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Abstract

Background—Deep Brain Stimulation (DBS) surgery can effectively treat many debilitating
motor symptoms of Parkinson's disease (PD), but axial symptom improvement is variable.
Predictors for post-DBS axial symptom performance have yet to be identified. Pre-surgery
ventricle volume may be one predictor, for increasing ventricular size has been associated with
worsening gait disturbance. In PD, ventricle size may also increase with the advancement of motor
symptoms.

Objective—To examine the hypotheses that 1)lateral ventricular volumes would predict motor
and axial motor symptom change from pre to four months post unilateral DBS, and 2) PD patients
have larger ventricle volumes to side of symptom onset.

Methods—Idiopathic PD patients (n=37) completed pre-surgery volumetric brain scans and
UPDRS motor testing (off-medication), unilateral DBS (Globus Pallidus interna,; n=11;
subthalamic nucleus, n=26), and 4 month follow-up motor assessments (on-stimulation). Ventricle
volumes were normalized using total intracranial volume.

Results—Total ventricular volume as well as measurements of contralateral/ipsilateral volumes
to side of symptom onset or DBS lead placement did not predict outcome motor measures or
correlate to axial motor change. Patients improving at least 2 standard errors of measurement
(n=6) did not have smaller ventricles relative to those without significant change. Post-operative
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hemorrhage (n=1) had ventricle volumes similar to the group average. There was no asymmetry in
ventricular volume by side of onset or side of lead placement.

Conclusion—Ventricular volume was a poor predictor of acute motor change following DBS.

Asymmetrical ventricles may not be a consistent imaging marker for PD motor dysfunction.
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Introduction

Axial disability is a troubling motor manifestation of Parkinson's disease (PD) [1]. Gait
dysfunction and postural instability can lead to an increased risk of falls and fall related
injuries [2]. Over 68% of PD patients were reported to fall annually with over 51% of
patients falling two or more times a year [3]. Gait difficulty and fear of falling are
significantly associated with worsened quality of life for individuals with Parkinson's
disease [4]. PD patients with both postural instability and gait disturbance early in the course
of the illness also have high rates of mortality (up to 80% higher than PD peers without
these difficulties [5]).

Deep Brain Stimulation (DBS) can effectively treat many debilitating symptoms of PD
[6-8]. DBS outcome data with regard to axial symptom improvement, however, remain
variable for both unilateral and bilateral stimulation studies. Using subjective and objective
measurements of gait, Kelly and colleagues [9] identified minimal changes in axial
symptoms (either increase or decrease) with unilateral subthalamic nucleus (STN)
placement, and chance levels of improvement (50% of patients improved) for those with
bilateral STN stimulation. Visser and colleagues [10] reported that bilateral STN stimulation
failed to improve postural stability over that of optimally dosed levodopa. Okun and
colleagues [11] with a randomized unilateral placement study (STN versus globus pallidus
internal,GPi) showed that both sites resulted in seven month post-DBS improvement for
UPDRS rigidity, bradykinesia, and tremor items, but not postural stability or gait. Walker
and colleagues [12], however, reported significant post-STN improvement for UPDRS axial
symptoms at three, six, and 12 months post-surgery, although a proportion of the patients
also began to develop more gait disturbance and difficulty standing from the seated position
at 12 months. Why some individuals demonstrate post-DBS axial improvement while others
do not remains unclear in the literature.

Presurgical lateral ventricular size may be an anatomical marker with predictive value for
DBS related motor changes and specifically gait and postural instability. Ventricular dilation
is hypothesized to impact the integrity of the basal ganglia structures, frontal lobe white
matter pathways, and corticospinal tract integrity [13,14]. Ventricular dilation occurs with
normal pressure hydrocephalus, which involves gait disturbance [13] and might be related to
gait disturbances in PD [15]. Moreover, lateral ventricle asymmetry is suggested to be an
important consideration for motor symptom progression. Lewis and colleagues [14] showed
that lateral ventricles contralateral to symptom onset enlarged faster than ipsilateral
ventricles in PD with this enlargement associated with motor worsening. Huang and
colleagues [16] reported a larger lateral ventricle contralateral to the more symptomatic side
in a PD twin, but not a non-PD twin. Moreover, examining ventricular size might have
practical DBS surgical implications [17]. Larger ventricles might result in a greater chance
of breaching the ventricles and resulting in intraventricular hemorrhage.

For this study, we investigated the role of pre-surgical lateral ventricular volumes on post-
DBS motor (specifically gait and postural improvement), and the relative size of lateral
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ventricles to motor symptom onset and DBS lead placement. We hypothesized that
presurgical lateral ventricular volume would predict motor and axial symptom change
following DBS surgery with larger volumes predicting poorer motor outcomes. We
secondarily examined the hypothesis that ventricular volume contralateral to self-reported
side of symptom onset would be larger than the ipsilateral side in our sample, with these
volumes predicting outcome. This hypothesis was also examined with ventricles on the same
side of DBS lead placement, for DBS placement is often performed contralateral to the side
of the body most affected.

Study Design and Participant Sample

A retrospective study conducted in accordance with the University of Florida's Movement
Disorder Center, Institutional Review Board, and the Declaration of Helsinki. Participants
completed consent forms to have their baseline, operative, and post-operative data used for
research purposes. Chart and MRI data were pulled (years 2002-2007) for consecutive
patients who had a diagnosis of “probable” PD, had pre-operative cognitive testing, had
completed a pre-surgery MRI on one of two scanners, had completed a unilateral DBS and
had 4 month motor outcome data. Probable PD diagnosis was made by one of three
fellowship trained Movement Disorder Specialists and determined by: (1) the presence of
two out of three motor features of PD (tremor, rigidity, and bradykinesia), (2) and the
absence of any features that would suggest other forms of Parkinsonism including lack of a
substantial response to levadopa therapy. Exclusion criteria included known secondary
causes of PD and prior neurosurgical treatment.

Surgery Protocol

Surgeries were completed by a single surgeon (K.D.F.)/neurologist (M.S.0.) team with
multipass electrode mapping [18]. DBS devices were activated one month after intracranial
lead implantation. Follow-up evaluations were performed as needed until the optimal
chronic stimulation parameters and adjunctive PD medication regimen were determined. All
patients were kept on their optimized DBS setting and medication regimen for a minimum
of 30 days before repeat motor evaluations were completed.

Imaging Protocol and Variables of Interest

Participants had completed a pre-DBS volumetric brain scan via 1.5 Tesla General Electric
(n=10) or Siemens (n=28) MR clinical scanners using a T1-weighted three-dimensional
volumetric sequence that allowed reconfiguration into any plane (typical protocol:
TR=11ms, TE=3.87ms, Flip Angle=15degrees, Inversion time=600; 1.5mm thick, 120
slices).

Lateral Ventricular Volumes

Were measured from 3D Tq-weighted magnetization prepared rapid acquisition gradient
echo (MP-RAGE) or spoiled gradient recalled (SPGR) images acquired in the axial plane.
For pre-processing the voxel intensity range was restricted to better delineate ventricles from
non-ventricle. Trained raters used a semi-automated segmentation method with scans in
native space (ITK-SNAP; http://www.itksnap.org [19]; Intra- and inter-rater spatial overlap
and reliability were excellent; inter-rater grand Dice Similarity Coefficient (DSC) =.92 .
04; ICC = .98, Pearson r=.99; intra-rater grand DSC = .96 + .03, all p<.001). Origin seed
bubbles were placed within each lateral ventricle, and an intensity algorithm governed by
parameters optimized to minimize error and manual modification expanded the bubbles in
3D space to the periventricular tissue margin. Extraneous voxels were manually removed.
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Visual inspection confirmed left-right ventricles which were then separated. Variables of
interest included 1) total lateral ventricular volume (mm?3) and 2) contralateral and ipsilateral
volume relative to patient reported onset. Contralateral and ipsilateral volume to lead
placement were calculated, for side of symptom onset did not always correspond to side of
lead placement due to severity of symptoms at time of surgery.

Intracranial Volume

Volumetric T1 weighted images were processed in BrainSuite by an automated method of
quantifying total intracranial volume [20]. A horizontal plane demarcating the superior
cerebellar border was applied as a standardized inferior margin for all cranial volumes.
Extraneous voxels were manually removed from the 3D volume; visual inspection of the 3D
volume confirmed the accuracy of the volumetric assessment.

Corrected Lateral Ventricular volumes

Were calculated by dividing lateral ventricular volumes by intracranial volumes in order to
account for intersubject head volume variability [21]. Final primary predictor variables of
interest were: 1) Total Lateral Ventricular Volume corrected for intracranial volume
(TLVCc), 2) Contralateral Ventricle to symptom onset corrected for intracranial volume
(CLV symptom_c and Ipsilateral Ventricle Volume to symptom onset corrected for
intracranial volume (ILV symptom_c), and 3) Contralateral Ventricle to lead corrected for
intracranial volume (CLV lead_c) and Ipsilateral Ventricle to lead corrected for intracranial
volume (ILV lead_c).

Motor Outcome Measure: Unified Parkinson's Disease Rating Scale (UPDRS; [22])

Baseline and four-month post DBS UPDRS scores were completed by a fellowship trained
movement disorder neurologist. Baseline data were collected *“off” medication. Four month
post-DBS data were collected “off” medication and optimal “on” electrode stimulation.
Primary outcome variables were: UPDRS section I11 (motor subscale of the Unified
Parkinson's Disease Rating Scale; higher=worse), with specific sub-items for axial motor
symptoms including “arising from chair” (UPDRS item 27; 0-4), “posture” (UPDRS item
28; 0-4), “gait” (UPDRS item 29; 0-4), and “postural stability” (UPDRS item 30; 0-4).

Covariates Considered

Age, education, duration of PD symptoms (defined as months between first symptoms of PD
and baseline evaluation), pre-surgery disease severity (Hoehn and Yahr; H&Y [23]), and
baseline general cognitive status as measured by the Mattis Dementia Rating Scale (DRS-2)
[24], were considered variables that may alter the expected relationship between lateral
ventricular volume and motor scores.

Statistical Analysis—Analyses were based on SPSS v17.0. Imaging variables met
normality requirements. Wilcoxon Sign Ranks examined change from baseline to 4-month
UPDRS Part 111 Total Motor and axial subscore motor items. Only significant sub-items
were examined in follow-up analyses. Mann-Whitney U tests examined DBS site placement
(STN, GPi) on gait change. Two-tailed pairwise t-tests examined differences in contralateral
and ipsilateral ventricle volumes. Two-tailed Pearson and Spearman correlations examined
potential covariates on ventricle volumes and UPDRS total motor and axial motor items of
interest, respectively. Unstandardized residuals were created for significant covariates (e.g.,
age) that may explain a portion of ventricular volume differences (a residual is the actual
value of the dependent variable minus the value predicted by the independent variable).
Linear hierarchical regressions (Enter) examined predictive value of baseline corrected
ventricle variables on the UPDRS Total Motor score. Here, pre-surgery UPDRS-I1I Total
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Motor score was entered in the first step of each model to render the dependent outcome
variable (4-month score) as a “residual change score”. Step 2 entered the primary predictor
variable (e.g., TLVc). Spearman correlations examined relationship between TLVc and
UPDRS ordinal motor sub-item change scores. Independent sample t-tests compared
ventricle size for patients who did and did not improve on the UPDRS total motor score
(identified using 2 standard errors of measurement (SEM) relative to overall patient change
[25]). Restrospective power analysis was conducted using G*Power [26]. Alpha levels were
set at .05.

A review of charts between years of 2002 and 2007 identified 53 patients meeting inclusion
and exclusion criteria. Of these 54, a set of 37 had MRIs that could be post-processed for
total ventricle and intracranial measurements. DBS targets included GPi (n=11) and STN
(n=26). Table 1.

Post-surgery changes in motor scores

Table 2. Participants demonstrated significant improvement in overall UPDRS Motor score
at four months post-surgery [z=-3.94, p<.001; UPDRS Total Motor Score mean change =
9.93 + 11.69;], with improvement on the sub-items of Gait [Z=-2.12, p=.03; mean change .
46+ 1.28;] and Postural Stability [Z=-2.30, p=.02; mean change = .86 + .92;]. There was no
significant change in UPDRS Motor subscale items of Rising from Chair [Z=-1.84, p=.07],
or Posture [Z=-1.20, p=.23]. UPDRS axial motor item change scores did not differ
significantly for DBS lead placement (STN, GPi;all p>.29).

Contralateral to Ipsilateral Ventricular Comparison

Table 3. There were similar contralateral and ipsilateral ventricular volumes to side of
symptom onset (t(34)=.65, p=.52) with no change in findings when using corrected values
for total intracranial volume (t(34)=.63, p=.53). Uncorrected and corrected volumes were
similar for ventricles ipsilateral and contralateral to DBS lead placement (uncorrected =
t(36)=.37, .71, corrected= t(36)=.31, p=.76). Ventricle comparisons for lead site subgroups
(GPi, STN) were similar (STN subgroup, all p>.18; GPi subgroup, all p>.71).

Examining Potential Covariates

Age positively associated with ventricle volumes (Pearson correlations: e.g., TLVCc, r=.55,
p=.001; CLV symptom_c, r= .52, p=.002; ILV symptom_c, r=.51, p=.002). There were no
other significant relationships between ventricular volumes and other covariates of concern
(symptom duration, H&Y, DRS-2, education; all r<.10, all p >.62). There were no
significant relationships between UPDRS motor scores (Part 111 Total Motor, subscores of
Gait, Postural Stability), demographic, symptom duration, H&Y, or pre-surgery general
cognition (Spearman Correlations: all ns). The moderate to strong association between age
and ventricle volumes indicates that ventricular volume is partially explained (at least 30%)
by age in our sample. For this reason, unstandardized residual between age and corrected
ventricular volumes were created and used used as the primary predictor for the planned
hierarchical analyses.

Lateral Ventricular Volume and Change in UPDRS Motor Score

Only baseline UPDRS Total Motor score explained a significant portion (22%) of variance
in post DBS total motor scores [F(1, 36)=9.73, p=.004; p=.47, R=.47, R?=.22]. TLVc
(residual after controlling for age) did not significantly contribute to the model (B= -.06,
Change R? = .003; F change = .14, p=.72). The same pattern occurred using the residualized
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CLV_c and ILV_c contralateral/ipsilateral ventricular volumes relative to symptom onset
and lead placement (all B's < -.06), and for all raw (non-residualized) lateral ventricle
volumes (all B's <.13). Furthermore, there were no significant associations between TLVc
(raw or residual) and the UPDRS Total Motor pre-post surgery change score (Figure 1), or
UPDRS axial motor subscores (Gait, Postural stability, r's<, 2, ns). Findings were similar for
contralateral and ipsilateral analyses.

Patients with/without UPDRS Motor Change and Ventricular Volume

For the UPDRS 11 total score, 13.5% (5/37) of patients demonstrated significant
improvement using a 2-SEM criterion (requiring change of 21 points). There was no
difference in ventricular volume between these two patient groups (mean £ s.d TLV raw: 2
SEM change group = 1308844.50 + 219779.22; all others = 1316596.24 + 142669.90, p=.
92; mean £ s.d TLV_c: 2SEM group = .0194+.-117; all others = .0175+.0098, p=.71). For
the axial sub-items, 5.4% (2/37) demonstrated improvement using a 2-SEM criterion
(requiring change of 6 points). Mean ventricle volume similar for those who did versus did
not improve on axial items (TLV mean for the 2 SEM group = 1320512.00 +179722.08
versus TLV mean = 1315265.09 + 179722.08), this difference was marginalized even less
than half a percent after controlling for total intracranial volume (TLVc = 1.4% relative to
1.8%).

Negative Surgery Outcome

One patient experienced an intracranial hemorrhage immediately post GPi placement. The
patient's total lateral ventricle and ventricle ipsilateral to lead placement were approximately
one standard deviation smaller than that of the other patients (residualized TLVc z score
relative to peers = -.91; residualized ILV lead_c z score = -1.13).

Future Sample Size Estimations

Using coefficient of determination reported above, it was identified that identifying a
relationship between total lateral ventricle volume and change in UPDRS total motor score
at an alpha of .05 and adequate power (0.80), a study would require a sample size of >2440
participants. Similar sample sizes were identified for axial and contralateral/ipsilateral
analyses.

Discussion

In our sample of PD patients meeting stringent criteria for unilateral DBS, pre-surgery
lateral ventricular volume was not a predictor of acute UPDRS motor score change.
Findings were consistent for all ventricular volume analyses; total lateral ventricular volume
as well as separate analyses using contralateral and ipsilateral ventricle size did not predict
post-DBS outcome. Ventricle variables also did not associate with any UPDRS motor
change score. Additionally, there was no significant ventricle size difference for those who
showed a marked improvement on the UPDRS motor score or axial sub-items. These
findings consistently indicate that lateral ventricle size in our sample was a poor predictor of
motor improvement for idiopathic PD patients undergoing STN or GPi placement.

Our sample was well controlled in that each participant went through a two-day rigorous
assessment by medical and allied health professionals (i.e., neurology, neurosurgery,
psychiatry, speech, neuropsychology). DBS eligibility was also discussed via an
interdisciplinary team consensus conference. This screening likely creates a homogeneous or
“clean” idiopathic PD DBS sample from which to answer our question. We acknowledge
that this rigorous screening might have inadvertently restricted lateral ventricle range, but
argue that our findings are worthy of consideration. We show adequate total ventricular
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volume ranges similar to other published volumes in PD [14]. Our age range was broad
(ages 46 to 76) and appropriately correlated with lateral ventricular size [27]. Residuals
allowed us to examine the remaining portion of lateral ventricular variance (i.e., not
explained by age) on DBS motor outcome. Findings were consistent across all analyses and
showed a virtually flat relationship between the remaining variance and motor change in our
sample. With a similar participant sample, power analyses estimate that 2440 or more
participants would be necessary to show a significant relationship between ventricular
volume and pre-post DBS UPDRS total motor change.

Furthermore, the findings suggest that lateral ventricle volume opposite of symptom onset
may not be a consistent imaging marker for idiopathic PD. Two investigator groups have
recently identified asymmetry in ventricles corresponding to side of onset or side of
worsening motor symptoms [14,15]. These studies involved young onset PD, however. We
interpret the collective findings as underscoring the heterogeneity of idiopathic PD and
growing knowledge that idiopathic PD involves numerous pathogenic mechanisms [28] that
may present differently on imaging.

Regarding the role of ventricular size on DBS complications, we identified one patient with
acute intracranial hemorrhage after GPi placement. A comparison of the patient's ventricles
to study sample's ventricular means revealed the patient's ventricles were almost one
standard deviation smaller than the peers. For this case, ventricle size may not have been a
contributor to the negative DBS outcome. As this is only one case, we encourage future
studies of ventricular volume in patients with acute hemorrhage following DBS.

Study limitations include restricting our study to unilateral surgery and one acute time, as
well as examining axial symptoms with only the UPDRS. Future studies are needed on
bilateral and longer time points. While the UPDRS is reliable for assessing PD as a whole, it
may not be the most sensitive measure for quantifying inter and intra-individual variability
in brain structure and motor outcome, particularly axial symptoms, following DBS.
Quantitative posturography and instrumented gait analysis is one potential approach for
future studies [29]. We also encourage investigators to examine the role of other
neuroanatomical structures on post-DBS outcome. As pointed out by Lang and colleagues
[30], our field needs prospectively designed studies that document relationships between
neuroanatomical variables and DBS outcome.

In summary, lateral ventricle volume did not predict acute motor improvement following
unilateral DBS in our sample of individuals with idiopathic PD. There was no ventricle
volume asymmetry with regard to side of symptom onset or lead placement. We encourage
more investigations on the role of ventricular volume after bilateral DBS and longer time
points, as well a ventricle asymmetry in PD subtypes.
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Figure 1. Scatterplot Depicting Relationship Between Total Lateral Ventricular Volume After
Controlling for Total Intracranial Volume (TICV) and Change in UPDRS I11 Total Motor Score
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Table 1
Participant (n=37) descriptive data for demographic and baseline general cognitive
function”
Mean  S.D. Minimum  Maximum
Age 58.81  7.00  46.00 76.00
Education 1522 251 9.00 20.00
M/F Ratio 28:09 - -- -
Symptom Months  148.32  65.94  52.00 303.00
H&Y 304 63 150 5.00
DRS-2 total score  137.95 504  123.00 144.00

*
M/F = Male/Female; H&Y = Hoehn and Yahr [23]; DRS-2 = Dementia Rating Scale — 2N Edition [24];
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Imaging Variable Mean, Standard Deviation, Minimum and Maximum Values”

Price et al.
Table 3
Mean S.D. Minimum Maximum
TICV 1315548.71  1551333.62 1030670.00 1653602.00
TLV 23572.60 13948.21 7631.27 66619.90
TLVC .0178 .0098 .0064 .0403
CLV symptom 11560.67 7455.65 3031.24 38750.20
CLV symptom_c  .0088 .0053 .0025 .0234
ILV symptom 11212.18 6437.12 3610.00 27869.70
ILV symptom_c  .0086 .0047 .0030 .0194
CLV lead 11763.05 6781.67 3610.00 27869.70
CLV lead_c .0089 .0050 .0030 .0231
ILV lead 11972.73 7493.53 3031.24 38750.20
ILV lead_c .0085 .0047 .0030 .0193
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*
NOTE: sample sizes: CLV and ILV symptom variables (n=35; 2 patients reported bilateral onset), remaining variables based on sample of 37

patients. Four decimal places reported for corrected volumes due to resulting small values. TICV = Total Intracranial Volume mm3; TLV = Total

Lateral Ventricular mm3 volume; TLVc = corrected Total Lateral Ventricular mm3 volume/TICV; CLV symptom = Contralateral Lateral

Ventricle to symptom onset mm3 volume; CLV symptom _c = CLV symptom / TICV; ILV symptom = Ipsilateral lateral ventricle to symptom

onset mm3 volume; ILV symptom_c = ILV symptom / TICV; CLV lead = Contralateral Lateral Ventricle to lead mm3 volume; CLV lead ¢ =

CLV lead / TICV; ILV lead = Ipsilateral lateral ventricle to lead mm3 volume; ILV symptom_c = ILV symptom / TICV
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