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ARTICLE INFO ABSTRACT
Article history: The pattern of interregional functional MRI correlations at rest is being actively considered as a potential non-
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establish their usefulness in three ways. First, the long-term stability of resting correlation patterns should be
characterized, but there have been very few such studies. Second, analysis of resting correlations should ac-
count for the unique neuroanatomy of each subject by taking measurements in native space and avoiding
Keywords: transformation of functional data to a standard volume space (e.g., Talairach-Tournox or Montreal Neurolog-
Test-retest ical Institute atlases). Transformation to a standard volume space has been shown to variably influence the
Reliability measurement of functional correlations, and this is a particular concern in diseases which may cause struc-
Default network tural changes in the brain. Third, comparisons within the patient population of interest and comparisons be-
fMRI tween patients and age-matched controls, should demonstrate sensitivity to any disease-related disruption
Functional connectivity of resting functional correlations. Here we examine the test-retest stability of resting fMRI correlations
over a period of one year in a group of healthy adults and in a group of cognitively intact individuals who
are gene-positive for Huntington's disease. A recently-developed method is used to measure functional cor-
relations in the native space of individual subjects. The utility of resting functional correlations as a biomarker
in premanifest Huntington's disease is also investigated. Results in control and premanifest Huntington's
populations were both highly consistent at the group level over one year. We thus show that when resting
fMRI analysis is performed in native space (to reduce confounds in registration between subjects and groups)
it has good long-term stability at the group level. Individual-subject level results were less consistent be-
tween visit 1 and visit 2, suggesting further work is required before resting fMRI correlations can be useful
diagnostically for individual patients. No significant effect of premanifest Huntington's disease on prespeci-
fied interregional fMRI correlations was observed relative to the control group using either baseline or longi-
tudinal measures. Within the premanifest Huntington's group, though, there was evidence that decreased
striatal functional correlations might be associated with disease severity, as gauged by estimated years to
symptom onset or by striatal volume.

© 2011 Elsevier Inc. All rights reserved.

Introduction signal (Biswal et al., 1995) as a biomarker in disease. This approach
could have advantages over structural MRI as it might reveal changes
There is currently great interest in measuring interregional correla- in physiological function before widespread and substantial cell loss oc-
tions of the resting blood oxygenation level dependent (BOLD) fMRI curs (Bohanna et al., 2008). Resting fMRI has a strong clinical appeal be-
cause it affords the ability to study multiple networks of the entire brain
at once and without confounding effects of cognitive ability to perform
S ) o . ) e a given behavioral task (Auer, 2008; Fox and Raichle, 2007; Greicius,
resonance imaging; HD, Huntington's disease; pre-HD, premanifest Huntington's disease; K . K
MNI, Montreal Neurological Institute; ICC, intraclass correlation coefficient; MMSE, mini- 2008; Petrella, 2011; nggrs Et.al" 2097' van d.en Heuvel an.d Hulshoff
mental state exam; CAG, cytosine-adenine-guanine; UHDRS, Unified Huntington's Dis- Pol, 2010). Already, variations in resting functional correlations (often
ease Rating Scale. A termed “functional connectivity”) have been reported in a wide range
* Corresponding author at: 9500 Gilman Dr., MC 0949, La Jolla, CA 92093-0949, USA. of neurological and psychiatric disorders, including Alzheimer's disease
Fax: +1858 534 1240. (Greicius et al., 2004; Sorg et al., 2009), mild cognitive impairment (Bai
E-mail addresses: tseibert@ucsd.edu (T.M. Seibert), dmajid@ucsd.edu (D.S.A. Majid), o ¥ ' X
adamaron@ucsd.edu (A.R. Aron), jcoreybl@vapop.ucsd.edu (J. Corey-Bloom), et al,, 2009; Pihlajamdki et al,, 2009; Sorg et al.,, 2007), amyotrophic lat-
jbrewer@ucsd.edu (J.B. Brewer). eral sclerosis (Mohammadi et al., 2011b), schizophrenia (Jafri et al.,
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2008; Repovs et al., 2011), depression (Greicius, 2008), writer's cramp
(Mohammadi et al,, 2011a), and Parkinson's disease (Helmich et al.,
2010; Wu et al., 2009). In the case of amyloid-associated pathology,
there is evidence that resting functional correlations may be sensitive
to neurological changes prior to onset of clinical symptoms (Hedden
et al.,, 2009; Sheline et al,, 2010). Taken together, these many reports
motivate resting fMRI as a tool for investigating the disease process
across time (i.e. in longitudinal biomarker studies) with the eventual
aim of evaluating neuroprotection or treatment.

It is important, however, to first evaluate the test-retest stability of
resting fMRL. Stability may be a particular concern in resting fMRI because
whereas task-based studies attempt to tightly control brain behavior,
resting fMRI uses an unconstrained paradigm that allows the potential
for markedly different states of mental activity from one scan session to
the next. Existing studies of stability in resting fMRI have used data trans-
formed to a standard volume (Chen et al., 2008; Damoiseaux et al., 2006;
Meindl et al., 2010; Shehzad et al.,, 2009; Thomason et al., 2011; Van Dijk
et al., 2009; Zuo et al., 2010), and to our knowledge, only one data set has
been examined with longitudinal measurements in adults (mean age
20.5 years) for a period longer than 16 days (5-16 months) (Shehzad
et al,, 2009). Thus, further investigation of the long-term stability of rest-
ing functional correlations is needed.

For resting fMRI to be a useful biomarker in neurological disease it
may also be necessary to use an analysis method that takes into ac-
count the fact that patient or gene-positive groups may already
have changes in gray and white matter—for example, to regions adja-
cent to cerebrospinal fluid, such as the periventricular basal ganglia
regions. When such changes occur, it is possible that resting correla-
tions can be mistakenly measured from voxels in white matter or ce-
rebrospinal fluid (Krishnan et al.,, 2006). We recently showed that
transforming functional data to a standard volume (e.g., Talairach or
MNI152) can introduce large, widespread effects on resting fMRI cor-
relations due to imperfect registration of native anatomy to the vol-
ume atlas (Seibert and Brewer, 2011). This was true even in young,
healthy subjects, but is a particular concern in disease. We proposed
an alternative method that addresses these issues by analyzing rest-
ing BOLD correlations on models of the native cortical surface created
for each subject's brain (Seibert and Brewer, 2011). Here we again
apply this native-space method.

Finally, the utility of resting fMRI to biomarker development also
requires establishing that longitudinal inter-regional correlations
can indeed detect differences between a disease group and a healthy
one. Huntington's disease (HD) is a genetic neurodegenerative disor-
der that causes deficits in both motor and cognitive functions. Though
HD affects a number of brain regions, including cerebral cortex, the
most prominent neuropathologic changes occur in the striatum,
made up of the caudate and putamen (Eidelberg and Surmeier,
2011; Rosas et al., 2008). Strikingly, atrophy in the caudate and puta-
men has been identified using neuroimaging more than a decade
prior to the estimated onset of manifest symptoms, i.e. during the
premanifest stage of HD (pre-HD) (Aylward et al., 1996, 2004,
2011; Paulsen et al., 2010; Stoffers et al., 2010; Tabrizi et al., 2009).
In this study, we compare gene-positive premanifest HD participants
with a group of healthy controls matched for age and IQ.

Diagnosis of Huntington's disease is aided by the presence of genetic
markers, and these genetic markers permit identification of high-risk
individuals prior to onset of clinical symptoms. An imaging biomarker
is highly desirable in premanifest Huntington's disease (pre-HD) to
track progression, inform prognosis, and measure the effects of poten-
tial therapies. We have previously shown that MRI can detect structural
changes (atrophy) over one year in pre-HD (Majid et al,, 2011). A func-
tional MRI technique might complement structural MRI and suggest
physiological relevance of structural changes; additionally, functional
imaging may have the potential to detect acute effects of therapies be-
fore major structural pathology occurs (Rosas et al., 2004). Differences
between pre-HD and age-matched control populations have already

been demonstrated using task-based fMRI (Kléppel et al., 2009; Paulsen
et al., 2004; Reading et al., 2004; Wolf et al., 2008; Zimbelman et al.,
2007), but disease-related changes in functional activation have yet to
be identified longitudinally in pre-HD, and resting fMRI correlations
have not been evaluated in pre-HD.

Thus, the present study had two main objectives. First, we aimed to
investigate the long-term stability (over one year) of resting fMRI corre-
lations in 22 healthy adults and also 34 adults with pre-HD. Second, we
aimed to ascertain whether a detectable difference exists in the resting
interregional functional correlations between pre-HD subjects and age-
matched controls (cross-sectionally and longitudinally). Importantly, to
avoid artifactual effects from transformation to a standard volume,
functional correlations in this study are calculated on each subject's na-
tive cortical surface and within native-space subcortical structures.

Methods
Subjects

Thirty-seven pre-HD (>38 CAG repeats) and 22 healthy age-
matched control participants underwent resting state scans at two visits,
with a one-year interval between visits. Consent was provided in accor-
dance with an Institutional Review Board at the University of California,
San Diego. A movement disorder specialist evaluated the pre-HD partic-
ipants using the United Huntington's Disease Rating Scale (UHDRS)
(Huntington Study Group, 1996), as described previously (Majid et al.,
2011). With this scale, participants were assigned a ‘motor score’
(range: 0-124) and were rated as to the clinician's confidence that the
presenting motor abnormalities represent symptoms of HD (range: 0-
4). A confidence rating of O represents a normal evaluation with no
motor abnormalities, a rating of 1 represents <50% confidence of an
HD diagnosis, and a rating of 4 represents a definitive HD diagnosis. All
participants rated below 2 at visit 1, confirming pre-HD status. At
follow-up, two initially pre-HD participants rated 4, indicating conver-
sion to manifest HD. These two were removed from the analysis. An addi-
tional pre-HD participant was removed because of considerable signal
dropout due to dental implants. This left a pre-HD group of 34 individuals.

Global cognitive ability was measured using the mini-mental state
exam (MMSE) (Folstein et al., 1975) at both timepoints. Furthermore,
the length of the CAG repeat expansion was used to calculate estimated
years-to-onset (YTO) using both the Aylward and Langbehn methods
(Aylward et al.,, 1996; Langbehn et al., 2004).

MRI acquisition

A General Electric (GE; Milwaukee, WI) 3T Signa HDx scanner
was used to acquire 182 functional T2*-weighted ecoplanar images
(EPI) (axial acquisition, 4 mm slice thickness, 32 slices per volume,
TR=2 s, TE=30 ms, flip angle =90°, field of view =220 mm). Before
the resting state scan, participants were instructed to close their eyes,
relax, and try not to fall asleep during the procedure. Additionally, a
matched-bandwidth high-resolution fast spin echo (FSE) scan (axial ac-
quisition, 4 mm slice thickness, 32 slices per volume, TR=5s, TE=
103.224 ms, flip angle=90° field of view=220 mm, matrix=
128x128) was acquired for each subject for registration purposes.
Structural T-weighted imaging data were obtained on a GE 1.5 T Excite
HDx scanner. Image acquisition included a GE “PURE” calibration se-
quence and a high-resolution three-dimensional T;-weighted IRSPGR
sequence (axial acquisition, 1.2 mm slice thickness, TR=6.496 ms,
TE =2.798 ms, TI=600 ms, flip angle = 12°, bandwidth =244.141 Hz/
pixel, field of view =240 mm, matrix =256 x 192).

Structural MRI processing

A model of each subject's cortical surface was reconstructed from
the T;-weighted MRI volume at visit 1 (Dale et al., 1999; Fischl et al.,
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1999a). The surface was then anatomically parcellated using the
Desikan-Killiany atlas (Desikan et al., 2006; Fischl et al., 2004). Sub-
cortical structures were similarly identified by volume segmentation
(Fischl et al., 2002). Results from each of these automated steps were
inspected for accuracy, and manual corrections were applied as nec-
essary according to procedures described previously, ensuring accu-
rate native surfaces and identification of tissue boundaries (Seibert
and Brewer, 2011).

fMRI data pre-analysis processing

Functional volumes were first corrected for image distortion due
to magnetic susceptibility variations using field maps acquired in
each functional session (Smith et al., 2004). After interpolating func-
tional time series so that all slices in a given volume could be com-
pared as if acquired simultaneously, rigid-body volume registration
was performed using AFNI (Cox and Jesmanowicz, 1999). This was
followed by voxel-wise regression of six head motion parameters,
the average signal from white matter voxels, and a cubic polynomial
baseline. White matter voxels were identified with a subject-specific
white matter mask, eroded away from tissue boundaries (gray matter
and cerebrospinal fluid) to avoid partial volume effects. Functional
data were next projected onto the subject's cortical surface model,
and a bandpass filter of 0.01-0.08 Hz was applied to the time series
from each vertex on the surface. To avoid differences that might
arise from any variation in surface reconstruction, functional data
from both visits were projected to the visit 1 surface. This was
achieved by first registering each functional volume to a matched-
bandwidth, spin-echo T,-weighted volume acquired during the
same session. The T{-weighted volume from visit 1 was registered
to the spin-echo T,-weighted volume from each visit, and these reg-
istrations were used for surface projection.

fMRI interregional correlation analysis

Procedures for fMRI correlation analysis on native surfaces are de-
scribed in detail elsewhere (Seibert and Brewer, 2011). Native-surface
parcellation analysis allows comparison across subjects and popula-
tions using regions defined in each individual subject based on registra-
tion to a probabilistic atlas of surface folding patterns and on the
observed surface geometry at that location of the native surface, a pro-
cess shown to be comparable to manual identification (Fischl et al.,
2004). Briefly, a single region from the automated parcellation of each
individual surface is used as the seed time series for each hemisphere.
The functional time series from the seed region is then correlated
with the average time series from 33 cortical surface parcellation re-
gions and five volume segmentation regions (hippocampus, caudate,
pallidum, putamen, amygdala) in the Desikan-Killiany atlas, excluding
regions adjacent to the seed. Fisher's z-transform was applied to
these native-surface correlation coefficients. Potential differences
in native-space results were evaluated with t-tests corrected for
multiple comparisons. In addition, power analysis estimated the
number of subjects needed to detect a difference between two
groups, following steps described previously (assuming population
difference of 0.2 in z-tranformed correlation coefficient, alpha value of
0.05, and 80% power) (Cohen, 1988; Dawson and Trapp, 2004; Seibert
and Brewer, 2011).

Vertex-wise correlation analysis (surface equivalent to voxel-wise
analysis) was also performed after spherical-based surface registra-
tion to the FreeSurfer fsaverage surface (Fischl et al., 1999b; Seibert
and Brewer, 2011). The minimum and maximum thresholds were
set based on the group map for control subjects' first visit; the mini-
mum threshold was one standard deviation above the map mean,
and the maximum threshold was two standard deviations above the
map mean. To account for possible variation in functional anatomy,
individual maps were subjected to a surface-based smoothing process

(approximately equivalent to a 6 mm Gaussian kernel in two dimen-
sions) prior to performing vertex-wise group statistics. All group
summary maps were similarly smoothed for display. Tissue mislabel-
ing can frequently arise during transformation to a volume atlas such
as Talairach or MNI152, introducing large effects on functional corre-
lations; surface-based registration reduces these errors (Fischl et al.,
19993, 1999b; Seibert and Brewer, 2011).

The main analyses were performed with two seed regions. The isth-
mus cingulate region has been shown to be a reliable seed for study of
the default network (Seibert and Brewer, 2011). Additionally, the puta-
men was chosen as a seed for investigating intrastriatal and corticostria-
tal correlations in light of known striatal involvement in Huntington's
pathology and MRI evidence that the putamen may be the most prom-
inently affected structure in early Huntington's disease (Harris et al.,
1992). In a supplementary analysis, group maps were also created
with the caudate as a seed for qualitative comparison of correlation pat-
terns arising from caudate or putamen seeds.

Stability of fMRI intrerregional correlations

Long-term stability of group-level interregional correlation results
(from visit 1 to visit 2, approximately one year later) was investigated
in both the native-surface parcellation regions and the vertex-wise
group-surface maps. Consistency of the overall pattern of correlations
with the seed was evaluated by calculating the Pearson's correlation
coefficient across native-surface regions for group-mean results
from visit 1 and visit 2. Paired t-tests across subjects were then ap-
plied to the visit 1 and visit 2 results of each native-surface region
to identify any regions that changed significantly over time. Maps of
longitudinal consistency were then created with paired t-tests for
every vertex on the group surface. All t-test results were assessed
for statistical significance after controlling the false discovery rate at
less than 0.05 to correct for multiple comparisons (Genovese et al.,
2002).

Subject-level stability from visit 1 to visit 2 was also evaluated
with the Pearson's correlation coefficient across native-surface re-
gions for each subject. Additionally, the relative intrasubject and
intersubject variances were compared by calculating intraclass corre-
lation coefficients (ICC) for each native-surface region. Intraclass cor-
relation coefficients were obtained using the following formula:

BMS—EMS
fec= BMS + (k—1)EMS’
where k is the number of observations; BMS is the between-subjects
mean-square error; and EMS is the within-subjects mean-square
error (mean-square errors computed with a repeated-measures,
mixed-effects ANOVA) (Shrout and Fleiss, 1979). ICC values can
have magnitudes between 0 and 1, and large ICC values reflect low
within-subjects variance (across sessions) and high between-subjects
variance. ICC values were tested for significance against a zero-value
null hypothesis based on an F distribution, where

. _BMS
0T EMS’

and the degrees of freedom are (n— 1) and (n—1)(k—1), where n is
the number of subjects (Shrout and Fleiss, 1979).

Effect of pre-HD on interregional correlations

Subjects with pre-HD were compared to healthy controls to test
for a potential population difference attributable to early pathology.
Two-sample t-tests were applied to pre-HD and control data from
each native-surface parcellation region. Vertex-wise comparisons
were also made, using two-sample t-tests at each vertex on the
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Table 1

Participant characteristics. Regions are ordered by strength of correlation with the seed
region. Mean z(r) and SE indicate the population mean z-transformed correlation coef-
ficient and standard error, respectively. Sample size indicates the estimated sample
size to detect a difference in mean z(r) of 0.2 with 80% power and alpha value of 0.05.

Controls (N=22) Pre-HD (N=34)

Baseline Follow-up  Baseline Follow-up
Age at start (yrs, mean+SD) 40.1+£12.2 40.5+104
Sex (F/M) 15/7 20/14
Between-scan interval 1.0+0.1 1.14+0.1
(yrs, mean + SD}
MMSE (mean +SD) ¢ 288+14 284417 292+1.0 284+16
Number of CAG repeats N/A 42.44+2.5[38-48]
(mean 4 SD) [range]
Estimated years-to-onset, N/A 62+74
Aylward method
(yrs, mean + SD)
Estimated years-to-onset, N/A 143472
Langbehn method
(yrs, mean + SD)
UHDRS motor score 0.14+03 N/A 1.54+1.7 3.6+44

(mean+SD) ®

SD = standard deviation; MMSE = mini-mental state exam; CAG = cytosine-
adenine-guanine; UHDRS = Unified Huntington's Disease Rating Scale; Pre-HD =
preclinical Huntington's disease; N/A = not applicable.

2 ANOVA revealed main effect of time (p=0.011) but no effect of group.

b Significantly different between groups at baseline (p=0.001) and between time-
points in pre-HD group (p =0.004). UHDRS was not obtained for controls at follow-up.

group surface. The t-tests made no assumption of equal variance be-
tween groups and were assessed for statistical significance after con-
trolling the false discovery rate at less than 0.05 to correct for
multiple comparisons (Genovese et al., 2002). These tests were per-
formed on both visit 1 and visit 2 data.

The potential for differential longitudinal change in interregional
correlations between pre-HD and control groups was also investigated.
Subject difference values were computed for each native-surface re-
gion, and two sample t-tests evaluated whether pre-HD subjects expe-
rienced a greater change from visit 1 to visit 2 than control subjects.
Analogous vertex-wise two-sample t-tests were also performed on
the longitudinal differences for subjects in the two groups.

Table 2

Indicators of disease severity were also compared to interregional
correlations. Langbehn and Aylward estimates of years to onset were
tested for association with strength of functional correlations, as were
FreeSurfer-based structural volume measures for the putamen and
caudate (see below). The three regions most strongly correlated
with each seed in the control group were included in these compari-
sons. Associations were evaluated by calculating the Pearson's corre-
lation coefficient across subjects. We note that all the subjects studied
here all had T1 scans, and we have reported on cross-section, be-
tween groups (voxel based and whole-brain based) and longitudinal
analyses (whole-brain based) of those data (Majid et al., 2011; Stoffers
et al,, 2010). Further analysis of T1 images also used FreeSurfer-based
subcortical segmentation of caudate and putamen and also found signif-
icant cross-sectional and longitudinal group differences (Majid et al. in
press).

Results
Participant characteristics

At visit 1, control and pre-HD groups were similar in age and MMSE
scores (p=0.906 and p=0.180, respectively) (Table 1). For MMSE,
ANOVA [group x visit] revealed no differences between groups (F<1),
but did show a main effect of time (F(1,56)=6.872, p=0.011), with
scores decreasing in both groups as time progressed. There was no in-
teraction (F(1,54)=1.112, p=0.296). UHDRS motor scores were sig-
nificantly elevated in pre-HD compared to controls (t(54)=3.664,
p=.001), consistent with subtle motor signs that were insufficient to
meet diagnostic criteria for manifest HD. Follow-up UHDRS motor
scores were significantly elevated in the pre-HD group after the one-
year duration, indicating a slightly worsening condition (t(33)=
3.123, p=0.004). Follow-up UHDRS motor scores were not obtained
in controls.

fMRI interregional correlation analysis

Native-surface regions most consistently correlated with the isth-
mus cingulate are shown in Table 2; among these are several areas fre-
quently associated with the default network (dorsolateral prefrontal,
medial prefrontal, inferior parietal, and medial temporal). This

Native-surface correlation analysis with isthmus cingulate seed. Regions are ordered by strength of correlation with the seed region in visit 1. Mean z(r) and SE indicate the pop-

ulation mean z-transformed correlation coefficient and standard error.

Left hemisphere

Right hemisphere

Region name Visit 1 Visit 2

Rank Mean z(r) (SE) Rank Mean z(r) (SE)

Visit 1
Rank Mean z(r) (SE) Rank

Region name Visit 2

Mean z(r) (SE)

Control

Medial orbitofrontal 1 0.52 (0.06) 3 0.33 (0.05)
Rostral anterior cingulate 2 0.46 (0.05) 6 0.24 (0.05)*
Frontal pole 3 0.43 (0.05) 4 0.28 (0.06)
Inferior parietal 4 0.41 (0.06) 1 0.43 (0.05)
Superior frontal 5 0.32 (0.04) 7 0.21 (0.07)
Cuneus 6 0.31 (0.06) 2 0.36 (0.06)
Hippocampus 7 0.30 (0.05) 5 0.27 (0.07)
Pre-HD

Medial orbitofrontal 1 0.43 (0.04) 1 0.42 (0.04)
Inferior parietal 2 0.36 (0.05) 2 0.31 (0.04)
Rostral anterior cingulate 3 0.36 (0.04) 4 0.22 (0.04)®
Frontal pole 4 0.30 (0.05) 3 0.31 (0.05)
Superior frontal 5 0.21 (0.04) 5 0.22 (0.04)
Parahippocampal 6 0.21 (0.04) 7 0.18 (0.04)
Hippocampus 7 0.20 (0.05) 9 0.14 (0.04)

Medial orbitofrontal 1 0.44 (0.06) 3 0.32 (0.06)
Rostral anterior cingulate 2 0.39 (0.06) 9 0.18 (0.07)
Inferior parietal 3 0.37 (0.04) 1 0.49 (0.05)
Cuneus 4 0.37 (0.06) 2 0.39 (0.06)
Superior frontal 5 0.31 (0.04) 10 0.17 (0.06)
Frontal pole 6 0.30 (0.04) 4 0.29 (0.06)
Parahippocampal 7 0.29 (0.05) 5 0.24 (0.05)
Inferior parietal 1 0.39 (0.04) 1 0.38 (0.04)
Medial orbitofrontal 2 0.38 (0.04) 2 0.27 (0.04)
Rostral anterior cingulate 3 0.30 (0.04) 7 0.22 (0.04)
Superior frontal 4 0.29 (0.04) 4 0.25 (0.04)
Caudal middle frontal 5 0.24 (0.05) 5 0.24 (0.03)
Parahippocampal 6 0.22 (0.04) 11 0.16 (0.04)
Hippocampus 7 0.21 (0.04) 9 0.19 (0.04)

@ Significant (FDR<0.05).
> Trend (FDR<0.10).
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Table 3
Native-surface correlation analysis with putamen seed. Regions are ordered by strength of correlation with the seed region in visit 1. Mean z(r) and SE indicate the population mean
z-transformed correlation coefficient and standard error.

Left hemisphere Right hemisphere
Region name Visit 1 Visit 2 Region name Visit 1 Visit 2

Rank Mean z(r) (SE) Rank Mean z(r) (SE) Rank Mean z(r) (SE) Rank Mean z(r) (SE)
Control
Caudate 1 0.53 (0.06) 1 0.54 (0.05) Caudate 1 0.44 (0.05) 1 0.48 (0.05)
Superior Frontal 2 0.33 (0.03) 5 0.23 (0.05) Pars opercularis 2 0.31 (0.05) 2 0.32 (0.04)
Pars triangularis 3 0.29 (0.04) 3 0.27 (0.04) Superior frontal 3 0.26 (0.05) 7 0.17 (0.06)
Pars opercularis 4 0.28 (0.05) 2 0.30 (0.04) Caudal anterior cingulate 4 0.25 (0.06) 3 0.32 (0.07)
Precentral 5 0.23 (0.07) 8 0.20 (0.05) Pars triangularis 5 0.24 (0.04) 4 0.27 (0.05)
Amygdala 6 0.19 (0.04) 14 0.09 (0.06) Posterior cingulate 6 0.22 (0.05) 8 0.17 (0.05)
Caudal anterior cingulate 7 0.19 (0.05) 7 0.20 (0.05) Precentral 7 0.19 (0.08) 10 0.13 (0.06)
Pre-HD
Caudate 1 0.48 (0.05) 1 0.54 (0.04) Caudate 1 0.44 (0.04) 1 0.46 (0.05)
Pars opercularis 2 0.32 (0.04) 3 0.25 (0.04) Pars opercularis 2 0.34 (0.04) 3 0.23 (0.04)
Pars triangularis 3 0.23 (0.05) 2 0.26 (0.03) Pars triangularis 3 0.27 (0.04) 2 0.25 (0.03)
Superior frontal 4 0.22 (0.04) 5 0.19 (0.04) Caudal anterior cingulate 4 0.22 (0.03) 4 0.22 (0.04)
Caudal anterior cingulate 5 0.19 (0.03) 4 0.19 (0.04) Posterior cingulate 5 0.20 (0.04) 6 0.17 (0.04)
Amygdala 6 0.15 (0.04) 11 0.12 (0.04) Superior frontal 6 0.16 (0.04) 7 0.14 (0.05)
Rostral middle frontal 7 0.15 (0.04) 10 0.13 (0.04) Rostral middle frontal 7 0.14 (0.04) 8 0.14 (0.04)

Medial Orbitofrontal Rostral Anterior Cingulate Isthmus Cingulate

=

Frontal Pole

“ontrol

!

Pre-HD
isit 1

Control

visit 2
) ]

Pre-HD
visit 2

z(r) = 0.18

Fig. 1. Group correlation maps with isthmus cingulate seed. Fisher's z-transformed correlation coefficients for the correlation of each vertex on the surface with the average time
series of the isthmus cingulate seed. The minimum and maximum thresholds for the functional overlay represent one and two standard deviations, respectively, above the mean
coefficient from the first-visit group map for control subjects (i.e., Fig. 1B). The top row (A) shows the Desikan-Killiany cortical parcellation atlas.
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observation is common to both hemispheres, both visits, and both
populations. The putamen seed also yielded results that were replicated
across data sets (Table 3). Areas associated with motor function such as
the caudate, supplementary motor area, pre-supplementary motor
area, and ventral pre-motor cortex are among those most strongly cor-
related with the putamen seed. Group maps are displayed in Fig. 1 (isth-
mus cingulate seed) and Fig. 2 (putamen seed). [sthmus cingulate maps
are thresholded from 0.18 to 0.32, corresponding to one to two standard
deviations above the group mean (across both hemispheres) for the
control group at visit 1. Putamen maps are thresholded from 0.09 to
0.16, using analogous summary statistics. For qualitative comparison
with the putamen maps, group maps were also calculated with the cau-
date as seed (Fig. 6 in Supplementary Materials).

Stability of fMRI interregional correlations

Qualitative similarity of group-level results between visit 1 and
visit 2 is confirmed by quantitative comparison. In the control
group, the correlation between visit 1 and visit 2 isthmus cingulate
results (correlation coefficient across all native-surface regions) was
0.93 in the left hemisphere and 0.90 in the right hemisphere. Pre-
HD inter-visit correlations for the isthmus cingulate seed were also
high, with coefficients of 0.96 in the left hemisphere and 0.94 in the
right hemisphere. For the putamen seed, the control group visit 1

Superior Frontal

Pars Opercularis

and visit 2 results had a correlation coefficient of 0.95 and 0.96 for
the left and right hemispheres, respectively; the pre-HD group had
values of 0.96 and 0.97 for the left and right hemispheres, respective-
ly. Thus, group-level results for the native-surface parcellation re-
gions were highly consistent for scans spaced a year apart.

Paired t-tests were applied to detect significant differences from
visit 1 to visit 2. In the control group, with the isthmus cingulate
seed, only the left rostral anterior cingulate region was significantly
different after controlling for false discovery rate. The left rostral an-
terior cingulate had a group-mean z-transformed correlation coeffi-
cient of 0.46 at visit 1 and 0.24 at visit 2 (t(21) =4.11; uncorrected
p<0.001). This rostral anterior cingulate finding was not replicated
in the pre-HD group, though there was a trend in the same direction
(0.36 at visit 1; 0.22 at visit 2; £(33) =2.75; uncorrected p<0.01). No
region was significantly different from visit 1 to visit 2 in the pre-HD
group for isthmus cingulate correlations. Likewise, no region showed
a significant inter-visit difference in either group with the putamen
seed. Vertex-wise paired t-test maps in Fig. 3 (isthmus cingulate)
and Fig. 4 (putamen) also show very few significant inter-visit
differences.

Power analyses were performed for each region to estimate the
sample size necessary for 80% power to detect a difference of 0.2 in
group mean correlation coefficient when alpha is set at 0.05. With
the isthmus cingulate seed, the median calculated sample size (and

Caudal Anterior Cingulate

Pre-HD
visit 1

Control

z(r) = 0.09 = (.16

Fig. 2. Group correlation maps with putamen seed. Fisher's z-transformed correlation coefficients for the correlation of each vertex on the surface with the average time series of the
putamen seed. The minimum and maximum thresholds for the functional overlay represent one and two standard deviations, respectively, above the mean coefficient from the
first-visit group map for control subjects (i.e., Fig. 2B). The top row (A) shows the Desikan-Killiany cortical parcellation atlas.
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visit 2 vs |

Pre-HD
visit 2 vs 1

Pre-HD vs Control
visit 1

Pre-HD vs Control
visit 2

FDR<0.0]

FDR<0.05 s /DR <0.01

Fig. 3. Group t-test maps with isthmus cingulate seed. Functional overlays show t-values for each vertex for the relevant comparison. The threshold for each row was set indepen-
dently to indicate t-values corresponding to a false discovery rate less than 0.05 (minimum) and 0.01 (maximum). A-B: hot colors indicate significantly greater correlation in visit
2; cool colors indicate significantly greater correlation in visit 1. C-D: hot colors indicate greater correlation in the pre-HD group than in the control group; cool colors indicate
greater correlation in the control group. Thresholds are as follows (min, max): (A) t=3.6, 4.3; (B) t=3.4, 4.0; (C-D) t=3.3, 3.9.

interquartile range) across all regions was 21 (17-28) subjects for the
control group and 25 (20-29) subjects for the pre-HD group. With the
putamen seed, the median sample size was 21 (15-28) subjects for
the control group and 22 (18-27) subjects for the pre-HD group.
These estimates are comparable to the actual sample sizes of the pre-
sent study.

While the correlation between visit 1 and visit 2 results was quite
high at the group level, inter-visit correlation across native-surface
regions was considerably lower for individual subjects. For control
subjects, the median correlation coefficient between visit 1 and visit
2 with the isthmus cingulate seed was 0.59, with an interquartile
range of 0.39-0.69. For pre-HD subjects, the median with the isthmus
cingulate seed was 0.45, with an interquartile range of 0.21-0.59.
With the putamen seed, the median (and interquartile range) for
controls was 0.38 (0.17-0.60), and for pre-HD subjects it was 0.51
(0.27-0.63).

Intraclass correlation coefficient analysis also suggested notable
within-subjects variance from visit 1 to visit 2. ICC values for the re-
gions from Tables 2 and 3 are shown in Tables 4 and 5, along with as-
sociated p-values. The greatest ICC with either seed was found in the
right medial orbitofrontal region in the control group (ICC=0.66,
p<0.001). ICC values significantly greater than zero (p<0.05, uncor-
rected) with the isthmus cingulate seed were also found in the fol-
lowing regions in the control group: left cuneus, right rostral
anterior cingulate, right frontal pole, and right superior frontal. In
the pre-HD group, regions with ICC values significantly greater than
zero with the isthmus cingulate seed included the left frontal pole,
right medial orbitofrontal, and right inferior parietal. With the puta-
men seed, significant ICC values for the control group were found in
right superior frontal and right caudal anterior cingulate regions. In
the pre-HD group, the putamen seed gave significant ICC values in

the left amygdala, right caudate, and right precentral regions. An
ICC value greater than 0.5 indicates that between-subjects variance
is greater than within-subjects variance. With the isthmus putamen
seed, only the right medial orbitofrontal region had an ICC of at
least 0.50 in both control and pre-HD groups. With the putamen
seed, no region had an ICC of at least 0.50 in either group.

Effect of pre-HD on interregional correlations

Population mean correlations with the isthmus cingulate seed for
pre-HD and control groups did not differ significantly in any of the
native-surface regions in either hemisphere at visit 1 (two-sample
t-tests, FDR controlled at less than 0.05). This remained true approx-
imately one year later at visit 2. Likewise, no statistically significant
difference was found for correlation with the putamen seed in any
of the parcellation regions at either visit. Vertex-wise t-tests on the
group surface also yielded only sparse spots showing significant ef-
fects of pre-HD with either seed (Figs. 3 and 4).

Though the change from visit 1 to visit 2 was unimpressive at the
group level for either population, the size of the longitudinal change
in pre-HD might still differ from controls in some region(s). However,
two-sample t-tests comparing the visit 2-visit 1 differences in pre-HD
subjects to that of control subjects did not yield any native-surface
parcellation regions with a statistically significant effect. This was
true with both the isthmus cingulate and putamen seeds. Vertex-wise
t-tests on the group surface were consistent with the native-surface re-
gion results (Fig. 5 in Supplementary Materials).

Comparison of interregional correlations with indicators of dis-
ease severity in the pre-HD group did not reveal any associations for
the isthmus cingulate seed correlations (results not shown), but poten-
tial associations were identified for the putamen seed correlations
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Control
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Fig. 4. Group t-test maps with putamen seed. Functional overlays show t-values for each vertex for the relevant comparison. The threshold for each row was set independently to
indicate t-values corresponding to a false discovery rate less than 0.05 (minimum) and 0.01 (maximum). A-B: hot colors indicate significantly greater correlation in visit 2; cool
colors indicate significantly greater correlation in visit 1. C-D: hot colors indicate greater correlation in the pre-HD group than in the control group; cool colors indicate greater

correlation in the control group. Thresholds are as follows (min, max): (A) t=3.6, 4.3; (B) t=3.4, 4.0; (C-D) t=3.3, 3.9.

(Table 6). Subjects with weaker putamen-caudate functional correla-
tion at visit 1 were also closer to disease onset using the Langbehn
method. This was true in each hemisphere. Similarly, subjects with
weaker putamen-caudate functional correlation at visit 1 also had
smaller caudate and putamen volumes (Table 6). These findings were
less consistent at visit 2, though trends in the same direction remained.

Table 4

Intraclass correlation coefficients with isthmus cingulate seed. For easy comparison, re-
gions are ordered according to the strength of correlation in the left hemisphere of the
control group (see Table 2) for the other sub-tables. Intraclass correlation coefficients
were calculated from visit 1 and visit 2 data from all subjects within each group. Signif-
icance is indicated by associated p-values (null hypothesis: ICC=0).

Left hemisphere Right hemisphere

Region name ICC p Region name ICC p
Control

Medial orbitofrontal 025 0.28 Medial orbitofrontal 0.66 <0.001
Rostral anterior cingulate 0.36  0.10 Rostral anterior cingulate 0.50  0.02
Frontal pole 032 0.16 Frontal pole 045 0.03
Inferior parietal 0.12  0.61 Inferior parietal 028 022
Superior frontal 0.27 0.24 Superior frontal 0.52 0.01
Cuneus 043 0.04 Cuneus 0.01 0.89
Hippocampus 024 0.29 Hippocampus 0.19 042
Pre-HD

Medial orbitofrontal 0.17 0.49 Medial orbitofrontal 0.50 <0.01
Rostral anterior cingulate 0.26  0.21 Rostral anterior cingulate 027  0.18
Frontal pole 0.52 <0.01 Frontal pole 035 0.07
Inferior parietal 0.23  0.28 Inferior parietal 037 0.04
Superior frontal 0.01 >0.99 Superior frontal 0.12 0.70
Cuneus 0.23 030 Cuneus 026 0.20
Hippocampus 0.07 0.91 Hippocampus 0.12 0.72

Discussion

In assessing the potential of resting correlations as a biomarker, the
primary objectives of the present study were to evaluate the long-term
stability of measures obtained in native space and to apply the

Table 5

Intraclass correlation coefficients with putamen seed. For easy comparison, regions are
ordered according to the strength of correlation in the left hemisphere of the control
group (see Table 3) for the other sub-tables. Intraclass correlation coefficients were cal-
culated from visit 1 and visit 2 data from all subjects within each group. Significance is
indicated by associated p-values (null hypothesis: ICC=0).

Left hemisphere Right hemisphere

Region name ICC p Region name ICC p
Control

Caudate 0.11 0.63  Caudate 0.30 0.18
Superior frontal 0.00 0.90  Superior frontal 0.47 0.02
Pars triangularis ~ <0.01 0.90  Pars triangularis 0.16 0.49
Pars opercularis ~ <0.01 0.90  Pars opercularis 0.01 0.88
Precentral 0.10 0.67  Precentral 0.30 0.18
Amygdala 0.04 0.83  Amygdala 0.20 0.40
Caudal anterior 0.23 0.32  Caudal anterior cingulate 0.52 0.01

cingulate

Pre-HD

Caudate 0.32 0.10  Caudate 049 <0.01
Superior frontal ~ <0.01 >0.99  Superior frontal <0.01 >0.99
Pars triangularis 0.20 0.37  Pars triangularis 0.16 0.55
Pars opercularis 0.01 >0.99 Pars opercularis <0.01 >0.99
Precentral 0.28 0.16  Precentral 042 0.02
Amygdala 0.38 0.04 Amygdala 0.15 0.59

Caudal anterior 0.22 0.33
cingulate

Caudal anterior cingulate 0.25 0.23
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Table 6

Association of putamen functional correlations with disease severity. Regions most strongly correlated with the putamen seed in the control group are included in the table. YTO:

years to onset; r: Pearson's correlation coefficient.

Putamen-region correlation vs. years to onset

Region name Visit 1 Visit 2
Langbehn YTO Aylward YTO Langbehn YTO Aylward YTO
r p r p r p r p

Left caudate 0.54"* <0.01 0.16 037 030" 0.08 0.28 0.11

Left pars opercularis 0.07 0.71 —0.08 0.67 0.06 0.72 —0.13 0.46

Left superior frontal —0.17 035 —0.34" 0.05 —0.09 0.62 0.03 0.87

Right caudate 0.41* 0.02 0.17 0.34 0.24 0.17 0321 0.07

Right pars opercularis 0.21 0.24 —0.06 0.76 0.09 0.62 —0.01 0.96

Right superior frontal 0.04 0.81 —0.23 0.19 0.15 0.40 0.09 0.62

Putamen-region correlation vs. striatal volume

Region name Visit 1 Visit 2

Caudate volume Putamen volume Caudate volume Putamen volume
r p r p r p r p

Left caudate 0.36™ <0.01 031" 0.02 037" 0.03 0.29" 0.09

Left pars opercularis —0.09 0.50 —0.05 0.71 —0.08 0.67 —0.13 047

Left superior frontal <0.01 0.99 0.09 0.50 —0.10 0.56 —0.13 0.47

Right caudate 0.27* 0.04 0.23" 0.09 0.24 0.18 0.22 0.22

Right pars opercularis —0.02 0.89 0.03 0.85 0.11 0.55 0.05 0.77

Right superior frontal 0.06 0.65 0.16 0.25 —0.08 0.68 —0.03 0.86
** p<0.01.

* p<0.05.

T p<0.10.

technique to the premanifest HD population. Group correlation results
obtained using the native-surface method highlighted corticostriatal
and default patterns that were stable over one year in both the control
and pre-HD populations. On the other hand, results from visit 1 and visit
2 were less stable at the individual-subject level. No significant group-
level differences were demonstrated between the pre-HD and control
groups, but weakening of resting correlation between the caudate and
putamen in the pre-HD group may be related to disease severity as es-
timated by subcortical volumes or estimated years to symptom onset.

Isthmus cingulate and putamen seeds yield expected networks

Regions with strongest correlation with the isthmus and putamen
seeds were consistent with previously published group-level resting
fMRI results. Specifically, the isthmus cingulate seed highlighted default
network areas such as dorsolateral prefrontal, medial prefrontal, inferi-
or parietal, and medial temporal cortex bilaterally in both the control
group and the pre-HD group (Table 2, Fig. 1). The putamen seed, on
the other hand, was most strongly correlated with motor-related
areas (Table 3, Fig. 2) in both populations. Distinguishable patterns
with these two seeds converges with prior studies demonstrating disso-
ciable “networks” of brain regions at rest (Beckmann et al., 2005; Seeley
et al., 2009; Vincent et al., 2007) and, along with supplementary ana-
lyses using the caudate seed, are further evidence that seeds defined
by automated parcellation on the native surface yield meaningful and
reproducible results. Consistent with known structural connectivity
(Alexander et al., 1986; Lawrence et al., 1998; Leh et al., 2007), the cau-
date maps differ from those using the putamen seed, highlighting dor-
solateral prefrontal and anterior cingulate cortex, whereas the
putamen maps highlight ventrolateral prefrontal cortex and supple-
mentary motor area (Fig. 6 in Supplementary Materials). Also of note,
the magnitudes of the isthmus cingulate correlations are generally
greater than that of the putamen (or caudate) correlations. While this
confirms multiple previous findings that the default network is particu-
larly active at rest (Buckner et al., 2008; Greicius et al., 2003; Raichle
etal, 2001), it also suggests that a resting condition may not be optimal
for studies specifically focused on corticostriatal networks. Resting

correlations in this study did, however, highlight both corticostriatal
and default networks in four data sets (two populations at two time
points).

Resting interregional correlations stable over one year at group level

Group-level results with both putamen and isthmus cingulate
seeds were longitudinally stable, yielding similar patterns in scans
collected a year apart. Qualitatively similar group maps (Figs. 1 and
2) and native-surface results (Tables 2 and 3) are corroborated by
strong inter-visit correlations at the group level (greater than 0.9 in
each hemisphere in all four data sets). Additionally, only a single re-
gion, in a single group, showed a statistical difference between visit
1 and visit 2. The congruency of group results from data collected a
year apart is encouraging for application of this technique to longitu-
dinal studies such as clinical trials. That this relatively high long-term
stability held in both control and pre-HD populations is also encour-
aging, as it suggests that population differences could also be consis-
tently measured over a year-long study.

Subject-level results were considerably less stable than group-
level results from visit 1 to visit 2. Inter-visit correlations at the sub-
ject level had medians of 0.59 and 0.45 for the isthmus cingulate
seed (left and right hemispheres), and 0.38 and 0.51 for the putamen
seed. While there is still reasonable inter-visit agreement for many
subjects (approximately 25% of subjects in each group had inter-
visit correlations greater than 0.60), the within-subjects variance is
approximately as great, or greater, than the between-subjects vari-
ance in nearly every case. In other words, for a given single region,
on average, measurements taken from the same individual a year
apart were at least as different as measurements taken from two dif-
ferent individuals from within the same group.

Strong group-level stability with high within-subjects variance is
suggestive of a noisy marker that can be consistent at the group
level because of improved signal-to-noise ratio with averaging. The
sources of this noise may be varied. Technical imaging issues may
contribute, including fluctuations in scanner properties, thermal
noise, physiological noise (e.g., due to changes in respiration), and
static field distortions. Additionally, different scan sessions might
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have involved different levels of anxiety, alertness, mood, fatigue, or
mental activities. It is also unknown to what extent the physiological
phenomenon underlying interregional BOLD correlations is stable in
the absence of all measurement noise. The strength of these resting
BOLD correlations may naturally fluctuate over time; in fact, coher-
ence analysis has provided evidence for such fluctuation even within
a single scan (Chang and Glover, 2010). Despite the apparently high
noise, the stable group results indicate that efforts to minimize mea-
surement noise and account for biological variation might improve
the reproducibility of resting fMRI results in individual subjects.

Resting interregional correlations only modestly affected in premanifest
stage

Premanifest Huntington's disease did not greatly disrupt interregio-
nal BOLD correlations in the present study. Functional correlations for
the pre-HD group were compared to age-matched controls with two dif-
ferent seeds and at two different time points. The lack of difference in
fMRI correlations was found despite reliable genetic diagnosis and mea-
sured structural differences on MRI in the same subjects (Majid et al.,
2011). It is possible there is an underlying effect of pre-HD, but the pre-
sent results suggest it would be relatively small. Power analyses (Ta-
bles 2 and 3) estimate that the present sample sizes are sufficient for
fairly high power to detect an effect size of 0.2 in most regions, a conser-
vative value selected to detect an effect even in studies including healthy
subjects at high-risk of other neurodegenerative diseases (Fleisher et al.,
2009; Hedden et al., 2009; Koch et al., 2010). Power in the present study
to detect a population difference was even higher because the initial
comparison was repeated in a second set of measurements (visit 2). If
there are subtle effects of pre-HD on interregional BOLD correlations,
these might be detected with improved signal-to-noise ratio or larger
sample sizes. However, in light of the present results, other potential
biomarkers might be more sensitive to premanifest Huntington's pa-
thology than resting fMRI correlations (Aylward et al, 1996; Majid
et al,, 2011; Tabrizi et al,, 2011).

It is also possible that resting fMRI correlations differ with pre-HD
when some other region is selected as the seed. No standard way exists
to determine which, or even how many, seeds to use. One approach
would be to repeat the full, whole-brain analysis with each of the 80 re-
gions, in turn, as the seed. Another would be to try each vertex of the
group surface as a seed, though spatial smoothness, alone, implies
that this approach entails redundancy. The sensitivity of these explor-
atory approaches is high, but this sensitivity comes at the cost of a po-
tentially steep decrease in statistical power due to a dramatically
larger multiple comparison problem. In the present experiment we
have opted to focus on two anatomical seeds that were selected a priori
based on existing functional and pathological evidences.

The paucity of significant differences in resting correlations be-
tween pre-HD and control groups may be unsurprising given that
cognition is relatively intact and motor symptoms have not yet man-
ifested at this early stage of the disease. While structural changes in
these subjects' brains suggest disease progression, these changes
may still be insufficient to overcome subjects' functional reserve. As
gene-positive individuals begin to experience cognitive impairment,
resting BOLD correlations may also become disrupted. Indeed, the
within-group associations with disease severity shown in Table 6
suggest that disease progression might affect functional correlations
between the caudate and putamen, even in the premanifest stage.

Methodological considerations

As the surface-based analysis methods used here are relatively new,
and therefore less common than analyses based on volume-atlas trans-
formation, a brief treatment of its implications may be warranted; for
more complete discussion, the reader is referred to Seibert and Brewer
(2011). First, native-space parcellation analysis represents a spatial

reduction of the data from thousands of voxels to approximately 80 re-
gions. In addition to reducing multiple comparisons and focusing on vox-
els within the gray matter, this step increases signal-to-noise ratio by
averaging neighboring cortical data points. Most importantly, this parcel-
lation allows across-subject or across-group comparisons of measure-
ments made in native space. However, a limitation of the parcellation
regions is its dependence on anatomical regions that may have an imper-
fect correspondence with functional regions in the brain, and so vertex-
wise analysis was also performed on a common group surface. This com-
plementary analysis is useful for identifying any functional features of the
data that conform poorly to anatomical regions, as well as for visualizing
group-level results.

Native-surface parcellation and surface-based registration may not
completely remove all effects of anatomic variability, but they still
have important advantages over methods based on transformation to a
volume atlas. In particular, the accuracy of surface generation—the step
that determines whether cortical gray matter is correctly identified—is
easily evaluated by visual inspection on a slice-by-slice basis (a pro-
cessed described in more detail in FreeSurfer documentation and in
Seibert and Brewer, 2011). A primary concern with volume-atlas anal-
ysis is that individuals' cerebrospinal fluid and white matter may be
interpreted as gray matter in atlas space (and vice versa) due to small,
local registration errors that can be widespread and difficult to identify
or correct. These errors are more readily avoided in the surface-based
methods because tissue segmentation is performed, inspected, and, if
necessary, manually corrected using the native images. It has already
been demonstrated by direct comparison that the single step of regis-
tration to a volume atlas can introduce large changes in resting fMRI
correlations (Seibert and Brewer, 2011).

Future directions

Efforts could be made in future studies to attempt to address lim-
itations of resting fMRI suggested by the present study. The most im-
portant limitation is probably the signal-to-noise ratio of the resting
BOLD correlations. As intimated above, improvements in scanner stabil-
ity and technical aspects of functional imaging might lead to increases
in signal-to-noise ratio. Though potential changes in hardware perfor-
mance over time did not introduce significant systematic changes to
group-level fMRI results in the present data, the possibility of such
changes should be considered in future studies. Additionally, physiolog-
ical noise arising from fluctuations in heart rate or respiration might be
somewhat better controlled if these metrics were measured and their
effects modeled (Glover et al.,, 2000). Rigorous investigation might
also be directed toward achieving an optimal scanning environment
to produce more homogeneity in the “resting” condition of the subjects;
this could include instructions regarding the mental activities that sub-
jects should engage in or avoid, the illumination of the room, subject
comfort in the scanner, whether visual fixation is encouraged, and
many other considerations. Correlation measures have been shown to
be fairly consistent with four-minute resting scans (Van Dijk et al.,
2009; Whitlow et al,, 2011), and the six-minute scans used here are
within the typical range for resting fMRI; however, increased scan dura-
tion might still improve signal-to-noise ratio and possibly improve sta-
bility of individual-subject measurements. Finally, recent work has
shown that some graph theory metrics of resting fMRI data are relative-
ly consistent with as little as 2 min of data, suggesting that such global
network measures may prove more useful in individual subjects
(Petrella, 2011; Whitlow et al., 2011).

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.neuroimage.2011.08.105.
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