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Abstract

Objective—Focal brain lesions can have important remote effects on the function of distant brain
regions. The resulting network dysfunction may contribute significantly to behavioral deficits
observed after stroke. This study investigates the behavioral significance of changes in the
coherence of spontaneous activity in distributed networks after stroke by measuring resting state
functional connectivity (FC) using functional MRI.

Methods—In acute stroke patients we measured FC in a dorsal attention and an arm
somatomotor network, and determined the correlation of FC with performance (behavioral
correlation) obtained in a separate session on tests of attention (n=23) and motor function (n=16).
In particular we compared the behavioral correlation with intra-hemispheric FC to the behavioral
correlation with inter-hemispheric FC.

Results—In the attention network disruption of inter-hemispheric FC was significantly
correlated with abnormal detection of visual stimuli (Pearson’s r with Field Effect = —0.624, p
=0.002). In the somatomotor network disruption of inter-hemispheric FC was significantly
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correlated with upper extremity impairment (Pearson’s r with contralesional ARAT = 0.527, p =
0.036). In contrast, intra-hemispheric FC within the normal or damaged hemispheres, was not
correlated with performance in either network. Quantitative lesion analysis demonstrated that our
results could not be explained by structural damage alone.

Interpretation—These results suggest that lesions cause ‘state’ changes in the spontaneous
functional architecture of the brain, and constrain behavioral output. Clinically, these results
validate using FC for assessing the health of brain networks, with implications for prognosis and
recovery from stroke, and underscore the importance of inter-hemispheric interactions.
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stroke; networks; attention; motor; connectivity; fMRI

Introduction

Recent developments in neuroscience emphasize the fundamental role of widely distributed
neural networks for the control of behaviorl=3. A network perspective suggests that
physiological effects of brain injury are best assessed over entire networks rather than just
locally at the site of structural damage*~5. However, it is entirely unknown what patterns of
interaction within a network are most closely associated with behavioral deficits after injury.
Here we compare the behavioral significance of intra-hemispheric vs. inter-hemispheric
interactions. Various observations point to the importance of inter-hemispheric interactions.
Inhibitory influences from the undamaged hemisphere onto the damaged hemisphere are
decreased during motor recovery’. Moreover, following damage to right hemisphere-
dominant neural systems that result in spatial neglect, activation of left and right parietal
regions is unbalanced and inter-hemispheric functional connectivity in parietal cortex is
decreased & 9,

Resting state functional connectivity (FC) magnetic resonance imaging 10 measures within a
subject the temporal correlation of the blood oxygenation level dependent (BOLD) signal
across regions without any imposed task, providing a measure of temporal coherence
between brain regions. Recent studies indicate that functional networks identified from
resting FC measurements strongly overlap with networks activated by task performancell,
and that spontaneous activity correlates with trial-to-trial fluctuations of task-evoked
responses!? and behaviorl3: 14, An initial report from our group showed that disruption of
functional connectivity between structurally normal left and right posterior parietal regions
correlates with the degree of spatial neglect in stroke patients °.

To identify patterns of functional connectivity that are behaviorally significant following
stroke, we measured FC at rest in patients with a first ever stroke and separately conducted
behavioral measurements of spatial attention and arm function. We correlated subjects’ level
of impairment on different behavioral measures with the strength of FC in brain networks
for attention and motor function previously defined in healthy controls. The results
highlighted the critical behavioral significance of inter-hemispheric connectivity between
homologous regions of a task-relevant network. Surprisingly, intra-hemispheric
connectivity, even within the damaged hemisphere, showed much less relationship with
behavioral performance.
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Materials and Methods

Subjects

Twenty-three first time stroke patients (mean age 59.6 +/— 13 years (+/— s.d.), 12 women,
22 right-handed; Table 1) and 11 healthy controls were enrolled. Candidates were identified
through daily monitoring of the stroke inpatient service at Barnes-Jewish hospital (BJH),
and the Rehabilitation Institute of St. Louis (RISTL). Initial inclusion criteria of a first ever
right hemispheric ischemic stroke with hemispatial neglect were broadened after recruitment
of 8 subjects to include subjects with a first ever stroke in any distribution irrespective of
neglect (n=15). The two groups were pooled. The remaining inclusion criteria remained
unchanged throughout the study: a) age: over 18; b) four weeks or less since the time of
infarct. Exclusion criteria were: a) prior strokes except for clinically silent lacunes (up to 2,
each not greater than 15 mm), b) evidence of periventricular white matter disease grade 3 on
the classification of de Groot et al'® (corresponding to = or >grade 5 of Longstreth et al16),
c) dementia, defined as a score greater than 13 on the Short Blessed scale, d) other medical
conditions preventing survival for 12 months €) schizophrenia, bipolar, obsessive-
compulsive, personality disorders and major depression.. All 23 subjects completed the
attention task and 16 completed the motor battery. Resting state FC maps for the dorsal
attention and motor networks were also calculated for 11 healthy individuals. All subjects
provided informed consent according to Washington University Institutional Review Board
guidelines and were compensated.

Behavioral Testing

Subjects underwent behavioral tests outside of the scanner. Spatial attention was evaluated
using a computerized Posner Taskl’, and reaction times (RT) and accuracy were recorded.
Motor ability was measured by evaluating active range of motion at the wrist!®, grip
strength®®, performance on the Action Research Arm Test (ARAT) 20, speed on the Nine
Hole Peg Test (NHPT) 2L in pegs/sec, gait speed?2 and the Functional Independence
Measurement — Walk Item?23 (See Supplementary Materials for additional details).

Resting State BOLD fMRI and Structural Scanning

A Siemens 3.0 Tesla Allegra MRI scanner was used. During resting-state BOLD fMRI
scans, subjects were instructed to maintain fixation on a central cross projected onto a screen
at the head of the magnet bore by a Sharp LCD projector (“Keep your eyes open, look at the
cross”). Eye opening and wakefulness were confirmed by infrared camera. Participants
viewed the stimuli through a mirror attached to the head coil. A gradient echo echo-planar
sequence was used (TE = 25 ms, flip angle = 90°, 4x4x4 mm voxels, volume TR = 2.06 s)
sensitive to blood oxygenation level-dependent (BOLD) contrast. Each BOLD fMRI scan
consisted of 128 frames. As the TR was 2.06 seconds, each scan lasted 128 x 2.06 = 4.4
minutes. Six to eight resting scans were obtained for each subject. Whole brain coverage
was obtained with 32 contiguous slices. Structural images for atlas transformation and lesion
segmentation were acquired using a T1-weighted MP-RAGE (1x1x1.25 mm voxels;
TE=3.93ms, TR=1810ms, T1=1200ms, flip angle=12 deg) and T2-weighted fast spin echo
sequence (1.1x1.1x3.0 mm voxels; TE=96ms, TR=8430ms).

Atlas Transformation—A target atlas based on T1 weighted images from 12 healthy
controls was generated (see Supplementary Methods).

Preprocessing of resting fMRI time-series data—The preprocessing sequence has
been described in detail in our prior publications® 24 (see Supplementary Methods).
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Definition of networks (ROIs)—Core regions for the somatomotor and attention
networks were identified based on previous event-related fMRI studies. Those regions then
served as seeds to generate voxel-wise FC maps (see Supplementary Methods,
Supplementary Figure 1).

Voxel-wise correlation maps from a single seed ROI and ROI-to-ROI
connectivity values—To compute FC maps corresponding to a selected seed ROI, the
regional time course was correlated against all other voxels within the brain. To compute
connectivity values between two ROIs for a subject, Pearson correlation coefficients (r) for
region pairs were calculated and the Fisher z transform was applied to yield measures that
are approximately normally distributed.

Lesion segmentation—Using T1-weighted MP-RAGE and T2-weighted spin echo
images, lesion boundaries were determined with the aid of an unsupervised fuzzy class
means based segmentation procedure. VVoxels were classified into air, CSF, gray matter and
white matter. Expert judgment was required to definitively determine the lesion CSF
replacement of parenchyma boundaries.

Data Analysis

Results

Definition of terms—The connectivity score for an ROI pair (e.g. between left and right
frontal eye fields (FEF)) is the Fisher z-score that is computed from the correlation
coefficient for the temporal correlation between the two ROIs. The average connectivity
score for a group of ROI pairs is the average of the component Fisher z-scores for the
corresponding ROI pairs. We report five kinds of average functional connectivity scores
including homologous inter-hemispheric FC, heterologous inter-hemispheric FC,
ipsilesional intra-hemispheric FC, contralesional intra-hemispheric FC, and across network
FC (see Supplementary Methods for detailed definitions)

Statistical analysis of FC scores—Average connectivity scores were analyzed by
repeated measures ANOVA according to connectivity pattern (homologous, heterologous,
ipsilesional, contralesional) followed by pair-wise comparisons.

Resting-state functional connectivity identifies specific networks

FC maps of the dorsal attention and somatomotor networks in 11 healthy control subjects
are shown in Fig 1A and Fig 1B respectively, (full maps presented in Supplementary Figure
2). The average resting-state FC scores (Fig 1C) between regions belonging to the same
network were much greater than the baseline connectivity (FC = 0.016) between regions
belonging to different networks (F(3, 30) = 145.85, p < 0.001). Post-hoc comparisons with
paired t-tests indicated a significant difference between each FC score within a network and
the FC score across networks (p < 0.001).

To determine if behavior was correlated with FC after stroke, stroke patients were scored on
tests of spatial attention and arm/hand motor function, and BOLD resting-state scans were
obtained to determine FC measures. Patients’ characteristics are listed in Table 1 and Table
2.

FC-behavior correlations in the dorsal attention network

Patients with visual neglect after stroke show impaired detection of stimuli in the
contralesional visual field, a phenomenon we call the Field Effect. Based on our prior work®
we first determined if resting inter-hemispheric connectivity between homologous regions of
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the dorsal attention network (e.g. left and right posterior IPS) were predictive of the Field
Effect. Decreased FC was associated with longer reaction times (RT) and more misses for
contralesional than ipsilesional targets (negative correlation in Fig 2A). This FC-behavior
correlation was strong for pIPS (Fig 2B) but was also present throughout the network
(Supplementary Table 1). Statistical comparison revealed no difference in the strength of
these FC-behavior correlations for either Field Effect RT (Chi-square = 3.97, p=0.26, n =
22) or Field Effect accuracy (Chi-square = 3.10, p = 0.38, n = 23). This analysis replicated
and extended our prior work by showing that an imbalance in inter-hemispheric coherence
in regions involved in the control of spatial attention, measured at rest, correlates with
spatial attention deficits. Interestingly, this relationship generalizes across the whole
network.

To further investigate network-wide FC, four topographic patterns of FC were calculated:
inter-hemispheric homologous, inter-hemispheric heterologous, intra-hemispheric
ipsilesional and intra-hemispheric contralesional FC (Fig 3A; see Supplementary Methods
for definitions). A repeated measures ANOVA including these four scores and a fifth score
of across-network connectivity to control for non-specific correlations revealed a significant
within group difference (F(4,88) = 61.18, p < 0.001, n=23). Post-hoc pairwise t-tests
confirmed that homologous FC was greater than ipsilesional (t(22) = 5.99, p < 0.001),
contralesional (t(22) = 4.20, p < 0.001) or heterologous (t(22) = 9.89, p < 0.001) FC. Each
within-network FC score (e.g. contralesional FC) was greater than across network FC (each
atp <0.001).

Next, we asked if any of these network-wide patterns of functional connectivity were
predictive of spatial attention deficits. Strikingly, inter-hemispheric homologous FC proved
a much more powerful predictor of behavioral deficits following stroke than did FC within
either hemisphere. A significant negative correlation was observed between homologous FC
and the Field Effect (RT: r = —0.624, p = 0.002; % miss: r = —0.491, p = 0.017; Fig 3B, and
Fig 3C upper panel) and between heterologous FC and the Field Effect RT (r = —0.510, p =
0.015). However, no correlation between ipsilesional (Fig 3C, lower panel) or contralesional
FC and the Field Effect was observed. Statistical comparison of FC-Field Effect RT
correlations confirmed a significant within-group difference among pattern of FC (Chi-
Square = 14.33, p = 0.0025). Post-hoc pairwise comparisons demonstrated that behavioral
correlation with homologous FC was significantly greater than with ipsilesional FC (Chi-
Square = 4.04, p = 0.044). These findings indicate that inter-hemispheric FC is of particular
behavioral importance in the dorsal attention network.

FC-behavior correlations in the arm somatomotor network

To determine if these results generalized to other networks, we studied the somatomotor
network for arm control. We first determined if resting inter-hemispheric connectivity
between homologous regions of the somatomotor network was predictive of arm function. A
significant correlation was observed between left-right CS FC and multiple measures of arm
performance (Fig 4). Using performance on the ARA test as a representative example, FC-
behavior correlations were variable among the six ROI pairs (L-R CS: r = 0.598, p = 0.014;
L-R Put: r =0.423, p = 0.103; L-R S2: r = 0.352, p = 0.181; L-R Thal: r = 0.187, p = 0.488;
L-R SMA: r =0.160, p = 0.553; L-R CB: r = —0.008, p = 0.977). However, statistical
comparison of these FC-behavior correlations revealed no significant within group
difference among these homolgous ROI pairs (Chi-Square = 4.86, p = 0.43).

To further investigate network-wide FC in the somatomotor network, the same four
measures of network resting connectivity previously described (homologous, heterologous,
ipsilesional and contralesional FC) were calculated (Fig 5A). Across network FC served
again as a baseline. A repeated measures ANOVA revealed a significant within group
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difference (F(4,88) = 118.81, p < 0.001, n = 23). Post-hoc paired t-tests showed that
homologous FC was again greater than ipsilesional (t(22) = 14.11, p < 0.001), contralesional
(t(22) = 7.55, p <.001) or heterologous FC (t(22) = 14.82, p < 0.001). Ipsilesional FC was
also significantly decreased compared to contralesional FC (1(22) = —4.91, p < 0.001).
Again, each of the four within network FC scores was significantly greater than across
network FC (p < 0.001 for each comparison).

Next, we asked if any of these network-wide patterns of functional connectivity were
predictive of arm function. As in the dorsal attention network, inter-hemispheric
homologous FC in the arm network predicted performance following stroke (e.g. for ARAT
Pearson r = 0.527, p = 0.036). No significant behavioral correlation was observed with
heterologous, ipsilesional, or contralesional FC (Fig 5B, and Supplementary Table 2).
Statistical comparison of FC-ARAT correlations indicated that correlation with homologous
FC was greater than that with heterologous (Chi-Square = 5.08; p = 0.024) or contralesional
(Chi-Square = 6.41; p = 0.011) FC. The difference with ipsilesional connectivity was
marginal (Chi-Square = 3.71, p = 0.054).

Specificity of FC-behavior correlations

Whereas homologous FC in the attention network was highly correlated with Field Effect
RT (r = —0.624, p = 0.002), homologous FC in the somatomotor network was not (r =
—0.35, p = 0.11, Fig 6). In contrast, homologous FC in the attention network was as
predictive of motor performance (for total ARAT: Pearson r = 0.55, p < 0.05) as
homologous FC in the somatomotor network (Pearson r = 0.53, p < 0.05)(Fig 6).

Analysis of connectivity-behavior correlations for a measure of lower extremity function,
the FIM-walk item, supported this difference in specificity between the attention and
somatomotor networks. The FC-behavior correlation for FIM-walk was high with attention-
homologous FC (Pearson r = 0.81, p < 0.01) but low with motor-homologous FC (Pearson r
= 0.08, Fig 6). Statistical comparison confirmed a significant difference (Chi-Square = 7.74,
p < 0.01). These results are consistent with the central role that attention plays in human
behavior and suggest that our somatomotor network was specific to arm-related behaviors.

Impact of ROl damage and size on FC-behavior correlations

A quantitative analysis of stroke lesion distribution (Fig 7A) and ROI damage in our stroke
population revealed that the main areas affected were left putamen, left S2 and left thalamus
(Fig 7B). Only a very small percentage of the voxels defining the ROIs for each network
was damaged (0.28% in the dorsal attention network, and 2.16% in the somatomotor
network). Critically, strong and significant correlation between homologous
interhemispheric connectivity and behavior occurred in regions that showed no structural
damage (e.g. in attention network: pIPS and vIPS in Fig 2A, and in somatomotor network:
CS in Fig 4). Finally, the observed FC-behavior correlations remained even when data from
damaged motor ROIs were excluded from the analysis (Supplementary Table 3). Therefore,
ROI damage cannot account for the observed FC-behavior correlations.

Asymmetry in ROI size in the left versus right hemisphere may represent another source of
bias as our ROIs were determined by activation studies (see definition of network ROIs in
Supplementary methods). To investigate the effects of asymmetric ROI size we recalculated
a portion of our analysis for select ROIs in the dorsal attention network and all ROIs in the
somatomotor network that showed more variability in size between the left and the right
hemisphere. They were replaced with spherical ROIs of the same size in each hemispheres.
This procedure had no effect on measured FC scores (Supplementary Figure 3). In the dorsal
attention network, FC-behavior correlations between L-R pIPS FC and Field Effect RT
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remained significant (r = —0.443, p = 0.039) but correlation with Field Effect % miss did not
(r =-0.344, p = 0.108). In the somatomotor network, FC-behavior correlations between
homologous, ipsilesional, or contralesional FC and measures of arm function were
unchanged (Fig 8, compare with Fig 5B). Overall, our main findings were resistant to
changes in ROI size and symmetry.

Discussion

This is the first study to demonstrate that following stroke, the loss of coherence in
spontaneous BOLD fluctuations in different functional networks at rest predicts behavioral
deficits. Loss of inter-hemispheric functional connectivity between homologous regions of
the dorsal attention network correlated with deficits in the detection of contralesional targets.
This result generalized to the motor system, where loss of inter-hemispheric resting
connectivity in an arm-defined somatomotor network correlated with measures of upper
extremity function.

Network specificity in relation to behavior

The behavioral significance of resting FC reflected the involvement of neural networks in
specific behavioral domains. The breakdown of somatomotor inter-hemispheric FC was
significantly correlated with measures of motor performance but not with measures of
attention. In addition, connectivity changes in our arm-defined network correlated with arm/
hand function measures but not with the two walking measures. In the dorsal attention
network, the breakdown of inter-hemispheric functional connectivity correlated with
difficulty in detecting targets in the contralesional visual field, characteristic of spatial
neglect>. However, connectivity scores in the dorsal attention network also correlated with
measures of upper extremity (ARA) and walking function (FIM walk). Physiological studies
indicate that the dorsal attention network is important not only for stimulus selection, but
also for selection of limb responses?®: 27 especially early after injury28. Therefore, the
broader behavioral significance of the dorsal network corresponded to its involvement in a
larger range of behavioral functions.

Inter-hemispheric functional connectivity in relation to behavior

A striking finding was that resting-state FC scores between the two hemispheres,
specifically between homologous regions, were the best predictor of behavioral
performance. The special significance of inter-hemispheric interactions may reflect the
importance of proper equilibrium between excitation and inhibition across hemispheres for
optimal function2®: 39, Inter-hemispheric competition, for example, has been postulated to
underlie the balance of attention toward the left vs. right visual fields3L. Physiologically, the
locus of attention in cortical regions is coded by the relative rather than the absolute level of
activity between attended and unattended cortical representations32-34, Accordingly, we
have reported that an inter-hemispheric imbalance of task-driven responses is observed at
the acute stage after stroke, and that this task-driven imbalance correlates with visual
neglect®. Our current results extend these observations by showing that abnormalities of
inter-hemispheric coherence of the spontaneous resting-state BOLD signal also correlate
with spatial neglect.

Similarly, in the somatomotor system, normal inter-hemispheric coherence is quite
important for normal function’: 3. A recent study using dynamic causal modeling of fMRI
BOLD signal reported that subcortical strokes are associated with decrements in inter-
hemispheric neuronal coupling at rest, increased inter-hemispheric inhibition onto affected
M1 motor cortex during paretic hand movement, and decreased inter-hemispheric
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facilitation during bilateral hand movement36. However, these findings do not preclude the
behavioral significance of resting intrahemispheric connectivity between specific ROI pairs.

Lesions cause ‘state’ changes in spontaneous network activity that constrain behavioral

output

The most important result in our study is that inter-hemispheric FC measured during resting
wakefulness is related to behavioral output during a task. While traditional theories assume
that behavior depends only on task-driven activity37: 38, alternative views emphasize the
importance of spontaneous activity as a mechanism for maintaining anticipatory signals
related to prediction 3% 40, for synchronizing neural representations for stimulus and
response coding*! and for the emergence of spontaneous neuronal rhythms#2: 43 There is
also growing evidence for a direct relationship between slow spontaneous BOLD signal
fluctuations and power in neuronal activity at both slow and fast frequencies*4—46.

Our results are consistent with the view that lesions modify the spontaneous coherence
between regions that belong to a functional network, and presumably between different
related functional networks. This change in baseline communication may affect the way
these regions are recruited and communicate during active behavior. A recent study by
Lewis et al. shows that in healthy subjects the ability to learn a novel task is associated with
task-specific changes in both resting functional connectivity and evoked activity and
provides more direct proof for a relationship between spontaneous coherence, task-evoked
activity and function4’.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank A.Z. Snyder for his assistance in using the suite of image analysis tools that he authored. This research
was supported by grants R01 MH71920-06 from the National Institute of Mental Health; RO1 NS48013, R01
HDO061117-05A2 and 1K08NS064365-01A1 from the National Institute of Neurological Disorders and Stroke; the
Robert Wood Johnson Foundation Amos Faculty Development Program; the James S. McDonnell Foundation for
their support of the Cognitive Rehabilitation Research Group; The Rehabilitation Institute of St. Louis.

References

1. Goldman-Rakic PS. Topography of cognition: Parallel distributed networks in primate association
cortex. Annual Review of Neuroscience. 1988; 11:137-156.

2. Posner MI, Petersen SE, Fox PT, Raichle ME. Localization of cognitive operations in the human
brain. Science. 1988; 240:1627-1631. [PubMed: 3289116]

3. Felleman DJ, Van Essen DC. Distributed hierarchical processing in the primate cerebral cortex.
Cerebral Cortex. 1991; 1:1-47. [PubMed: 1822724]

4. von Monakow C. Lokalisation der Hirnfunktionen [Localization of brain functions]. Journal fur
Psychologie and Neurologie. 1911; 17:185-200.

5. He BJ, Shulman GL, Snyder AZ, Corbetta M. The role of impaired neuronal communication in
neurological disorders. Curr Opin Neurol. 2007; 20:655-660. [PubMed: 17992085]

6. Honey CJ, Sporns O. Dynamical consequences of lesions in cortical networks. Hum Brain Mapp.
2008; 29:802-809. [PubMed: 18438885]

7. Ward NS, Cohen LG. Mechanisms underlying recovery of motor function after stroke. Arch Neurol.
2004; 61:1844-1848. [PubMed: 15596603]

8. Corbetta M, Kincade MJ, Lewis C, et al. Neural basis and recovery of spatial attention deficits in
spatial neglect. Nat Neurosci. 2005; 8:1603-1610. [PubMed: 16234807]

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carter et al.

Page 9

9. He BJ, Snyder AZ, Vincent JL, et al. Breakdown of functional connectivity in frontoparietal
networks underlies behavioral deficits in spatial neglect. Neuron. 2007; 53:905-918. [PubMed:
17359924]

10. Biswal B, Yetkin F, Haughton V, Hyde J. Functional connectivity in the motor cortex of resting
human brain using echo-planar MRI. Magnetic Resonance in Medicine. 1995; 34:537-541.
[PubMed: 8524021]

11. Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed with functional
magnetic resonance imaging. Nat Rev Neurosci. 2007; 8:700-711. [PubMed: 17704812]

12. Fox MD, Snyder AZ, Zacks JM, Raichle ME. Coherent spontaneous activity accounts for trial-to-
trial variability in human evoked brain responses. Nat Neurosci. 2006; 9:23-25. [PubMed:
16341210]

13. Hampson M, Driesen NR, Skudlarski P, et al. Brain connectivity related to working memory
performance. J Neurosci. 2006; 26:13338-13343. [PubMed: 17182784]

14. Fox MD, Snyder AZ, Vincent JL, Raichle ME. Intrinsic fluctuations within cortical systems
account for intertrial variability in human behavior. Neuron. 2007; 56:171-184. [PubMed:
17920023]

15. de Groot JC, de Leeuw FE, Oudkerk M, et al. Cerebral white matter lesions and cognitive function:
the Rotterdam Scan Study. Ann Neurol. 2000; 47:145-151. [PubMed: 10665484]

16. Longstreth WT Jr, Manolio TA, Arnold A, et al. Clinical correlates of white matter findings on
cranial magnetic resonance imaging of 3301 elderly people. The Cardiovascular Health Study.
Stroke. 1996; 27:1274-1282. [PubMed: 8711786]

17. Rengachary, J dAG.; Sapir, A.; Shulman, GL.; Corbetta, M. Is the Posner Reaction Time Test
More Accurate than Clinical Tests in Detecting Left Neglect in Acute and Chronic Stroke?
Archives of Physical Medicine and Rehabilitation. 2009 PMR-D-09-00338R1.

18. Lyle RC. A performance test for assessment of upper limb function in physical rehabilitation
treatment and research. Int J Rehabil Res. 1981; 4:483-492. [PubMed: 7333761]

19. Schmidt RT, Toews JV. Grip strength as measured by the Jamar dynamometer. Arch Phys Med
Rehabil. 1970; 51:321-327. [PubMed: 5423802]

20. Hsieh CL, Hsueh IP, Chiang FM, Lin PH. Inter-rater reliability and validity of the action research
arm test in stroke patients. Age Ageing. 1998; 27:107-113. [PubMed: 16296669]

21. Wade DT. Measuring arm impairment and disability after stroke. Int Disabil Stud. 1989; 11:89-92.
[PubMed: 2698395]

22. Salbach NM, Mayo NE, Higgins J, et al. Responsiveness and predictability of gait speed and other
disability measures in acute stroke. Arch Phys Med Rehabil. 2001; 82:1204-1212. [PubMed:
11552192]

23. Simondson JA, Goldie P, Greenwood KM. The Mobility Scale for Acute Stroke Patients:
concurrent validity. Clin Rehabil. 2003; 17:558-564. [PubMed: 12952164]

24. Fox MD, Snyder AZ, Vincent JL, et al. The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc Natl Acad Sci U S A. 2005; 102:9673-9678. [PubMed:
15976020]

25. Posner MI, Walker JA, Friedrich FJ, Rafal RD. Effects of parietal injury on covert orienting of
attention. Journal of Neuroscience. 1984; 4:1863-1874. [PubMed: 6737043]

26. Astafiev SV, Shulman GL, Stanley CM, et al. Functional organization of human intraparietal and
frontal cortex for attending, looking, and pointing. J Neurosci. 2003; 23:4689-4699. [PubMed:
12805308]

27. Rushworth MF, Johansen-Berg H, Gobel SM, Devlin JT. The left parietal and premotor cortices:
motor attention and selection. Neuroimage. 2003; 20 (Suppl 1):S89-100. [PubMed: 14597301]

28. Regnaux JP, David D, Daniel O, et al. Evidence for cognitive processes involved in the control of
steady state of walking in healthy subjects and after cerebral damage. Neurorehabil Neural Repair.
2005; 19:125-132. [PubMed: 15883356]

29. Bloom JS, Hynd GW. The role of the corpus callosum in interhemispheric transfer of information:
excitation or inhibition? Neuropsychol Rev. 2005; 15:59-71. [PubMed: 16211466]

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carter et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

Page 10

Manson SC, Wegner C, Filippi M, et al. Impairment of movement-associated brain deactivation in
multiple sclerosis: further evidence for a functional pathology of interhemispheric neuronal
inhibition. Exp Brain Res. 2008; 187:25-31. [PubMed: 18236036]

Kinsbourne, M. Hemi-neglect and hemisphere rivalry. In: Weinstein, EA.; Friedland, RL., editors.
Hemi-inattention and Hemispheric Specialization. VVol. 18. New York: Raven Press; 1977. p.
41-52.

Bisley JW, Goldberg ME. Neuronal activity in the lateral intraparietal area and spatial attention.
Science. 2003; 299:81-86. [PubMed: 12511644]

Sylvester CM, Shulman GL, Jack Al, Corbetta M. Asymmetry of anticipatory activity in visual
cortex predicts the locus of attention and perception. Journal of Neuroscience. 2007

Sestieri C, Sylvester CM, Jack Al, et al. Independence of anticipatory signals for spatial attention
from number of nontarget stimuli in the visual field. J Neurophysiol. 2008; 100:829-838.
[PubMed: 18550727]

Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of interhemispheric interactions on
motor function in chronic stroke. Ann Neurol. 2004; 55:400-409. [PubMed: 14991818]

Grefkes C, Nowak DA, Eickhoff SB, et al. Cortical connectivity after subcortical stroke assessed
with functional magnetic resonance imaging. Ann Neurol. 2008; 63:236-246. [PubMed:
17896791]

Shadlen M, Britten KH, Newsome WT, Movshon JA. A computational analysis of the relationship
between neuronal and behavioral responses to visual motion. Journal of Neuroscience. 1996;
16:1486-1510. [PubMed: 8778300]

Shadlen MN, Newsome WT. Neural basis of a perceptual decision in the parietal cortex (area LIP)
of the rhesus monkey. J Neurophysiol. 2001; 86:1916-1936. [PubMed: 11600651]

Varela F, Lachaux JP, Rodriguez E, Martinerie J. The brainweb: phase synchronization and large-
scale integration. Nat Rev Neurosci. 2001; 2:229-239. [PubMed: 11283746]

Llinas, R. I of the Vortex: From Neurons to Self. Cambridge: MIT Press; 2001.

Fries P. A mechanism for cognitive dynamics: neuronal communication through neuronal
coherence. Trends in Cognitive Sciences. 2005; 9:474-480. [PubMed: 16150631]

Honey CJ, Kotter R, Breakspear M, Sporns O. Network structure of cerebral cortex shapes
functional connectivity on multiple time scales. Proc Natl Acad Sci U S A. 2007; 104:10240-
10245. [PubMed: 17548818]

Ghosh A, Rho Y, Mclintosh AR, et al. Noise during rest enables the exploration of the brain’s
dynamic repertoire. PLoS Comput Biol. 2008; 4:e1000196. [PubMed: 18846206]

Logothetis NK, Pauls J, Augath M, et al. Neurophysiological investigation of the basis of the fMRI
signal. Nature. 2001; 412:150-157. [PubMed: 11449264]

He BJ, Snyder AZ, Zempel JM, et al. Electrophysiological correlates of the brain’s intrinsic large-
scale functional architecture. Proc Natl Acad Sci U S A. 2008; 105:16039-16044. [PubMed:
18843113]

Nir Y, Mukamel R, Dinstein I, et al. Interhemispheric correlations of slow spontaneous neuronal
fluctuations revealed in human sensory cortex. Nat Neurosci. 2008

Lewis, CCM.; Committeri, G.; Romani, G.; Baldassare, A. Perceptual learning modulates resting
state functional connectivity between visual cortex and dorsal attention network. Washington,
D.C: Society for Neuroscience; 2008.

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carter et al.

Page 11

A. Dorsal Attention Network

T

\/
pIPS vIPS vIPS MT+

B. Somatomotor Network

%@@

SMA Cs s2 Put Thzl Cb

¢ 0.5

304 *kk
"303

202

5 0.1

(3]

0.0
Dorsal Somato Across
Attention motor Networks

Figure 1. Dorsal attention and somatomotor networks identified by resting state functional
connectivity MRI

(A and B) Selected sections of the functional connectivity map for the (A) dorsal attention
network and (B) the somatomotor network that highlight the nodes in each network in
healthy controls. The full map is presented in Supplementary Figure 2. (C) One-way
ANOVA with neuronal network as the within subjects factor, and FC score as the dependent
variable, shows that the FC within networks was significantly greater than across networks
(F(3, 30) = 145.85, p < 0.001), and post-hoc comparisons with paired t-tests indicated a
significant difference between each score within a network and the FC score across
networks (p < 0.001); pIPS = posterior intraparietal sulcus; vIPS = ventral intraparietal
sulcus; FEF = frontal eye field; MT+ = middle temporal complex; CS = central sulcus; SMA
= supplemental motor area; Put = putamen; Thal = thalamus; Chl = cerebellum; error bars
are S.E.M.; *** =p < 0.001.
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Figure 2. Correlation between the Field Effect and FC scores in four homologous ROI pairs in
the dorsal attention network

A) Significant correlation between the Field Effect and most homologous pairs in the dorsal
attention network was observed. A significant Field Effect reflects an increase in reaction
times (RTs) and increase in % misses when targets are presented to the contralesional side as
compared to when they are presented to the ipsilesional side. B) A negative correlation
between left-right resting connectivity in the posterior intraparietal sulcus and Field Effect
indicates that as FC decreases, the amplitude of the Field Effect RT (left panel) and percent
misses (right panel) increases. pIPS = posterior intraparietal sulcus; vIPS = ventral
intraparietal sulcus; FEF = frontal eye fields; MT+ = middle temporal complex; L =left; R
=right; RT = reaction time; * = p < 0.05.
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Figure 3. Inter-hemispheric connectivity in the dorsal attention network predicts attentional

deficits

A\) Strength of resting connectivity scores for four patterns of connectivity in the dorsal
attention network. Repeated measures ANOVA followed by multiple paired t-test shows
that homologous resting connectivity is greater than other connectivity patterns. B) The
Field Effect RT and % misses are significantly correlated with homologous FC scores but
not with ipsilesional or contralesional FC scores. C) Scatter plots demonstrate that this
correlation is specific to inter-hemispheric (upper panel) and not intra-hemispheric (lower
panel) connectivity. pIPS = posterior intraparietal sulcus; vIPS = ventral intraparietal sulcus;
FEF = frontal eye field; MT+ = middle temporal complex; homo = homologous; hetero =
heterologous; ipsi = ipsilesional; contra = contralesional; RT =reaction time; * = p < 0.05;

*** =p<0.001.
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Figure 4. Correlation between motor function and resting connectivity in the six homologous
ROI pairs in the somatomotor network

Grasp, Grip, Pinch, and Gross are all subtests of the action research arm test (ARA test).
Pegs/sec = performance measure on nine hole peg test; FIM = Functional Independence
Measure; flex = flexion; ext = extension; CS = central sulcus; Put = putamen; Thal =
thalamus; SMA = supplementary motor area; CB = cerebellum; * = p < 0.05.
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Figure 5. Homolgous inter-hemispheric FC in the somatomotor network predicts arm
performance

A) Strength of resting connectivity scores for four patterns of connectivity in the arm
somatomotor network. Repeated measures ANOVA followed by multiple paired t-tests
shows that homologous resting connectivity is greater than other connectivity patterns. B)
Four out of five measures of arm function are significantly correlated specifically with
homologous FC scores. Neither of the two measures of leg function is significantly
correlated. Homo = homologous connectivity; hetero = heterologous connectivity; contra =
contralesional connectivity; ipsi = ipsilesional connectivity. ARA = action research arm test;
FIM = functional independence measure; Flex = flexion; Ext = extension; contra =
Contralesional; * = p < 0.05; *** = p < 0.001.
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Figure 6. Differential specificity of FC-behavior correlations in the somatomotor network
compared to the attention network

Homologous FC scores in the somatomotor network are correlated with measures of hand
function (total ARAT score, 9 Hole Peg Test (NHPT)), but not with measures of leg
function (walking speed, FIM walk), nor with measures of visuo-spatial attention (FE RT,
FE % misses). Homologous FC scores in the dorsal attention network on the other hand are
significantly correlated with all the measures shown. ARA = action research arm test; FIM
Walk = Functional Independence Measure walk item; NHPT = nine hole peg test; FE =
Field Effect; RT = reaction time; * = p < 0.05; ** = p < 0.01.
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Figure 7. Lesion distribution and ROl damage

A) Distribution of stroke lesions in 22 subjects. Color scale indicates number of subjects
with lesioned voxel. B) Percentage of the total voxels in each ROI lesioned by infarct. ROI
labels are same as in Figure 1. L = left; R = right; n = 22; error bars = SEM.
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Figure 8. Effect of ROI size and asymmetry on FC-behavior correlations

Repeat analysis using spherical uniform ROIs did not affect FC-behavior correlations in the
somatomotor network. Homologous intra-hemispheric FC remained predictive of scores on
the ARA, Grip strength, 9 hole peg, and wrist extension tests. The two measures of leg
function remained uncorrelated. Homo = homologous connectivity; hetero = heterologous
connectivity; contra = contralesional connectivity; ipsi = ipsilesional connectivity. ARA =
action research arm test; FIM = functional independence measure; Flex = flexion; Ext =
extension; contra = Contralesional; * = p < 0.05.

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



Page 19

Carter et al.

"UOITRIASP PJepUelS = PS ‘JUsWIeal) J0JeAIlOR

uabouiwse|d anssi = 1 ‘8]eas 8011s HIN = SSHIN :199]68u = aN :sisasediway = dH ‘eiseyde =y ‘o16eyiiowsy = H 01WayYdsl = | ‘10U = N 'S8k = A ‘yBlI = Y ‘Ys| = 7 ‘8jewa) = 4 ‘3jew = |N "€Z=U

(e9) 66 - (660€) 0092 (CUN-AL (0eT) 965 (@s) uesn
- dH¢e - <14 HS/18T NZe - HYze =14 - [elol
IVEBNTT A IAT HT INTT
€ dH 5014 1 H N 1T <] | 89 €¢
vT dH G98 <] | N qT <] 4 9L [44
9 dH ‘N 86T 1 | N 0t o Al 72 TC
6¢ V 'dH 99TCT 1 H N Le <] N 1S 0¢
T V ‘dH ‘eN 474 1 | N 6 1 4 Ly 6T
4% dH 80¢ d | N 1 o Al ¥S 8T
qT dH S0¢e d | N 0¢ <] N 89 A
8 dH 9€0¢ 1 | N €T <] Al 8y 9T
€ dH €109 1 | N [4% o Al °14 qT
9 dH ‘3N 29 1 | A T€ <] N 99 T
6 dH C¢ESE 1 H N ) <] 4 S €T
6 dH vic d | N €¢ o | 8L T
6 dH ‘3N 06¢ d H N S¢ <] N 1S 17
€ v * 1 | N 6¢ <] 4 8 0T
T dH 8€9 1 | N 8T <! 4 €8 6
9 dH ‘3N 4% d | N el <] | 19 8
6 dH ‘N €89 <] | N ) <] 4 08 L
8 dH ‘N ¥9¢S d | N 8T o Al €9 9
€T V ‘dH eN €0T¢e d | N 0€ <] | 19 S
€¢ dH ¢0.E 1 H N ) <] 4 S 1%
4% dH ‘N 8.T€ d | N 1 o | T8 €
6 dH ‘3N STTL d | N Le <] N 474 4
0T dH ‘N T€89 <] | N €¢ <] Al 144 T
() swioldwAs [ealuld urelN  (S|9XOA) 8WINJOA UOISST]  UOIS?| JO 3pIS  UoIsa] Jo0adAl  Wdl  8X041s douIs sAe@  SsaupspueH  Xas aby al

= |ewJou) SSHIN [emu]

NIH-PA Author Manuscript

dnoaB ax041s ayp ui s19algns ayy Jo sonsLIsIde.IRYD [BIIUID pue dlydeibowaq

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



Page 20

Carter et al.

“paiiuenb ag 10U PINOD BWN|OA UOIS3| ‘s8ouanbas 1 10 T1 plepuels uo [eubls [ewiouge ou g 8ouanbas UOISNIIP [HIAl 84} UO UOISNIIIP PaOLIISal JO Seale ||BwsS JO 80UsPIAS UMM Juaied T u|
x

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



Page 21

Carter et al.

L 050 M 0'SZ M
L EVON LOov N LS %0 99°¢ [ewJoN
ST vT°0 7'ST 6€C %2 8'89T as
184 v1°0 8'sT €'6e %6T 0vet uesiy

L 92'0 €1 1§ %0 812 €z
T 0 0 0 %LS 6,92 144
1 900 12 T %0 00 12
z 0 0 0 %06 0z
1 62°0 0€ 95 %0 I'v1- 6T
4 800 A o %2 1601 8T
€ 0 0 ) %LT 6'892 LT
4 120 [a4 95 %2 z05 91
L €0 o e %2 6Ly a1
g €70 8g 1§ %€ 1'88— 1
1 0 z 01 %0T 8'65 €1
€ 11°0 9 8¢ %11 8°06— A
g €T'0 8T 8e %ZT 108 T
g €20 a1 1S %SC 69T (0]8
1 0 0 0 %G— €05 6
%8 9'99 8

1 800 8 S %EL SErT L
%8 6'0.2 9

%0Y €'95¢ g

%62 (3447 v

%61 €28 €

%0€ §'v0S z

%E— GeTe 1

NeM NI (s/sBad)1ser Bad sjoy 6 () yibusnis duD 1wV [BI0L  SSSSIA 9% 103443 PIal4 43Usod  (03swl) 1Y 10843 pfald Jausod al

NIH-PA Author Manuscript

¢?olqel

dnouB ax0.11s ay) ul s19algns ay) JO SONSIIAIdBIRYD [RAOIARYSY

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



Page 22

Carter et al.

‘uoleIABp plepuels = ps ‘z/[(pifeA jeuoisajisdi
+ pIfeAul euoisajisdr) (pIfeA [eUOISBRIIUO0D + PIEAUI [BUOISS[RIIUO0)] = 108)4T PIold ‘USLLIOM = A\ ‘USW = |Al ‘9INSesll 8Uapuadapul [eUORIUNY = || ‘1S3) WJB YOIeasal UoNoe = | YV 08sW Ul swi
uonoeas = 1y ‘Buiisel Jojow wamiapun s1a9fgns 9T ‘Buisel UORUBIIE JUBMISPUN S103gNSs €2 *(¥{Sel Jausod ay} Ul Wil UO1oeal ou pey pue plaly pa1oa|fisu ayy ui syabiel piieAul sy} |[e passiw 103gns auo) gz=u

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Ann Neurol. Author manuscript; available in PMC 2011 March 1.



