060%
—0.007 £ 0.009

Mean size of the first character (cm?) 0.885 +£0.129 0971 +0.148 0.903 +0.111

Mb value

-0.001 +£0.011 0.001 +0.012

0.003 £ 0.013
0.946 + 0.030

0.929 + 0.044 0.932 + 0.032 0.940 + 0.022

0.938 £+ 0.025

0.942 +0.028 0.938 + 0.038

0.946 + 0.030 0.946 + 0.030

Speed (stroke/s)

PSignificant difference between attention and free writing condition within each group of patients (repeated-measures ANOVA, post hoc t-test, P < 0.0001).
“Significant difference between free writing ON and free writing condition within each group of patients (two-sample t-tests, P < 0.0001).

?Significant difference between patients and controls (repeated-measures ANOVA, post hoc t-test, P < 0.0001).

Values are (mean =+ SD).
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free writing condition in each patient. Thus, all patients in
the consistent micrographia group had a significant consist-
ent micrographia, but without a clear progressive microgra-
phia; while patients in the progressive micrographia group
had a significant progressive micrographia, but without a
consistent micrographia (Fig. 1).

The first repeated-measures ANOVA showed that the
interaction between group (control and consistent micro-
graphia group) and condition (free writing and attention
on size) was statistically significant (P < 0.0001).
Post hoc t-tests revealed significant differences of character
sizes between the control and consistent micrographia
group with the free writing condition, and between the at-
tention on size and free writing conditions in the consistent
micrographia group (P < 0.0001). The second repeated-
measures ANOVA showed that the interaction between
group (control and progressive micrographia group) and
condition (free writing and attention on consistency) was
statistically significant (P < 0.0001). The Mb values be-
tween the control and progressive micrographia group in
the free writing condition, and between the attention on
consistency and free writing condition in the progressive
micrographia group were significantly different (post hoc
t-test, P < 0.0001). Character size was significantly differ-
ent between the free writing and free writing ON condition
in the consistent micrographia group (two-sample #-test,
P < 0.0001). In contrast, dopamine administration did
not induce a significant difference of Mb values between
the free writing ON and free writing condition in the pro-
gressive micrographia group (two-sample #-test, P = 0.451;
Fig. 1 and Table 2).

There was no significant effect of group or experimental
condition on writing speed (repeated-measures ANOVA,
P > 0.05). In addition, we found no significant change of
speed during the writing process in each condition in each
group, all slopes of writing speed across functional MRI
session were within & 0.012 (regression analysis), which
demonstrated that there was no progressive slowing of
movement or ‘fatigue’ in our subjects. Additionally, there
was no significant correlation between the Fatigue Severity
Scale and Mb values at the free writing condition
(r=—0.27). The average pen pressure in the control, con-
sistent micrographia, and progressive micrographia groups
was 121.28 +16.28, 113.61 + 17.06, and 111.72 4+ 18.04
pascals, respectively. There was no significant difference in
force of writing among the groups.

Brain activation

In all groups, free writing was associated with activations
in the left primary motor area, left pre-SMA and caudal
SMA, right rCMA, bilateral PMC, left ventral PMC, right
superior parietal lobule (SPL), bilateral inferior parietal
lobule (IPL), left putamen, left thalamus, left fusiform
gyrus and Dbilateral cerebellum (one-sample  #-test,
P < 0.05, FWE corrected; Supplementary Fig. 2). There
was a significant interaction between group (control and
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consistent micrographia) and condition (free writing and
attention on size) in the left anterior and posterior puta-
men, left thalamus, left pre-SMA, left caudal SMA, bilateral
PMC, left ventral PMC, left dorsolateral prefrontal cortex
(DLPFC), left IPL, right SPL, and bilateral cerebellum (re-
peated-measures ANOVA, P < 0.05, FWE corrected;
Supplementary Table 3). There was a significant interaction
between group (control and progressive micrographia) and
condition (free writing and attention on consistency) in the
left anterior and posterior putamen, left pre-SMA, bilateral
PMC, left ventral PMC, left DLPFC, right rCMA, right
SPL, and bilateral cerebellum (repeated-measures
ANOVA, P < 0.05, FWE corrected; Supplementary Table
4). In addition, there was a significant interaction between
group (consistent micrographia and progressive microgra-
phia) and condition (free writing and free writing ON) in
the left posterior putamen, left thalamus, left pre-SMA, left
caudal SMA, right rCMA, left IPL and bilateral cerebellum
(repeated-measures ANOVA, P < 0.05, FWE corrected).

In the free writing condition, patients with consistent
micrographia had less activity in the left posterior putamen,
left pre-SMA, left caudal SMA, and left thalamus, but had
more activity in the bilateral PMC, left ventral PMC, left
IPL, right SPL and bilateral cerebellum; while progressive
micrographia patients had less activity in the left posterior
putamen, left pre-SMA, and right rCMA, but had more
activity in the bilateral PMC, left ventral PMC, right SPL
and bilateral cerebellum compared with controls. In add-
ition, consistent micrographia patients had more activity in
the left pre-SMA and right rCMA, but had less activity in
the right cerebellum, left caudal SMA and left thalamus
compared to patients with progressive micrographia (post
hoc t-test, P < 0.05, FWE corrected; Fig. 2).

Focus of attention on size enhanced activity in the left
caudal SMA, left DLPFC, right SPL, and left PMC in
healthy controls; but increased the activity in the left anter-
ior putamen, bilateral PMC, right SPL and left DLPFC in
the consistent micrographia group compared to the free
writing condition. Focus of attention on consistency
enhanced activity in the left pre-SMA, right rCMA, and
left DLPFC in controls; but increased activity in the left
anterior putamen, bilateral PMC, left DLPFC and right
cerebellum in the progressive micrographia group com-
pared to the free writing condition (post hoc t-test,
P < 0.05, FWE corrected; Fig. 3).

Compared to the free writing condition, free writing ON
condition increased activity in the left posterior putamen,
left thalamus, left pre-SMA, and left caudal SMA, but
decreased activity in the bilateral cerebellum and left IPL
in the consistent micrographia group; and increased activity
in the left posterior putamen and left pre-SMA, but
decreased activity in the bilateral cerebellum in the progres-
sive micrographia group (post hoc t-test, P < 0.05, FWE
corrected; Fig. 4). In addition, we checked the difference
of dopaminergic effects between the consistent microgra-
phia and progressive micrographia groups. We found that
patients with consistent micrographia had more increased
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Figure 2 Differences of brain activation between the groups. Differences of brain activation between Parkinson’s disease patients with
consistent micrographia and controls (A), between Parkinson’s disease patients with progressive micrographia and controls (B), and between
Parkinson’s disease patients with consistent micrographia and patients with progressive micrographia (C) in performing free writing task (post hoc
t-test, P < 0.05, FWE corrected). Red and blue colours indicate increased and decreased activation in controls compared to patients, or in

patients with consistent micrographia compared to patients with progressive micrographia, respectively. T-value bars are shown on the right.
L = left; R = right; CB = cerebellum; PPu = posterior putamen; pre-SMA = rostral supplementary motor area; SMA = caudal supplementary motor

area; Th = thalamus; vPMC = ventral premotor cortex.

activity in the left thalamus and left caudal SMA compared
to patients with progressive micrographia; whereas patients
with progressive micrographia had more decreased activity
in the right cerebellum and more increased activity in the
left pre-SMA compared to patients with consistent micro-
graphia with administration of levodopa (post hoc t-test,
P < 0.05, FWE corrected).

In the consistent micrographia group, the activity in the
left posterior putamen, left thalamus, and left caudal SMA
had positive correlations with mean size of the characters in
the free writing condition, as well as had positive correl-
ations with the Asize of the characters in the free writing
ON condition. Additionally, the activity in the left PMC
and left anterior putamen had positive correlations with the
Asize of the characters in the attention on size condition. In
the progressive micrographia group, the activity in the left
posterior putamen, left pre-SMA and right rCMA had posi-
tive correlations, while the activation in the right cerebel-
lum had a negative correlation with the Mb values in the
free writing condition. The activity in the right cerebellum

and left anterior putamen had positive correlations with the
AMBDb values in the attention on consistency condition (re-
gression analysis, P < 0.05, FWE corrected; Supplementary
Table 5).

Functional connectivity

As we were focused on micrographia-related network
changes and the effects of attention and levodopa treatment
on these networks, we only present the details of between
condition or group differences and regression analysis here.
In the free writing condition, all patients showed decreased
connectivity between the left posterior putamen and several
cortical and subcortical regions compared to controls. In
the progressive micrographia group, the connectivity
among the left pre-SMA, right rCMA and right cerebellum
was also decreased compared with controls. Additionally,
patients had some increased connections compared to con-
trols (repeated-measures ANOVA and post hoc t-test,
P < 0.05, FWE corrected; Supplementary Tables 6 and
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Figure 3 The effects of attention on writing related brain activity. (A) Enhanced brain activations in the attention on size condition
compared to the free writing condition in controls. (B) Enhanced brain activations in the attention on consistency condition compared to the free
writing condition in controls. (C) Increased brain activations in the attention on size condition compared to the free writing condition in
Parkinson’s disease patients with consistent micrographia. (D) Increased brain activations in the attention on consistency condition compared to
the free writing condition in patients with Parkinson’s disease with progressive micrographia. L = left; R = right; APu = anterior putamen;

CB = cerebellum; pre-SMA = rostral supplementary motor area; SMA = caudal supplementary motor area.

7). The comparison between the consistent micrographia
and progressive micrographia groups showed different pat-
terns of connectivity (post hoc t-test, P < 0.05, FWE cor-
rected; Supplementary Table 8).

In healthy controls, focus of attention on size enhanced
connectivity between the left caudal SMA and left PMC,
left DLPFC and left caudal SMA, and between the left
DLPFC and left PMC; while focus of attention on consist-
ency increased the connectivity among the left pre-SMA,
right rCMA, right cerebellum and left DLPFC compared
to the free writing condition. In the consistent micrographia
group, focus of attention on size increased connectivity be-
tween the left anterior putamen and left PMC, left anterior

putamen and left caudal SMA, left PMC and left DLPFC,
and between the left PMC and right SPL. In the progressive
micrographia group, focus of attention on consistency
strengthened connectivity between the left anterior putamen
and left pre-SMA, left anterior putamen and right rCMA,
right rCMA and right cerebellum, and between the left
DLPFC and right cerebellum (post hoc t-test, P < 0.05,
FWE corrected; Fig. 5). Administration of levodopa
increased connectivity between the left posterior putamen
and several cortical and subcortical regions in all patients.
Additionally, some connections were weakened compared
to the levodopa OFF condition, like between the left anter-
ior putamen and left PMC/caudal SMA in the consistent
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Figure 4 The effects of levodopa administration on brain activations. The effects of levodopa administration on brain activations in
Parkinson’s disease patients with consistent (A) and progressive micrographia (B). Post hoc t-test, P < 0.05, FWE corrected. Red and blue colours
indicate increased and decreased activation in the free writing ON condition compared to the free writing condition, respectively. T-value bars are
shown on the right. L = left; R = right; CB = cerebellum; PPu = posterior putamen; pre-SMA = rostral supplementary motor area; SMA = caudal

supplementary motor area; Th = thalamus.

micrographia group, and between the left anterior putamen
and pre-SMA/rCMA in the progressive micrographia group
(post hoc t-test, P < 0.05, FWE corrected; Fig. 6). The re-
sults of the regression analysis on network connectivity are
shown in Supplementary Table 9.

Discussion

The most important finding is that consistent micrographia
and progressive micrographia are associated with different
neural mechanisms. Dysfunction of the basal ganglia motor
circuit appears to contribute to consistent micrographia,
whereas dysfunction of the basal ganglia motor circuit
plus disconnections among the pre-SMA, rCMA and cere-
bellum is likely involved in progressive micrographia.
Attention recruited additional brain circuits to improve
both consistent and progressive micrographia, while dopa-
mine benefited only consistent micrographia by restoring
the function of basal ganglia motor circuit.

All our subjects had considerable practice before func-
tional MRI scanning. The writing tasks were overlearned,
all subjects could perform the tasks correctly and at
required speed and force. In addition, we found no clear
fatigue in our patients. Thus, writing speed, force, fatigue,
and motor learning should have no significant effect on our
imaging results.

Consistent micrographia-related
neural modulations

Parkinson’s disease patients and healthy controls activated
similar brain regions during handwriting (Supplementary
Fig. 2). This pattern of handwriting-related brain activity
is largely consistent with previous reports (Matsuo et al.,
2000; Katanoda et al., 2001; Sugihara et al., 2006; Roux
et al., 2009; Horovitz et al., 2013; Planton et al., 2013).
Patients with consistent micrographia had modulated activ-
ity and connectivity in several regions compared to controls
during free writing (Fig. 2 and Supplementary Table 6).
Among these regions, the activity and connectivity of the
left posterior putamen, left thalamus and left caudal
SMA had significantly positive correlation with the charac-
ter sizes. All these areas are involved in the cortico-basal
ganglia-thalamo-cortical motor circuit. The dysfunction of
this circuit is linked to many motor difficulties in
Parkinson’s disease, like akinesia and bradykinesia
(DeLong and Wichmann, 2007). Our findings indicate
that the disrupted basal ganglia motor circuit is involved
in consistent micrographia (Gangadhar et al., 2008). As the
dysfunction of basal ganglia motor circuit progresses, the
global reduction of handwriting size becomes more severe.

Clinical studies have shown that focal damage in the
putamen or thalamus can result in micrographia (Lewitt,
1983; Pullicino et al., 1994; Kim et al., 1998; Troyer et al.,
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Figure 5 The effects of attention on writing related network. (A) Enhanced network connectivity in the attention on size condition
compared to the free writing condition in controls. (B) Enhanced network connectivity in the attention on consistency condition compared to the
free writing condition in controls. (C) Increased network connectivity in the attention on size condition compared to the free writing condition in
Parkinson’s disease patients with consistent micrographia. (D) Increased network connectivity in the attention on consistency condition com-
pared to the free writing condition in Parkinson’s disease patients with progressive micrographia. L = left; R = right; APu = anterior putamen;
CB = cerebellum; pre-SMA = rostral supplementary motor area; SMA = caudal supplementary motor area.

2004; Sakurai et al., 2011). (Studies on primates or human
subjects suggest that putamen and internal globus pallidus
are involved in controlling the amplitude of movement
(DeLong et al., 1984; Turner et al, 1998, 2003;
Desmurget et al., 2004; Spraker et al., 2007). In addition,
it has been postulated that movement amplitude is regu-
lated by phasic signals from the basal ganglia to the
SMA (Alexander and Crutcher, 1990). Applying 5 Hz repe-
titive transcranial magnetic stimulation over the caudal
SMA could increase the global size of handwriting in
patients with Parkinson’s disease (Randhawa et al.,
2013). "These reports provide support regarding the invol-
vement of the basal ganglia motor circuit in consistent
micrographia.

Besides these areas, the connectivity between the left pos-
terior putamen and left PMC had a significantly positive
correlation with the character sizes. The part of the PMC
that had decreased connectivity with the putamen in the
current study was located in the posterior part of the
middle frontal gyrus, which is considered as a ‘writing
centre’, an area specifically involved in writing, and is
usually referred to as Exner’s area (Roux et al., 2009,
20105 Planton et al., 2013). The role of this area in writing

is suggested as an interface between orthographic or gra-
phemic abstract representations and the generation of
motor commands (Roux et al., 2009). The disconnection
between the putamen and this ‘writing centre’ may be a
reason contributing to the writing difficulties in
Parkinson’s disease.

At the same time, the activation in the left PMC and the
connectivity between the left anterior putamen and left
PMC was increased in the consistent micrographia group
compared to controls, and this activation and connectivity
were negatively correlated with the character sizes. This
indicates that as consistent micrographia becomes more
severe, this activation and connectivity are more enhanced,
possibly as a compensation for the basal ganglia dysfunc-
tion (Rascol et al., 1997; Catalan et al., 1999; Wu and
Hallett, 2005; Wu ez al., 2010, 2011).

Progressive micrographia-related
neural modulations
Although patients with progressive micrographia and those

with consistent micrographia activated the same neural net-
work during handwriting, these two groups had different

910z ‘2T Afenuer uo 1s89nb Aq /B10'sfeulnopiofxo utelq//:-dny woly papeojumoq


http://brain.oxfordjournals.org/
Administrator
高亮


Micrographia in Parkinson’s disease

BRAIN 2016: 139; 144-160 | 155

L pre-SMA

Figure 6 The effects of levodopa administration on writing related network. The effects of levodopa administration on writing related
network connectivity in Parkinson’s disease patients with consistent (A) and progressive micrographia (B). Post hoc t-test, P < 0.05, FWE

corrected. Red and green colours indicate increased and decreased connectivity in the free writing ON condition compared to the free writing
condition, respectively. T-values of these connections are shown on each connection. Blue dashed line indicates disconnection among cerebellum,
pre-SMA and rCMA. L = left; R = right; APu = anterior putamen; CB = cerebellum; PPu = posterior putamen; pre-SMA = rostral supplementary

motor area; SMA = caudal supplementary motor area; Th = thalamus.

activity in several brain regions (Fig. 2). This finding demon-
strates that the neural mechanism in progressive microgra-
phia is different from that in consistent micrographia. The
activity in the left posterior putamen, left pre-SMA and right
rCMA, and the connectivity among these regions was posi-
tively correlated with the Mb values, which indicates that the
dysfunction of basal ganglia motor circuit may contribute to
the genesis of progressive micrographia in Parkinson’s dis-
ease. A previous report has shown that a patient with focal
ischaemic lesion of the left striatum developed right hand
progressive micrographia (Barbarulo et al., 2007). It has
been suggested that the basal ganglia play important roles
in matching and maintaining the amplitude of a cortically
selected movement plan, and in running each component of
the plan in a timely manner (lansek et al., 2006).

The pre-SMA is known to be critical in learning, plan-
ning and initiation of a motor sequence (Nachev et al.,

2008). Dysfunction of the pre-SMA may induce difficulty
in generation and encoding motor representations in sus-
tained activity prior to movement, and maintaining these
representations in readiness for each action in a motor
sequence (Cunnington et al., 2005). The rCMA connects
with the pre-SMA, SMA, PMC, prefrontal areas, cerebel-
lum and striatum (Takada et al., 2001; Beckmann et al.,
2009; Hoffstaedter et al., 2014), and involves both motor
and cognitive functions (Picard and Strick, 2001;
Hoffstaedter et al., 2014). The functions that are tradition-
ally attributed to the pre-SMA, such as programming and
execution of movement sequences, actually may also
involve the rCMA (Picard and Strick, 1997, 2001).
Dysfunction of the rCMA may result in the difficulty in
intentional movement initiation, outcome monitoring, and
selection of action. A recent study (Lee et al., 2014) found
that the degree of volume reduction of the anterior
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cingulate cortex, corresponding to the rCMA (Immisch
et al., 2001), is correlated with the severity of the sequence
effect in patients with Parkinson’s disease.

In addition to these modulations, the connectivity
between the right cerebellum and pre-SMA/rCMA was
decreased, possibly as a consequence of the dysfunction
of pre-SMA/rCMA. These connections were positively cor-
related with the Mb values; which indicates that as progres-
sive micrographia progresses, the disconnection of these
regions becomes more significant. The cerebellum is
involved in timing, detecting, generating, and in controlling
the order and precise execution of motor sequences (Ivry
and Keele, 1989; Leggio et al., 2008; D’Angelo, 2011). It
may contain high-level cognitive function processing con-
trolling the correctness of internal brain predictions
(D’Angelo, 2011). The disconnection of the cerebellum
and pre-SMA/rCMA pathway might impair the controlling
of motor sequences. Our findings suggest that progressive
micrographia is associated with the interaction of dysfunc-
tion of basal ganglia motor circuit and disconnection of the
pre-SMA, rCMA and cerebellum.

We also found decreased connectivity between the poster-
ior putamen and cerebellum in patients with progressive
micrographia compared to controls (Supplementary Table
7). As the cerebellum receives a disynaptic projection from
the basal ganglia (Bostan et al., 2010), this decreased con-
nectivity is likely a reflection of the abnormal basal ganglia
outflow to the cerebellum. Because this connectivity did not
correlate with the severity of progressive micrographia, and
normalization of this connectivity with levodopa (Fig. 6)
did not improve progressive micrographia, we cannot
prove that the disconnection of basal ganglia-cerebellar
pathway is critical in the genesis of progressive microgra-
phia. However, the abnormal outflow from the basal gang-
lia should disturb the function of cerebellum, which in turn
might contribute to disconnection of the pre-SMA, rCMA
and cerebellum.

In contrast to the weakened connections of the cerebel-
lum, the activation in the cerebellum was enhanced in
progressive micrographia patients compared to controls
(Fig. 2). Additionally, the activity in the cerebellum was
negatively correlated with the Mb values, which indicates
that as progressive micrographia progresses, the activity in
the cerebellum becomes stronger. The nature of the hyper-
activation in the cerebellum in Parkinson’s disease remains
unclear. One common explanation is that this phenomenon
presents a functional compensation for the defective basal
ganglia (Rascol ef al., 1997; Catalan et al., 1999; Wu and
Hallett, 2005, 2013; Yu et al., 2007). Presumably, this
compensatory effort was not strong enough to overcome
the dysfunction of the pre-SMA/rfCMA; the disconnection
between the cerebellum and pre-SMA/rfCMA was still sig-
nificant. However, it is also possible that the increased
activity in the cerebellum reflects a primary pathophysiolo-
gical change of Parkinson’s disease, as a consequence of the
inability to inhibit contextually inappropriate circuits sec-
ondary to abnormal basal ganglia outflow (Mink, 1996;
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Grafton et al., 2006; Wu and Hallett, 2013). Then, hyper-
activation in the cerebellum might be associated with the
genesis of progressive micrographia instead of being
compensatory.

Progressive micrographia is a manifestation of the
sequence effect. The pathophysiological mechanisms under-
lying sequence effect have been unclear. It is controversial
whether the sequence effect relates to fatigue (Agostino
et al., 1992; Kang et al., 2010). Our patients did not
show progressive slowing of movement or ‘fatigue’ during
functional MRI scanning. Additionally, there was no sig-
nificant correlation between the Fatigue Severity Scale and
the severity of progressive micrographia. Thus, our findings
suggest that the sequence effect is not related to fatigue
(Kang et al., 2010). Another reason speculated to contri-
bute to the sequence effect is dopaminergic deficit (Agostino
et al., 1992). A recent study showed that the sequence
effect is related to the reduced dopaminergic function of
the caudate nucleus (Lee et al., 2014). However, as levo-
dopa has no significant impact on the sequence effect
(Iansek et al., 2006), neural networks outside the basal
ganglia should be involved in the genesis of the sequence
effect. Our findings that both dysfunction of basal ganglia
motor circuit and disconnected network of pre-SMA,
rCMA and cerebellum are associated with progressive
micrographia provide new insights into neural correlates
of the sequence effect. Whether the sequence effect in
other motor deficits (e.g. parkinsonian gait) shares similar
neural mechanisms needs further investigation.

Why attention improves
micrographia

Attention significantly improved both consistent microgra-
phia and progressive micrographia (Table 2), which is con-
sistent with previous reports that external cues or attention
could improve handwriting in Parkinson’s disease (Oliveira
et al., 1997; Swinnen et al., 2000; Nieuwboer et al., 2009;
Bryant et al., 2010; Ringenbach et al., 2011). In both con-
trols and patients, attention to writing commonly enhanced
activity in the DLPFC compared to the free writing condi-
tion (Fig. 3). The DLPFEC is critical in attentional networks
(Deiber et al., 1991; Owen et al., 1996; Jueptner et al.,
1997). Greater activation of the DLPFC when attending
to learned movements has been reported (Jueptner et al.,
1997; Rowe et al., 2002; Wu et al., 2015).

Attention increased activation in the caudal SMA or pre-
SMA in healthy subjects, but not in patients with
Parkinson’s disease. This may be a consequence of the dys-
function of basal ganglia motor circuit. In healthy controls,
the enhanced activity and connectivity was restricted to the
cortical areas and cerebellum. In contrast, attention was
accompanied by increased activity in the left anterior puta-
men in both consistent micrographia and progressive
micrographia patients (Fig. 3). In addition, patients with
consistent micrographia had increased connectivity between

910z ‘2T Afenuer uo 1s89nb Aq /B10'sfeulnopiofxo utelq//:-dny woly papeojumoq


http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awv319/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awv319/-/DC1
http://brain.oxfordjournals.org/

Micrographia in Parkinson’s disease

the anterior putamen and PMC/caudal SMA, whereas
patients with progressive micrographia had strengthened
connectivity between the anterior putamen and pre-SMA/
rCMA (Fig. 5). Moreover, these connections were posi-
tively correlated with the improvement of micrographia.
These findings demonstrate that attentional strategies
recruit the anterior putamen-cortical motor circuit to
improve handwriting in patients with Parkinson’s disease.

Handwriting is a well-habituated, coordinated motor skill
which has been exercised for many years. Although writing
can be considered a visually controlled motor task, it also
consists of highly automatically performed features, includ-
ing writing size and consistency (Longstaff and Heath,
1997; Blank et al., 1999; Nackaerts et al., 2013). A
recent study evaluated the effect of a secondary cognitive
task on the performance of handwriting in patients with
Parkinson’s disease (Broeder et al., 2014), and showed
that dual-tasking significantly reduced writing amplitude
in patients, but not in healthy controls. It has been sug-
gested that one reason underlying the difficulty in perform-
ing dual motor and cognitive tasks in Parkinson’s disease
patients is the less automaticity in performing the motor
task (Wu and Hallett, 2008). Thus, impaired motor auto-
maticity is likely a reason contributing to micrographia in
Parkinson’s disease.

The posterior putamen is a sensorimotor area, which
appears critical for support in acquiring and running auto-
matic programs (Miyachi et al., 1997, 2002; Lehericy et al.,
2005; Yin et al., 2005; Yin and Knowlton, 2006).
Impairment of the sensorimotor putamen relates to the dif-
ficulty in advancing learned motor skills to the automatic
stage, as well as in performing previously acquired auto-
mated movements (Wu and Hallett, 2005; Wu et al., 2010,
2015). In Parkinson’s disease, the dopamine neurons are
heavily degenerated in the posterior putamen, but are rela-
tively spared in the anterior putamen (Kish et al., 1988;
Nurmi et al., 2001). Loss of dopaminergic neurons can
trigger  collateral ~ sprouting of  residual neurons
(Finkelstein et al., 2000; Song and Haber, 2000), and
thus spared dopaminergic fibres in the anterior putamen
may compensate for severe dopamine depletion in the pos-
terior putamen (Mounayar et al., 2007) helping to execute
desired movements.

The anterior putamen is considered an association area,
which is more involved in acquisition of new motor skills
and in regulating attentionally controlled behaviours
(Miyachi et al., 1997, 2002; Lehericy et al., 2005; Yin
et al., 2005; Yin and Knowlton, 2006). It is possible that
patients need more involvement of the associative striatum
with attentional control of handwriting. In addition, atten-
tion recruited the DLPFC in patients. Anatomical studies
have demonstrated the connection between the associative
striatum and prefrontal cortex (Middleton and Strick,
2000). Attention also recruited the right SPL in control
and consistent micrographia group. The SPL is suggested
as a major node of the goal-directed attention network
(Corbetta and Shulman, 2002; Yantis et al., 2002); and
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may be involved in the representation, selection and pro-
duction of letter shapes during writing (Rapp and Dufor,
2011). These findings suggest that using attentional strate-
gies is to allow handwriting to be mediated less by
impaired automatic processes and more by attentional con-
trol processes, in order to improve micrographia (Morris
et al., 1996; Cunnington et al., 1999; Redgrave et al.,
2010; Wu et al., 2015).

In patients with progressive micrographia, attention on
writing consistency additionally increased activity in the
right cerebellum and strengthened the connectivity between
the right cerebellum and right rCMA, which was positively
correlated with the improvement of progressive microgra-
phia. This enhanced activity and connectivity in the cere-
bellum is likely a compensatory effort helping to overcome
the dysfunction of the putamen-pre-SMA/rCMA pathway
to improve progressive micrographia.

Effects of levodopa on micrographia

Administration of levodopa significantly improved writing
size compared to the free writing state in the consistent
micrographia group (Fig. 1 and Table 2). This finding is
consistent with a previous observation (McLennan et al.,
1972). Levodopa increased activity and connectivity of the
posterior putamen-thalamus-caudal SMA pathway (Figs 4
and 6), which was positively correlated with the improve-
ment of writing size. At the same time, the connectivity
between the anterior putamen and PMC/caudal SMA was
decreased (Fig. 6). These findings suggest that levodopa
could relatively restore the function of cortico-basal gang-
lia-thalamo-cortical motor circuit, which in turn improves
the micrographia. Functional restoration within the sensor-
imotor striatum might strengthen the automatic control of
writing size; as a consequence, attentional control becomes
less necessary.

Similar to that in the consistent micrographia group,
administration of levodopa increased activity in the puta-
men and pre-SMA in the progressive micrographia group
(Fig. 4). In contrast, levodopa did not increase the connec-
tions among the pre-SMA, rCMA and cerebellum (Fig. 6).
Therefore, although the posterior putamen-cortical motor
pathway was partially normalized, the disconnection of
the pre-SMA, rCMA and cerebellum was not repaired. As
an apparent consequence, progressive micrographia was
not improved by dopamine (Ling et al., 2012). It has
been demonstrated that there is a highly selective loss of
cortico-cortical projecting pyramidal neurons in the pre-
SMA (MacDonald and Halliday, 2002). Thus, even if the
activation in the pre-SMA was partially normalized, the
influence from the pre-SMA to other regions remained lim-
ited, which might be a reason restricting the repair of dis-
connection of the pre-SMA, rCMA and cerebellum.

A limitation of this study is that we chose patients with
selective consistent micrographia or progressive microgra-
phia. Most patients with micrographia present both consis-

tent and progressive micrographia; thus, neural
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modulations in these patients will need to be investigated in
future studies. Another limitation is the difference of char-
acter size between the controls and patients. However, we
cannot control character size as it is a reflection of neural
mechanisms underlying micrographia. This behavioural dif-
ference may have influence on our results.

Conclusion

Our findings demonstrate that consistent micrographia is
related to dysfunction of the basal ganglia motor circuit;
while a combination of dysfunction of the basal ganglia
motor circuit and disconnection of the pre-SMA, rCMA
and cerebellum is associated with progressive micrographia.
Attention recruits additional brain circuits to bypass
impaired automatic processes to improve micrographia.
Levodopa intervention improves consistent micrographia
by restoring the function of the basal ganglia motor circuit.
In contrast, levodopa does not improve progressive micro-
graphia, and this may be due to its failure to repair the
disconnection of the pre-SMA, rCMA and cerebellum. This
study provides further understanding of both hypokinesia
and the sequence effect in Parkinson’s disease.
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