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Abstract

This study investigated the ability of individuals with Parkinson’s disease (PD) to synthesize
temporal information across the senses, namely audition and vision. Auditory signals (A) are
perceived as lasting longer than visual signals (V) when they are compared together, since
attentsion is captured and sustained more easily than for visual information. We used the
audiovisual illusion to probe for disturbances in brain networks that govern the resolution of time
in two intersensory conditions that putatively differ in their attention demands. PD patients and
controls judged the relative duration of successively presented pairs of unimodal (AA, VV) and
crossmodal (VA, AV) signals whilst undergoing fMRI. There were four main findings. First,
underestimation of time was exaggerated in PD when timing depended on controlled attention
(AV), whereas subtle deficits were found when audition dominated and attention was more easily
sustained (VA). Second, group differences in regional activation were observed only for the Av-
unimodal comparison, where the PD group failed to modulate basal ganglia, anterior insula, and
inferior cerebellum activity in accord with the timing condition. Third, the intersensory timing
conditions were dissociated by patterns of abnormal functional connectivity. When intersensory
timing emphasized controlled attention, patients showed weakened connectivity of the cortico-
thalamus-basal ganglia (CTBG) circuit and the anterior insula with widespread cortical regions,
yet enhanced cerebellar connectivity. When audition dominated intersensory timing, patients
showed enhanced connectivity of CTBG elements, the anterior insula, and the cerebellum with the
caudate tail and frontal cortex. Fourth, abnormal connectivity measures showed excellent
sensitivity and specificity in accurately classifying subjects. The results demonstrate that
intersensory timing deficits in PD were well characterized by context-dependent patterns of
functional connectivity within a presumed core timing system (CTBG) and a ventral attention hub
(anterior insula), and enhanced cerebellar connectivity irrespective of the hypothesized attention
demands of timing.
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1. Introduction

Temporal processing disturbances in Parkinson’s disease (PD) are of keen interest, owing to
the centrality of the striatum and dopamine neurotransmission in explicit timing (Agostino et
al., 2011; Balci et al., 2013; Coull et al., 2012; Lake & Meck, 2013; Matell & Meck, 2004;
Meck, 1996). The clinical relevance of timing deficits in PD is further underscored by the
benefits that external rhythmic-pacing cues confer on movement stability, accuracy, and
fluency (Lee et al., 2012; Majsak et al., 1998; Mcintosh et al., 1997; Nieuwboer et al., 2009;
Spildooren et al., 2012; Vercruysse et al., 2012). However, timing dysfunction is not simply
due to motor symptoms, since it is found when motor output is minimized (Artieda et al.,
1992; Harrington et al., 1998, 2011b; Koch et al., 2004a, b; Malapani et al., 2002; Pastor et
al., 1992; Rammsayer & Classen, 1997; Riesen & Schnider, 2001). Nevertheless, unraveling
the neurocognitive bases of timing deficits in PD has proved challenging, since they could
arise from changes in the presumed core striatal timing-mechanism (Matell & Meck, 2004),
but perhaps also in interacting systems that are selectively engaged depending on the
cognitive and sensorimotor requirements of a behavioral context (Merchant et al., 2013a).
For example, timing-related dysfunction of the cortico-thalamic-basal ganglia (CTBG)
circuit [i.e., striatum, supplementary motor area (SMA)] and the working memory system in
PD patients was largely context-dependent, as was the effect of dopamine therapy on brain
functioning (Harrington et al., 2011b). Though intriguing, the neural mechanisms of time
perception deficits in PD are not well understood, owing to the dearth of functional imaging
studies and the focus on simple forms of timing within the same modality.

The present study sought to address this knowledge gap by investigating the ability of PD
participants to synthesize temporal information across a common pairing of the senses,
namely audition and vision. In naturalistic settings, we routinely combine temporal
information from different senses into a single perceptual experience. This is of relevance to
PD since the striatum is involved in multisensory integration (Nagy et al., 2006) and governs
intersensory timing (Dirnberger et al., 2012; Harrington et al., 2011a). An important feature
of intersensory timing is that its resolution depends on the signal modalities, such that
auditory signals (A) are perceived as lasting longer than visual signals (V) of the same
physical duration when they are compared together. As such, time is dilated when the
duration of an auditory comparison interval is judged relative to a visual standard interval
(\VVA) and compressed when a visual comparison interval is judged relative to an auditory
standard (AV) (Harrington et al., 2011a; Ulrich et al., 2006; Wearden et al., 1998). The
audiovisual ‘illusion’ is related to the dominance of audition over vision in the context of
timing (Chen & Yeh, 2009; Klink et al., 2011; Mayer et al., 2009; Merchant et al., 2008b;
Repp & Penel, 2002). Models such as Scalar Expectancy Theory (SET) (Gibbon et al.,
1984) attribute the illusion to a pacemaker-accumulator system that runs faster for A than V
signals, owing to the shorter interpulse time, and/or an attention switch that permits a faster
accumulation of pulses for auditory signals (Lustig & Meck, 2011; Penney et al., 2000;

Timing Time Percept. Author manuscript; available in PMC 2020 May 19.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Harrington et al.

Page 3

Ulrich et al., 2006; Wearden et al., 1998). Thus, auditory signals appear to capture and
sustain attention more automatically than visual signals (Berry et al., 2014). Audiovisual
timing is normally mediated by thestriatum, and cognitive-control systems(SMA and pre
SMA, middle an dinferior frontal gyrus) exhibit greater activation when time is compressed
(AV) than when it was dilated (VA) (Harrington et al., 2011a). The latter finding is
compatible with the greater attentional demands of timing visual signals, which if not
sustained, leads to a loss in pulses.

The present study used the audiovisual illusion to identify the neural mechanisms of
expected intersensory timing deficits in PD and to determine if they were governed by the
presumed attention demands of timing visual and auditory signals. Healthy controls and PD
patients judged the relative duration of pairs of unimodal (AA, VV) and crossmodal (VA,
AV) signals. Unimodal timing of auditory and visual signals results in more accurate
percepts than multisensory timing (Harrington et al., 2011a; Ulrich et al., 2006), which
activates larger sets of cortical structures that are thought to serve as the clock signal (Matell
& Meck, 2004) and hence, may place greater demands on detection and integration of
cortical oscillatory time-codes by the striatal timing-system. Indeed, we reported stronger
striatal interactions with the cortex for multisensory than unimodal timing, but also stronger
cortico-cortical interactions among networks that support attention and executive-control
(Harrington et al., 2011a). As such, we predicted that timing deficits in PD patients would be
greater in both of the crossmodal conditions relative to the unimodal conditions, largely
owing to problems adjusting striatal activity in accord with the increased demands of
multisensory timing. If cognitive-control disturbances also contribute to impaired
intersensory timing (Harrington et al., 2011b), we predicted that PD patients would show
greater deficits in the AV condition, owing to the hypothesized increased attentional control
required for timing visual signals (Berry et al., 2014; Lustig & Meck, 2011), and that this
result would be associated with abnormal functioning of executive and/or attention
networks. To explore these hypotheses further, we compared the groups to determine if the
effective connectivity of the CTBG circuit and other key timing-related regions was
weakened or strengthened in the PD group for each of the crossmodal conditions in
comparison to unimodal timing. Lastly, cortical and subcortical volumes were assessed to
determine if the functionality of brain systems in PD partly depends on the structural
integrity of grey-matter tissue.

2. Materials and Methods

2.1. Participants

Study participants consisted of 27 patients with a diagnosis of idiopathic PD and 24 healthy
controls. Procedures were approved by the University of California, San Diego (UCSD)
Human Research Protections Program. The study was performed in accordance with ethical
guidelines in the 1964 Declaration of Helsinki. All subjects provided written informed
consent. Subjects were excluded from participation if they had metal in their head,
neurological diagnoses other than PD, psychiatric diagnoses, history of alcohol or substance
abuse, and cognitive impairment as defined by a score of less than 26 on the Mini Mental
Status Exam (MMSE). PD patients met the PD United Kingdom Brain Bank Criteria. The
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groups did not differ in gender composition, years of education, age, or MMSE scores (Table
1). Patients had a PD diagnosis for an average of 5.6 (SD = 4.6) years. Four patients were
taking levodopa/carbidopa monotherapy, two were on rasagiline monotherapy, and 21 were
on levodopa/carbidopa and DA agonists. The mean levodopa equivalence (LED) was 706.10
(SD = 431.06) (Razmy et al., 2004). Motor symptoms were assessed when patients were

‘on’ and ‘off” dopamine therapy using Part I11 of the Unified Parkinson’s Disease Rating
Scale (UPDRS) and the Hoehn and Yahr scale. As expected, symptoms on the UPDRS were
worse off [mean = 33.4 (SD = 11.0)] than on [mean = 25.4 (9.7)] medications [&£g = —6.07, p
<0.001]. On the Hoehn and Yahr scale, 60% of the patients had a stage 2, both on and off
medication; the remaining had a stage 3. To better characterize cognitive functioning of the
PD sample, a battery of neuropsychological tests was administered to PD participants while
on medication and to controls. The groups did not differ on measures of executive
functioning, visual cognition, or memory (Table 1), except for slightly poorer Letter Fluency
performance in the PD group. The night before the fMRI session, PD participants refrained
from taking medication for about 2 half-lives of the longest acting medication (about 14 to
16 h before the scan), so that they underwent fMRI scanning in a “practical’ off state.

2.2. Time Discrimination Task

Participants performed a time perception task similar to that described by Harrington and
colleagues (Harrington et al., 2011a) while undergoing fMRI. The task design is illustrated
in Fig. 1. Subjects attended to the duration of successively presented pairs of auditory (A;
1000 Hz pure tones) and visual (V; blue ellipse) stimuli, and judged whether the second
stimulus (comparison interval; Cl) was shorter or longer than the first stimulus (standard
interval; SI) by respectively pressing a key with the right index or middle finger. Tone
stimuli were delivered binaurally through a headphone that together with earplugs attenuated
background scanner noise by about 40 db. Visual stimuli were viewed through a
NordicNeuroLab goggle system. In the unimodal conditions the SI and CI were the same
modality (AA, VV) and in the crossmodal conditions they were different (AV, VA).
Throughout the experiment, the subject fixated on a white cross at the center of the display.
Prior to trial onset, a warning signal (flashing yellow cross and mixed 700 Hz tone) appeared
for 350 ms followed by a 500 ms delay. The trial began with the presentation of the SI,
followed by a variable delay (1200 to 1500 ms), and then the CI. Four Sls were used to
increase trial-by-trial interval encoding demands (Fig. 1, bottom). For each Sl, there were
three shorter and longer Cls that differed from the Sl duration by increments of £7%.
Accuracy and reaction time (RT) were recorded. The analyses averaged across the Si
durations and the CI durations that were £7, 14, and 21% increments of the SI.

For each condition (AA, VV, AV, VA), there were 24 trials and four trials per CI. The order
of conditions was randomized across four runs, each lasting 6 min 20 s. At the end of the ClI,
there was a 3 s window for subjects to make their response. The inter-trial jitter of 4021 to
9200 ms allowed for the best sampling of the hemodynamic response and establishment of a
baseline resting state (i.e., fixation plus ambient scanner noise). Six filler images were added
to the beginning and end of each run to respectively allow for T1 equilibration and the
delayed hemodynamic response of the final trial. Before imaging, subjects practiced a
version of the task that used different SI durations (950 and 1100 ms).
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2.3. MRI Acquisition

Event-related fMRI was conducted at the UCSD Center for FMRI on a GE 3-T Excite MRI
system equipped with an eight-channel head coil. Foam padding was used to limit head
motion in the coil. Echo-planar images (EPI) were acquired using a single-shot, blipped,
gradient-echo, echo-planar pulse sequence (TE 30 ms, TR 2.0 s, 90° flip angle, FOV 24 cm,
64 x 64 matrix, NEX 1, interleaved slice acquisition). Each functional imaging volume
included 37 contiguous, axial 4 mm slices (3.75 mm x 3.75 mm x 4 mm voxel size) that
provided coverage of the entire brain. High-resolution T1-weighted anatomic images were
collected for registration with the EPI (TE 3.0 ms, TR 7.8 ms, 12° flip angle, NEX 1, 1-mm
axial slice thickness, FOV 25 cm, 256 x 256 matrix) and for analyses of gray-matter volume.

2.4. fMRI Analysis

Data were processed using Analysis of Functional Neuroimaging (AFNI) software (Cox,
1996). The first four pre-steady-state volumes of the EPI time series were removed. The
remaining images were slice-time corrected, motion corrected, and spatially smoothed using
a 8 mm FWHM Gaussian filter. For each participant, the time series was deconvolved using
Sl onset for the four trial types: AA, VV, AV, and VA. The deconvolution modeled 8 TRs (16
s). Six demeaned head-motion parameters were included as covariates of no interest. Area
under the curve (AUC) was calculated using 8 s of activation beginning at 6 s post-trial
onset, to capture the peak activation throughout the trial. Time points with more than 0.3 mm
deviation in any one direction were censored from the dataset. AUC maps were then
interpolated to 4 mm isometric voxels, co-registered, and converted to Talairach coordinate
space.

In the first level of analysis, paired #tests were performed on a voxelwise basis separately
for each group to generate statistical parametric maps that identified voxels for two contrasts
of interest, namely (1) unimodal (AA, VV)-AV and (2) unimodal-VA. Voxelwise statistical
thresholds were derived from 5000 Monte Carlo simulations (3dClustSim) that computed
the voxel probability and minimum cluster size threshold needed to obtain a 0.05 familywise
alpha. Because spatial thresholds are biased against smaller activation clusters of a priori
interest, thresholds were derived separately for basal ganglia (caudate, putamen, globus
pallidus) and cortical (all other brain regions) volumes. The familywise alpha (0.05) was
obtained using a voxelwise probability of p=0.004 and a minimum cluster size of 1.088 ml
for the cortex and a voxelwise probability of p=0.009 and a minimum cluster size of 0.512
ml for the basal ganglia. At a second level of analysis, a disjunction mask was created for
each contrast by combining all suprathreshold voxels from each of the group #maps. This
produced functional ROl (fROI) maps for each of the two subtraction conditions. Then
mixed model repeated-measure ANOVAs were applied to the AUC to test the group and the
group x timing condition interaction effects for each fROI and contrast condition. The false
discovery rate (FDR) was used to correct for multiple group comparisons.

2.5. Effective Connectivity Analyses

The psychophysiological interaction (PPI) method (Friston et al., 1997) was used to
determine if the connectivity strength of a region of interest (ROI) or ‘seed’ was modulated
by the timing condition (i.e., experimental variable) differently for the PD and control
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groups. The CTBG network seeds included the (1) left and right caudate head, (2) left and
right caudate body, (3) left and right putamen, (4) left and right globus pallidus (GP), (5)
bilateral SMA, and (6) bilateral preSMA. Other seeds included the (1) right anterior insula
and (2) the left semi-lunar lobule, the selection of which was driven by the results from the
conventional fROI analyses. All seeds were constructed from timing-related activation in the
fROI regional analyses. The basic processing steps in the PPI analysis included: (1)
bandpass filtering (0.001 to 0.1 Hz) of individual raw EPI signal; (2) white-matter masks
were generated for each subject (FSL’s fast anatomical segmentation) and used to extract the
WM signal; (3) individual time courses in the processed dataset were extracted for each seed
region; and (4) seed time courses were detrended and deconvolved using a gamma function
to remove hemodynamic delay. The resultant seed-region signal was multiplied by a
condition of interest regressor, thereby creating an interaction time course, which was
convolved with a gamma-variate HRF (AFNI waver). The first regressor (physiological
variable) represented the time series of activity from the seed ROI. The second regressor
(psychological variable) represented the timing condition (e.g., 1 for unimodal and -1 for
crossmodal) and used a 4 s boxcar function. The PPI regressor was computed as the cross-
product of the physiological variable and the psychological variable. The regression model
included nuisance (baseline differences, linear drift, head movement, fluctuations in white-
matter signal), the seed time-course, task regressors, and the PPI regressor. The PPI
regressor produces correlation maps of a seed time-course with the time course from all
other brain voxels as a function of the psychological variable (e.g., unimodal versus
crossmodal). Correlation maps were transformed to Fisher Zscores. A second level of
analysis conducted group comparisons (independent £tests) on the strength of connectivity
(Fisher 2) of the seed region with other brain voxels using a voxelwise probability of p=
0.004 and minimum cluster size 0.512 ml (uncorrected for multiple comparisons). Group
comparisons were then FDR corrected separately for the VA and AV PPI analyses to adjust
for multiple comparisons. Since connectivity is typically stronger for crossmodal than
unimodal timing in young adults (Harrington et al., 2011a), only PPI tests demonstrating
stronger connectivity for the AV or VA conditions relative to the unimodal condition in one
or both groups were reported due to the focus of the present study on crossmodal timing.

2.6. Structural MRI Analysis

Anatomical scans were analyzed using a parcellation method in FreeSurfer 5.1 software
(Fischl et al., 2004) to evaluate group differences in brain atrophy. This automated approach
provides anatomically accurate renderings of regional volumes without potential rater bias
(Fischl et al., 2001). Volumes of the frontal, parietal, temporal, and occipital lobes, the
cerebellum, and subcortical structures (caudate, putamen, globus pallidus, thalamus) were
compared between the two groups, separately for each hemisphere. Total cerebral spinal
fluid volume (CSF) was also examined. Volumes were divided by estimated total intracranial
volume (eTIV) to adjust for differences in head size.
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3. Results

3.1. Time Perception Performance

Accuracy data were converted to the percent longer responses for each ClI that was 7, 14,
and 21% shorter/longer than the SI. A mixed-model ANOVA tested the effects of group,
timing condition (unimodal, crossmodal), CI modality, Cl duration, and the interactions. The
group x timing condition x CI duration interaction (F (1, 49) = 4.93, p=0.03) showed a
progressive underestimation of time in the PD group relative to controls as the CI duration
increased (Fig. 2A), but only in the two crossmodal conditions (group x CI duration: ~ (1,
49) = 9.16, p= 0.004 for VA condition; F (1, 49) = 5.77, p=0.02 for AV condition). Group
x Cl duration interactions were not found for unimodal auditory or visual signals. Thus, in
both crossmodal conditions, PD patients progressively underestimated time as the ClI
duration increased, consistent with a slowing of the hypothetical timekeeper. In addition, the
group x timing condition x CI modality interaction (~ (1, 49) = 5.24, p= 0.026) showed that
relative to the two unimodal conditions (AA, VV) the PD group underestimated the duration
of AV pairs more than the control group (p = 0.006) (Fig. 2B). Time compression was
therefore exaggerated in the PD group. No other group effects were found for accuracy, nor
did the groups differ in RT. In both groups, RTs were longer for crossmodal (824 ms) than
unimodal (788 ms) pairs (F (1, 49) = 6.32, p0.015), owing to longer RTs for AV (873 ms),
but not VA (775 ms) pairs (timing condition x Cl modality: ~ (1, 39) 15.71, p=0.0001).
This finding suggests that in both groups, AV decisions were more difficult than for the other
stimulus pairs.

3.2. fROI Analyses

Figure 3A and Tables 2 and 3 display the results from the disjunction analysis, which
identified 13 fROI for the unimodal-AV subtraction and 8 fROI from the unimodal-VA
subtraction. For both subtractions, differences in activation were observed between the
unimodal and each crossmodal condition for the bilateral SMA, right inferior frontal gyrus,
bilateral superior temporal gyrus, and various visual centers of the occipital-temporal cortex.
Notable exceptions included the basal ganglia, the right anterior insula, and the left inferior
cerebellum, which showed timing-condition effects only for the unimodal-AV subtraction.

For the unimodal-AV comparison (Fig. 3A, left column; Table 2), activation was greater for
the AV than the unimodal timing condition in a large cluster consisting of the bilateral
cuneus, left precuneus, and left angular gyrus, the right precuneus, and the right middle
temporal gyrus. The remaining fROI showed greater activation for the unimodal than the AV
condition in the bilateral SMA/cingulate, left precentral/postcentral gyrus, right inferior
frontal gyrus, right anterior insula, bilateral superior temporal gyrus, the bilateral caudate,
putamen, and globus pallidus, and the left inferior semi-lunar lobule. Significant group x
timing condition interactions (FDR corrected) were found for five of these fROI, which are
marked by superscript numbers in Table 2, and displayed and graphed in Fig. 3B and C.
Figure 3C shows that in the control group, MR signal intensity was significantly greater for
unimodal than the AV timing condition (p <0.001) for all three basal ganglia fROI, the right
anterior insula, and the left cerebellum (inferior semi-lunar lobule). In the PD group,
activation did not differ significantly between the timing conditions for these fROI except
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for the left caudate head, which showed greater MR signal intensity for the AV than the
unimodal condition (o = 0.02). No other group effects were significant. These results
demonstrate prominent deficits in PD patients in the ability to modulate striatal, insula, and
cerebellar activity when the intersensory synthesis of time was putatively more attention
demanding.

For the unimodal-VVA comparison (Fig. 3A, right column; Table 3), activation was greater
for the VA than the unimodal timing condition in the bilateral superior temporal gyri. The
remaining fROI showed greater activation for the unimodal than the VA condition, including
the right preSMA/cingulate, bilateral SMA/cingulate, right IFG, the right parahippocampus,
and a large cluster consisting of the bilateral middle occipital cortex, lingual and fusiform
gyri and the occipitotemporal cortex. Of these regions, no group differences or group
interactions with timing condition were significant for the unimodal-VVA comparisons (FDR
corrected). These findings suggest that PD patients were able to modulate cortical activities
in a normal manner when the intersensory synthesis of time presumably was less attention
demanding.

3.3. Effective Connectivity Analyses

We then examined whether AV and VA timing deficits in the PD group were related to
altered connectivity of the seed fROIs. Tables 4 and 5 summarize the results from the PPI
analyses that contrasted functional connectivity for the unimodal condition with each
crossmodal condition and tested for group differences. All group independent #tests were
significant after FDR correction of multiple comparisons. The network connectivity maps of
these results are shown in Fig. 4.

In the control group (Table 4; Fig. 4A), connectivity of the CTBG circuit and the right
anterior insula was stronger for AV than for unimodal timing. Connectivity of these seeds
was enhanced with frontal, temporal, and parietal areas. This included stronger AV
connectivity of: (1) the bilateral caudate head and body with the prefrontal cortex (MFG; BA
9), visual analysis centers (MTG, ITG, fusiform gyrus), and a memory hub
(parahippocampal gyrus); (2) the putamen and GP with the prefrontal cortex (SFG, IFG,
preSMA) and visual processing areas (MTG); (3) the SMA with association centers (inferior
parietal cortex); and (4) the right insula with visual processing (ITG) and attention centers
(superior parietal cortex). In the PD group, connectivity of these seeds typically did not
differ between the two timing conditions (Fig. 4A, dotted lines) or was weaker for AV than
unimodal timing. Stronger connectivity for AV than for unimodal timing in the PD group
relative to the control group was less common (Table 4; Fig. 4B). This pattern of results was
found for (1) the right GP with the right caudate tail; (2) the right preSMA with the posterior
insula, (3) the right insula with the medial SFG, and (4) the left cerebellum with the right
SFG. In the control group, connectivity for some of these seeds (preSMA and cerebellum)
was weaker for AV than for unimodal timing, whereas for other seeds (right GP, right insula,
and right IFG) connectivity did not differ between the timing conditions (Fig. 4B, dotted
lines). Thus, when the integration of audiovisual temporal codes was thought to be more
attention demanding, timing impairments in patients were especially linked to a weakening
in CTBG connectivity with widespread anterior and posterior cortical regions. Unlike
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controls, PD patients were unable to flexibly increase the strength of normal CTBG
interactions with the cortex. A similar connectivity pattern was also found for the insula, yet
cerebellar connectivity with the frontal cortex was notably enhanced in patients.

In contrast, connectivity of the CTBG circuit, the anterior insula, and the cerebellum was
stronger for VA than for unimodal timing largely in the PD group (Table 5; Fig. 4D).
Connectivity of these seeds was notably stronger with areas of the prefrontal cortex. This
included stronger VA connectivity for: (1) the caudate head and body with prefrontal cortex
(IFG and MFG); (2) the SMA and preSMA with the caudate tail; (3) the right insula with a
visual center (lingual gyrus); and (4) the left cerebellum with right prefrontal cortex (IFG,
SFG). In the control group, connectivity of over 50% of these seed-target regions did not did
not differ between the timing conditions (Fig. 4D, dotted lines), and for the remaining seeds
connectivity was weaker for VA than for unimodal timing. Stronger connectivity for VA than
for unimodal timing in the control group relative to the PD group was uncommon (Table 5;
Fig. 4C), but was found for the: (1) right caudate head with posterior cingulate; (2) right
preSMA with the rostral prefrontal cortex (left SFG); and (3) left cerebellum with the left
culmen and a visual center (lingual gyrus). For the PD group, connectivity in these regions
did not differ between the timing conditions (Fig. 4C, dotted lines) except for the
cerebellum, wherein connectivity was stronger for unimodal than VA timing. Thus, when the
integration of audiovisual temporal codes was thought to be less attention demanding,
enhanced connectivity of the CTBG, insula and cerebellum was prominent in PD,
particularly with the frontal cortices and the caudate tail.

3.4. Discriminant Analyses with Classifijication

Next, we sought to identify the sensitivity and specificity of the fMRI measures that showed
group differences by using a stepwise discriminant analysis with leave-one out cross-
validation. The discriminant analysis identified the linear combination of fMRI measures
that best classified subjects into their respective groups. Cross validation of the discriminant
function was conducted in multiple tests by leaving each subject out of the analyses. In the
conventional regional analyses that compared the groups in the difference between the
magnitude of activation for AV versus unimodal timing (Table 2), right anterior insula
activation best discriminated between the groups, correctly classifying a total of 66.7% of
the subjects into their actual group. The sensitivity of this measure was moderate, correctly
classifying 70.4% of the PD patients; however, specificity was poor with only 62.5% of the
controls subjects correctly classified.

Classification accuracy using the PPI-based network connectivity measures was
considerably better. For the measures associated with stronger AV connectivity, the
sensitivity and specificity of the discriminant function was high, correctly classifying 88.9%
of the PD patients and 87.5% of the controls, respectively (total classification accuracy =
88.2%). Only one PD patient and three controls were misclassified. For the measures
associated with stronger VA connectivity, sensitivity was excellent, with 100% of the PD
patients correctly classified; specificity was high with 87.5% of the controls correctly
classified (total classification accuracy = 94.1%). For both crossmodal conditions, network
measures that showed stronger connectivity in the control or in the PD groups both
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contributed to the classification function. Table 6 shows that CTBG and left cerebellum
connectivity were the best discriminating network measures for both classification analyses,
although connectivity of the right anterior insula with the right medial SFG also contributed
to the AV classification results. Measures of timing accuracy did not add to or improve the
classification results. These results demonstrated that measures of network connectivity were
far superior to measures of regional activation in predicting group membership.

Partial correlations showed that greater expression of both discriminant functions (i.e.,
greater functional connectivity disturbances) was associated with a longer disease duration
(unimodal versus AV: rge = 0.38, p = 0.05; unimodal versus VA: raqe = 0.46, p= 0.018), but
not levodopa dosage equivalence (p > 0.80) or the severity of motor symptoms OFF
medication (total UPDRS motor score, p> 0.30). These results suggest network connectivity
measures were not related to motor functioning.

3.5. Structural MRI and Correlation with fMRI Data

T tests for group differences in cortical, cerebellar, CSF, thalamus, and globus pallidus
volumes were nonsignificant. However, caudate and putamen volumes were significantly
reduced in the PD group relative to controls (Table 7). In PD, caudate and putamen volumes
were not significantly correlated with activation of the fROI in Table 2 or with any of the
PPI-based effective connectivity measures. These results suggest that the amount of basal
ganglia atrophy observed in PD patients in the current study does not account for the
functional abnormalities that were associated with audiovisual timing deficits.

4. Discussion

Our study demonstrated that the presumed attention demands of the stimulus modality
governed abnormalities in the synthesis of intersensory time-codes in PD and in underlying
neuronal dysfunction. PD patients progressively underestimated intervals as their duration
increased in both crossmodal conditions, consistent with a slowing in the accumulation rate
of pulses by the clock process. However, impaired timing was more striking in the AV
condition, where the resolution of visual time-codes purportedly depends more on controlled
attention (Berry et al., 2014; Lustig & Meck, 2011). More subtle timing impairments in PD
were found in the VA condition, despite the salience of auditory signals, which helps sustain
attention to time (Berry et al., 2014). These findings could not be attributed to sensory
deficits, as unimodal timing was normal in PD for both stimulus modalities, contrary to
several studies (Artieda et al., 1992; Harrington et al., 1998, 2011b; Koch et al., 20044, b;
Malapani et al., 2002; Pastor et al., 1992; Rammsayer & Classen, 1997; Riesen & Schnider,
2001). Although the reasons for this discrepancy are not clear, heterogeneity in temporal
processing proficiency in PD has been reported (Merchant et al., 2008a), and may be
associated with a host of factors including individual differences in day-to-day symptom
fluctuations, lingering effects of dopamine medications after overnight withdrawal, and
disease severity. Our results suggest that intersensory timing is a more sensitive probe for
dysfunction in PD, possibly owing to its emphasis on striatal integration of multisensory
cortical oscillatory patterns. Intersensory timing impairments in PD were associated with
abnormal regional activation of the CTBG, anterior insula, and inferior cerebellum, but only
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when timing putatively required controlled attention. Most importantly, the patterns of
abnormal functional connectivity of these brain regions differed in PD between the two
intersensory timing conditions, and discriminated patients and healthy controls with high
levels of sensitivity and specificity.

4.1. Abnormal Regional Activation During Controlled Timing in PD

Group differences in the amplitude of activation were observed only for the unimodal-AV
comparison. Here, the PD group typically failed to modulate activity of the striatum, the
globus pallidus, the anterior insula, and the inferior cerebellum in accord with the timing
condition. An exception was activation of the left caudate head, which was greater for AV
than unimodal timing. In contrast, activation in the control group was greater for unimodal
than AV timing for all of these fROI, similar to young adults (Harrington et al., 2011a).
Though these regions have all been implicated in temporal processing (Merchant et al.,
2013a), their precise role is not well understood. By one model, timing emerges via striatal
detection and integration of cortical oscillatory activity, which evolves as a function of event
duration and thus, serves as the clock signal (Matell & Meck, 2004). The anterior insula,
which is an element of the ventral attention system, is thought to assist with a bottom-up
perceptual analysis of sensory information (Eckert et al., 2009), including temporal features
(Kosillo & Smith, 2010; Livesey et al., 2007; Wittmann et al., 2010). Our results suggest that
in PD the basal ganglia and insula fail to adapt to the increased integration and/or attentional
demands when intersensory timing requires controlled attention. This includes the
cerebellum, which by way of anatomical pathways to and from the basal ganglia (Bostan et
al., 2010), may be a compensatory route for timing in PD (Kotz & Schwartze, 2011),
possibly owing to its role in prediction and fine tuning of behavioral states.

Surprisingly, none of the above regions showed differential activation in the unimodal-VA
comparison in either group. This finding indicates that when the audiovisual pairing of
signals is thought to be more salient, activation of the basal ganglia, the anterior insula, and
the inferior cerebellum is maintained at similar levels as when timing unimodal signals
(Harrington et al., 2004, 2010; Rao et al., 2001). Although the amplitude of activation
differed between the unimodal condition and each of the crossmodal timing conditions in
other regions involved in timing (e.g., SMA, inferior frontal gyrus), including association
areas (superior temporal and occipital cortices), activation patterns were remarkably normal
in PD patients, despite subtle deficits in VA timing.

4.2. Functional Connectivity Disturbances in PD

Connectivity disturbances of the CTBG circuit, the anterior insula, and the inferior
cerebellum were also examined in PD patients, since the experience of time emerges from
interactions among different brain regions (Merchant et al., 2013a). Our results showed a
striking dissociation between the groups in the connectivity of these regions for the time
compression and the dilation conditions in comparison to unimodal timing.

When intersensory timing emphasized controlled attention (AV), connectivity of almost all
elements of the CTBG circuit and the right anterior insula was typically stronger in the
control group than in the PD group. Basal ganglia connectivity was stronger with cognitive-
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control (inferior, middle, and superior frontal cortex; preSMA), ventral attention (middle and
inferior temporal cortex, fusiform gyrus), and memory (parahippocampus) centers. Both the
SMA and insula showed stronger connectivity with the dorsal-attention network (inferior
and superior parietal cortex); insula connectivity was also stronger with the ventral-attention
network (inferior temporal cortex). These connectivity patterns in PD patients were either
weakened for controlled timing or altogether absent. This result points to a context-specific
functional weakening or disconnection of the core timing system and the insula with frontal
cognitive-control centers (Badre, 2008) and with the ventral-and dorsal-attention networks
(Corbetta & Shulman, 2002). PD patients were unable to increase the strength of normal
CTBG and insula interactions with the cortex, which may promote distractibility (Lee et al.,
2010) and lead to a loss in the accumulation of pulses for visual information. Although
stronger connectivity in the PD than in the control group was uncommon, connectivity of the
cerebellum and the anterior insula with the lateral and medial superior-frontal cortices was
notably enhanced in PD patients. The insula supports bottom-up attention to stimuli, which
influences the experience of time (Dirnberger et al., 2012; Wittmann et al., 2010), such that
enhanced connectivity with frontal cognitive-control centers may compensate for the
increased attentional demands of timing visual signals. Enhanced cerebellar connectivity
was also noteworthy, given the hyperactivity of the cerebellum in PD patients when timing
movements (Jahanshahi et al., 2010; Yu et al., 2007). Enhanced functional connectivity of
the cerebellum, often with motor areas, is also common in PD when performing motor tasks
(Palmer et al., 2010; Wu et al., 2010a, b, 2011). Although these findings are often attributed
to compensation by the cerebellum for deficient basal ganglia functioning (Merchant et al.,
2013a), it is unknown if the cerebellum substitutes for deficiencies in the striatal timing-
system by improving behavioral states.

These findings contrasted with the salient intersensory condition (VA), wherein connectivity
of certain elements of the CTBG circuit, the anterior insula, and the left cerebellum was
typically stronger in the PD than in the control group. Cerebellum connectivity with the
lateral superior frontal cortex was enhanced in PD, as it was for controlled timing, but so
was connectivity with an inhibitory hub, namely the right inferior frontal gyrus (Aron &
Poldrack, 2006), that is commonly engaged during interval timing (Harrington et al., 2010;
Merchant et al., 2013a). Of particular note was that caudate connectivity was stronger with
cognitive-control centers (inferior and middle-frontal cortex), whereas SMA and preSMA
connectivity were both stronger with the caudate tail. Interestingly, activity of the caudate is
influenced by the saliency of stimuli (Zink et al., 2006), which is relevant to the prominence
of auditory signals in the context of timing and to impaired saliency processing in PD
(Mannan et al., 2008). Though stronger connectivity in the control group was uncommon for
this condition, connectivity of the preSMA with a cognitive-control center (rostral lateral
superior frontal cortex), the caudate head with a memaory retrieval hub(posterior cingulate),
and the inferior cerebellum with the culmen and a ventral-attention visual center (lingual
gyrus) was stronger in the control group than in the PD group. Thus, subtle impairments in
PD for less controlled temporal processing were associated with patterns of both enhanced
and weakened connectivity of the caudate, SMA/preSMA and cerebellum. These
disturbances may signify difficulties in temporal integration and sustained attention, even to
auditory signals.
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4.3. Sensitivity and Specifijicity of Regional Activation and Functional Connectivity

We also found that measures of functional connectivity better distinguished PD patients
from control subjects than conventional measures of regional-activation amplitude. This
finding is consistent with emerging research in PD showing that measures of functional
connectivity can be more sensitive than regional activation to changes in brain networks in a
disease, especially in earlier stages (Harrington et al., 2011b; Rowe, 2010), and to the effects
of pharmacotherapy (Harrington et al., 2011b; Rowe et al., 2010). This is because regional
activation overlooks interactions among brain regions, which behaviors depend upon. In the
present study, the sensitivity of the discriminant functions that best classified subjects into
their respective groups was excellent, correctly classifying all (VA condition) or all but one
(AV condition) PD patient. Specificity was also high, with only three control subjects
misclassified. For controlled timing, the discriminant function included measures of
weakened basal ganglia connectivity with cognitive-control (superior frontal), memory
(parahippocampus), and ventral attention systems (middle temporal gyrus) and of enhanced
insula and cerebellar connectivity with cognitive-control systems (rostral lateral and medial
superior-frontal) in PD patients. For salient timing, the discriminant function was comprised
of caudate, SMA/preSMA, and cerebellum connectivity patterns that were both weakened
and enhanced in PD patients, particularly with cognitive-control systems (rostral superior-
frontal) and the caudate tail. These findings further highlighted the dissociation between
controlled and salient intersensory timing, especially in the expression of CTBG
dysfunction, possibly suggesting that context-dependent dynamic patterns within this circuit
govern the resolution of perceived duration. An exception was the weakened connectivity in
PD of the right caudate head with elements of a memory system (parahippocampus or
posterior cingulate) for both discriminant functions, which comports with temporal-memory
storage and retrieval dysfunction in PD (Harrington et al., 2011b; Malapani et al., 2002). The
prominence of CTBG, insula, and cerebellar connectivity disturbances with the rostral
superior-frontal cortices was also notable since these areas modulate the dilation of time
caused by stimuli that have an emotional connotation (Dirnberger et al., 2012; Wittmann et
al., 2010). This may relate to their role in stimulus-orientated attention (medial rostral
prefrontal cortex) and self-maintained attention to thought (lateral rostral prefrontal cortex)
(Burgess et al., 2007), which could both influence the resolution of time.

The expression of both discriminant functions did not correlate with motor symptom
severity, in support of their cognitive basis. This finding contrasts with studies of motor
control, wherein functional connectivity of the CTBG system and the cerebellum correlate
with motor symptom severity (Wu et al., 2010a, 2011). Rather, greater expression of
abnormal network connectivity correlated with longer disease duration, suggesting that
functional connectivity disturbances in timing-related systems may have the potential to
track changes in cognitive brain networks in PD. Longitudinal studies will be needed to
address this possibility and to evaluate the prognostic value of measures of network
expression in predicting the development of clinically significant cognitive impairment,
especially in executive functions and attention.
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4.4, Summary

We found for the first time that context-dependent patterns of weakened and enhanced
functional connectivity in PD were striking within a presumed core timing system (CTBG
circuit) and an element of the ventral attention network (anterior insula), whereas cerebellar
connectivity was enhanced irrespective of the putative attention demands of intersensory
timing. Although the selection of regions for our connectivity analyses was driven by timing
theory, past research, and regional activation abnormalities found in PD patients by the
present study, the connectivity patterns that we identified for different intersensory timing
conditions may not represent a complete account of all networks that govern context-specific
interval timing (Salvioni et al., 2013; Wiener et al., 2011). As such, impaired audiovisual
timing in PD may also relate to changes in other brain networks. Nonetheless, multivariate
combinations of abnormal network expression showed excellent specificity and sensitivity,
suggesting that CTBG, insula, and cerebellar connectivity well characterized intersensory
timing dysfunction in PD. Validation of the network expression measures in other samples
will be critical to evaluate their potential as surrogate markers of brain functioning that could
be used for clinical applications. Lastly, although distortions in audiovisual timing are
commonly attributed to attention factors, this hypothesis requires further validation. Of
relevance here is recent monkey research reporting that visual and auditory interval markers
have a differential effect on interval tuning in the CTBG (i.e., SMA and preSMA) that
cannot be attributed to attention (Merchant et al., 2013b). Thus, the differential patterns of
CTBG connectivity disturbances in PD patients for AV and VA timing may be partly related
to changes in more basic neuronal processes. Future studies with larger samples and a wider
range of performances on measures of attention and executive functioning than for the
present study may be helpful in unraveling potential cognitive factors that underlie changes
in networks associated with impaired audiovisual timing in PD.
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Figure 1.
Time perception task and experimental conditions. (Top) Subjects fixated on a crosshair

throughout the experiment. Pairs of auditory (A) and visual stimuli (V) were successively
presented. Standard and comparison intervals were of the same (AA, VV) or different
modality (AV, VA). (Bottom) For each standard interval, there were three shorter and three
longer comparison intervals.
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Figure 2.
Task performance. Mean (standard error bars) percent longer responses for the control and

the Parkinson’s groups. (A) Group x comparison interval interaction. Comparison intervals
are £7, 14, and 21% shorter/longer than the SI. (B) Group x timing condition x comparison
interval modality interaction. A = auditory; V = visual.
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Figure 3.
Effects of timing condition on regional brain activation. (A) fROI showing a main effect of

timing condition for the unimodal-AV (auditory—visual pairs) and the unimodal-VA (visual-
auditory pairs) subtractions. Colors demarcate the different fROI associated with each
contrast. The first four rows display sagittal views of cortical fROI in the right (R) and left
(L) hemisphere. Axial views of the basal ganglia and cerebellum are displayed at the bottom.
Tables 2 and 3 detail the brain regions, spatial coordinates, and volumes of these clusters.
(B) fROI demonstrating significant group x timing condition interactions for the unimodal—
AV subtraction. These regions are designated by superscript numbers in Table 2. (C) Bar
graphs display the mean (standard error bars) percent signal change for each fROI shown in
Fig. 3B (numbers in brackets correspond to the fROI shown in the figure). Horizontal lines
designate significant differences between the unimodal and AV conditions for each group.
GP = globus pallidus. This figure is published in colour in the online version.
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Stronger AV Connectivity Stronger VA Connectivity

A) Controls B) Parkinson's C) Controls D) Parkinson's

Figure 4.
Network connectivity maps. Group differences in connectivity of a seed (colored circles and

lines) with other brain regions (white circles). Dotted lines indicate that connectivity was not
modulated by a seed ROI for the other group. (A, B) Stronger connectivity for AV than
unimodal timing (A) in the control than the PD group and (B) in the PD than the control
group. Table 4 describes the seed/brain regions, spatial coordinates, and volumes. (C, D)
Stronger connectivity for VA than unimodal timing (C) in the control than the PD group and
(D) in the PD than the control group. Table 5 describes the seed/brain regions, spatial
coordinates, and volumes. caud b, h, tail = caudate body, head, tail; cereb = cerebellum; cing
= cingulate; culm = culmen; fusi = fusiform; GP = globus pallidus; IFG inferior frontal; IPL
inferior parietal; ITF = inferior temporal; ling = lingual; MFG = middle frontal; MTG =
middle temporal; mSFG = medial superior frontal; phip = parahippocampus; pSMA =
preSMA; put = putamen; SFG = superior frontal; SMA = supplementary motor area; SPL =
superior parietal; thal = thalamus. This figure is published in colour in the online version.
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Table 1.
Characteristics of the PD and the control groups
Control PD tvalue p

Demographics

Age 643(8.2) 65.6(7.9) -043 0.70

Education (years) 17.4 (2.7) 16.4 (2.2) 140 017

% Male? 58% 48% 047

Mini Mental Status Exam 29.1(0.9) 28.9(1.2) 065 0.52
Executive Functions

Stroop Interference 50.9 (6.4) 495 (6.1) 0.79 0.43

DKEFS Letter Fluency” 134(35) 114(33) 216 004

DKEFS Category Fluencyz 12.0 (4.3) 10.5(3.5) 1.39 0.17

Trial Making Test Part A 9.1(21) 8.3(2.3) 131 0.22

Trail Making Test Part B 10.1 (2.3) 9.9 (2.6) 010 0.92
Visual Cognition

Line Orientation 26.8 (2.1) 25.3(3.6) 1.38 0.17
Memory

WAIS IIl: Digit Span Total® ~ 117(22)  119(26) 011 091

WAIS I1I: Spatial Span Total® 155 (44)  162(27) -064 053

CVLT Immediate Free Recall 60.2 (10.5) 56.6 (9.1) 1.29 0.20

CVLT Long Delay Free Recall  0.75 (0.68) 0.48 (0.70) 1.39 0.17

Page 22

For most neuropsychological tests, values are scaled score means (standard deviations). 7'scores are reported for Stroop Interference and the

California Verbal Learning Test (CVLT) Immediate Free Recall. Standard scores are reported for the CVLT Long Delay Free Recall.

JChi-Square Test.
ZDeIis—KapIan Executive Function System (DKEFS).

3Wechs|er Adult Intelligence Scale (WAIS) third edition.
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Table 2.

Regions showing differences in activation between the unimodal and AV timing conditions in one or both
groups

BA ml X y z
Unimodal < AV
Bilateral cuneus, precuneus, angular gyrus 7,18,39 1312 -11 -74 20
Right precuneus 7 1.47 24 =57 40
Right middle temporal 39 1.22 44  -65 17
Unimodal > AV
Bilateral SMA, cingulate 6, 24 3.52 4 -1 48
Left precentral/postcentral 3,4 211 37 -21 49
Right inferior frontal 44 3.07 49 13 18
Right superior temporal 22,41,42 1171 53 -24 11
Left superior temporal 22,41 781 -47 =25 10
4Right anterior insula 13 339 28 2 14
1 Right caudate body, putamen, globus pallidus 4.67 19 5 8
2Left putamen, globus pallidus 128 -20 -5 7
3 Left caudate head 064 -15 21 4
5Left inferior semi-lunar lobule 115 -21 -5 -46

fROI showing greater activation for AV than unimodal timing and greater activation for unimodal than AV timing. Spatial maps of the regions are
displayed in the first column of Fig. 3A. BA = Brodmann area. Main effects of group were not significant for any of the regions.

1_5Regions with a superscript number are those showing a significant group x timing condition interaction (v < 0.05, FDR corrected). All of these
fROI showed significantly greater activation in the unimodal than in the AV condition (AAVV > AV) in the control group, but not in the PD group.
An exception was the left caudate head, which showed greater MR signal intensity for the AV than the unimodal condition in the PD group. No
other group effects were found.
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Table 3.

Regions showing differences in activation between the unimodal and VA timing conditions in both groups

BA ml X y z

Unimodal <VA
Right superior temporal 22 2.05 55 -21 8
Left superior temporal 41 147 -46 -23 8
Unimodal >VA
Right preSMA, cingulate 6, 32 3.71 7 10 51
Bilateral SMA, cingulate 6, 24 461 2 -20 51
Right inferior frontal 44,45  2.05 50 26 14
Right middle occipital, lingual gyrus, fusiform gyrus, occipitotemporal 19,37 13.25 31 -71 7
Left middle occipital 18 358 -23 -86 13
Right parahippocampus, thalamus, pulvinar 1.92 21 -35 6

fROI showing greater activation for VA than unimodal timing and greater activation for unimodal than VA timing. Spatial maps of the regions are
displayed in the second column of Fig. 3A. BA = Brodmann area. Main effects of group and group x timing conditions interactions were not
significant for any of the regions.
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Table 4.

Group differences in effective connectivity: AV versus unimodal timing

Seed Region ml X y z
AV STRONGER IN CONTROLS

L parahippocampal gyrusa 058 -32 -38 -10
R caudate head

L fusiform gyrus? 051 -34 -58 -7

L MFG (BA 9) 090 -30 28 31
L caudate head

R MTG (BA 21) 0.58 56 -18 -14
R caudate body R ITG (BA 20) 096 57 -23 -17
L caudate body RITG? (BA 20) 0.83 56 -23 -15
R putamen R SFG (BA 8) 2.75 9 38 42
L putamen R MTG (BA 21) 0.77 56 -23 -12

R SFG (BA 8) 3.33 6 39 40
RGP

R IFG (BA 44) 0.70 42 39 -1

R MTGa (BA 21) 1.47 60 -22 -12
L GP

R preSMA? (BA 6) 051 6 34 3
B SMA L |p|_a (BA40) 141 -42 -54 41

R ITGa (BA 20) 0.83 59 -23 -15
R insula

R SPLa (BAT) 0.64 29 -62 53

AV STRONGER IN PD

RGP R caudate tail”? 083 19 -36 19
R preSMA L posterior insula (BA 13) 154 -24 -31 22
R insula R medial SFGb (BA 10) 0.58 7 65 -6
L cerebellum (inferior semi-lunar lobule) R SFG (BA 10) 1.92 23 44 23

Significant group differences in effective connectivity of a seed with a brain region (FDR adjusted).

aConnectivity was not modulated by the timing condition in the PD group.

Connectivity was not modulated by the timing condition in the control group.
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B = bilateral; BA = Brodmann area; GP = globus pallidus; IFG = inferior frontal gyrus; IPL = inferior parietal lobule; ITG = inferior temporal
gyrus; L = left; MFG = middle frontal gyrus; MTG = middle temporal gyrus; R = right; SFG = superior frontal gyrus; SMA = supplementary motor

area; SPL = superior parietal lobule.
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Table 5.

Group differences in effective connectivity: VA versus unimodal timing

Seed Region ml X y z
VA STRONGER IN CONTROLS
R caudate head L posterior cingulatea(BA 23y 070 -16 -54 26
R preSMA L SFG? (BA 10) 064 -18 48 -13
L culmen 314 -16 -49 -15
L inferior semi-lunar lobule
L lingual gyrus (BA 18) 083 -11 -67 -5
VA STRONGER IN PD
R caudate head RIFG? (BA 9) 083 53 14 30
L caudate head L IFc? (A 45) 064 -50 17 18
R caudate body R MFG (BA 9) 1.41 50 17 29
L MFG (BA 46) 1.02 -45 18 25
L caudate body
rRMFG? (BA 9) 090 51 18 30
R caudate tailb 14 16 36 15
B SMA
L caudate taill7 090 -19 -34 20
L caudate tailb 122 =23 -33 20
R preSMA
R caudate tailb 0.77 16 -37 16
R insula L lingual gyrus (BA 18) 064 -12 -98 -10
R IFG (BA9) 090 57 8 29
L cerebellum (inferior semi-lunar lobule)
R SFG (BA 10) 051 25 45 22

Significant group differences in effective connectivity of a seed with a brain region (FDR adjusted).

aConnectivity was not modulated by the timing condition in the PD group.

Connectivity was not modulated by the timing condition in the control group.
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B = bilateral; BA = Brodmann area; IFG = inferior frontal gyrus; L = left; MFG = middle frontal gyrus; R = right; SFG = superior frontal gyrus;

SMA = supplementary motor area.
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Standardized canonical discriminant function coefficients (SCDFC) for PPI-based network connectivity

Table 6.

measures that uniquely discriminated between the PD and control groups

STRONGER AV CONNECTIVITY

STRONGER VA CONNECTIVITY

Seed/Region SCDFC  Seed/Region SCDFC
R caudate head/L parahippocampusa 0.392 R caudate head/L posterior cingulate (BA 23)a 0.725
R putamen/R SFG (BA 8)7 0526 R preSMA/L SFG (BA 10)% 0.739
L GPIR MTG (BA 21)° 0368 L cerebellum/L culmen® 0.605
R insula/R mSFG (BA 10)” -0.445 | caudate body/L IFG (BA 45)° -0.542
L cerebellum/R SFG (BA 10)” -0527 B SMAJL caudate tail” -0.892
R preSMA/R caudate tailb 0.533
L cerebellum/R SFG (BA lo)b -0.370
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Group centroids were —1.493 (control group) and 1.327 (PD group) for the AV versus unimodal analyses and —2.106 (control group) and 1.872 (PD

group) for the VA versus unimodal analyses.

a, . L
Stronger crossmodal (AV or VA) than unimodal connectivity in the control group.

bStronger crossmodal (AV or VVA) than unimodal connectivity in the PD group.

B = bilateral; BA = Brodmann area; GP = globus pallidus; IFG = inferior frontal gyrus; L = left; MTG = middle temporal gyrus; R = right; SFG =
superior frontal gyrus; SMA = supplementary motor area.
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Mean (standard deviation) striatal volumes” in the PD and control groups

Table 7.

Control PD tvalue p
Leftcaudate  0.244 (0.034) 0.228 (0.024) 1.96  0.056
Right caudate ~ 0.252 (0.030) 0.234 (0.023)  2.43  0.019
Left putamen  0.374 (0.068) 0.337 (0.052)  2.23  0.031
Right putamen  0.360 (0.062)  0.323 (0.053)  2.28  0.027

1 . . .
Volumes adjusted for total intracranial volume (eTIV).
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