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Abstract It is commonly assumed that functional brain

connectivity reflects structural brain connectivity. The

exact relationship between structure and function, how-

ever, might not be straightforward. In this review we aim to

examine how our understanding of the relationship

between structure and function in the ‘resting’ brain has

advanced over the last several years. We discuss eight

articles that directly compare resting-state functional con-

nectivity with structural connectivity and three clinical case

studies of patients with limited white matter connections

between the cerebral hemispheres. All studies examined

show largely convergent results: the strength of resting-

state functional connectivity is positively correlated with

structural connectivity strength. However, functional con-

nectivity is also observed between regions where there is

little or no structural connectivity, which most likely

indicates functional correlations mediated by indirect

structural connections (i.e. via a third region). As the

methodologies for measuring structural and functional

connectivity continue to improve and their complementary

strengths are applied in parallel, we can expect important

advances in our diagnostic and prognostic capacities in

diseases like Alzheimer’s, multiple sclerosis, and stroke.
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Introduction and aims

One of the new trends in functional neuroimaging is

studying ‘resting-state fMRI’. This approach focuses on

spontaneous, rather than task-induced, fluctuations in the

blood oxygenation level-dependent (BOLD) signal. In

standard task-activation fMRI, an experimental task of

interest is presented alternately with a control task and the

BOLD signal during the experimental task is compared to

the BOLD signal during the control task. The difference

between baseline and task-related activation accounts for

about 1–5% of the total BOLD signal. Thus, compared to

ongoing ‘baseline’ brain activity, only a small percentage

is needed to respond to an external stimulus. However, the

function of this vast amount of baseline activity remains

unclear.

Resting-state fMRI is one approach used to study this

baseline activity of the brain. The most common fMRI

analysis techniques were, and still are, model-based, using

the onset and offset of an external stimulus to specify the

model. In resting-state fMRI, by definition, no external

stimulus is presented; therefore new analytic approaches

had to be applied. In the first resting-state fMRI study

(Biswal 1995), the time course of a seed region-of-interest

(ROI) in the left motor cortex was correlated with the time

course of all other brain voxels. The resulting map dem-

onstrated functional connectivity between the left and right

motor cortex even in the absence of a task. Since its initial

demonstration, this correlation approach has been widely

applied. A limitation of this approach, however, is that the

seed ROI must be selected by the investigator, possibly

inducing a selection bias. Furthermore, in such a correla-

tion approach the global signal is usually regressed out, a

preprocessing step that can induce false negative correla-

tions between brain regions (Murphy, et al. 2009). To avoid
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these issues, data-driven approaches such as independent

component analysis (ICA) have become increasingly

common. ICA decomposes the 4-dimensional (brain vol-

ume over time) BOLD signal into a set of spatially distinct

maps and their associated time courses. Among these

independent components are several readily identified

functional brain networks, but also artifacts related to

movement and physiological noise (Beckmann et al. 2005).

A general limitation to resting-state fMRI is that it is very

difficult to separate physiological noise, induced by the

cardiac pulse and respiration, from the BOLD signal. ICA

does separate these signals to a large extent but residual

noise might still be present in the components of interest

(Birn et al. 2008) A possible solution to this problem is to

collect physiological data and remove the corresponding

signal from the fMRI data.

The abovementioned analysis approaches (seed-based

correlations and ICA) both provide measures of functional

connectivity between neighboring and/or distant brain

voxels. It is generally assumed that functional connectivity

reflects the brain’s structural connectivity (i.e. the ana-

tomical connections between brain regions) but the exact

relationship between structure and function might not be

straightforward. Structural brain connectivity is most

commonly measured using diffusion tensor imaging (DTI).

DTI is a relatively new imaging technique that measures

the diffusion of water molecules in the brain (Le Bihan

2003; Moseley et al. 1990). In an unrestricted environment,

water molecules diffuse freely in any direction. In the brain

however, diffusivity is restricted by the brain’s architecture

such that water diffuses more readily along axons rather

than across them. Measuring the direction of diffusivity can

be used, therefore, to infer the orientation of white matter

tracts in the brain. Several measures are used to quantify

white matter integrity using DTI, the most common being

fractional anisotropy (FA), mean diffusivity (MD), fiber

count and probabilistic tractography. FA is a scalar mea-

sure of the degree of anisotropy (direction selectivity) and

MD is a scalar measure of the total diffusivity. These two

measures are calculated within a voxel. The remaining two

measures, fiber count and probabilistic tractography, result

from tracking the principle diffusion direction of every

voxel between ROIs. Fiber count results in a total number

of fibers connecting a seed region with a target region and

probabilistic tractography produces a measure of the like-

lihood that two regions are connected.

The development of DTI has been an important contri-

bution to the neuroimaging field by making it possible to

study structural connectivity in vivo in humans. For all its

strengths, however, there are also some important limita-

tions to DTI including susceptibility-induced signal loss

and difficulty resolving small tracts as they cross large

tracts. A given voxel can contain several small fiber tracts

coursing in multiple directions. This can lead to an incor-

rect measure of the principal diffusion direction for a

particular tract, resulting in both false positives and false

negatives, making it difficult to discern crossing or ‘‘kiss-

ing’’ fibers. In addition, interpreting DTI data can be

challenging, as the precise histological features reflected in

the various DTI measures remain poorly characterized.

Thus, while higher FA values are generally interpreted as

reflecting healthier white matter the specific cellular level

changes that can contribute to reduced FA have not been

worked out in detail.

The number of studies directly comparing resting-state

functional and structural connectivity is still relatively

small, but leaped from only one study before 2008 to six

published studies in 2008. In this review we will evaluate

the existing literature and discuss the main findings and

unresolved issues across studies. We aim to examine how

knowledge of the relationship between structure and

function of the ‘resting’ brain has advanced, and suggest

directions for future research.

Direct comparisons of functional and structural

connectivity

We have found eight articles that directly compare resting-

state functional connectivity with a measure of structural

connectivity using DTI.

The first study that directly compared anatomical con-

nectivity with functional connectivity was published in

2002 (Koch et al. 2002). In this study fMRI and DTI data

were collected in one 5 mm axial slice. The authors used a

similar approach to measure functional connectivity as in

the paper by Biswal and colleagues described above. They

differed however in that here the authors examined the

correlation of spontaneous fluctuations in the BOLD signal

of brain voxels in cortical gyri of the same hemisphere and

not of symmetric areas in opposite hemispheres. They

compared this measure of functional connectivity with

anatomical connectivity, i.e. the probability that a tract can

be traced between two points using DTI. Their results

showed a positive correlation between functional and

anatomical connectivity of regions along the central sulcus

only. Furthermore, across all voxel pairs they observed

high functional connectivity in the presence of low struc-

tural connectivity but not the opposite. That is, when

structural connectivity was high between voxels, functional

connectivity also tended to be high.

This study was the only one of its kind for several years

but the issue has recently been revisited. Following the

growing interest in resting-state fMRI, seven more papers

have been published in 2008/early 2009 investigating the

relationship between resting-state functional and structural
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connectivity. Because the origin of resting-state networks

(i.e. patterns of correlations in the BOLD signal measured

during rest) is still a matter of considerable debate (Mor-

com and Fletcher 2007; Raichle and Snyder 2007),

exploring the relationship between functional connectivity

and the underlying anatomy may contribute to the

discussion.

A resting-state network of particular interest is the

default mode network (DMN). This group of brain

regions—encompassing the posterior cingulate cortex

(PCC) and the adjacent precuneus (pCu) and retrosplenial

cortex (RSC); the inferior parietal cortex (IPC); the medial

prefrontal cortex (MPFC) and somewhat less consistently

the medial temporal lobe (MTL)—is active during rest and

deactivates during most externally oriented tasks (Greicius

et al. 2003; Raichle et al. 2001). Greicius et al. (2009) used

ICA to define the DMN and then investigated the structural

connections of four separate regions within this functional

network: the PCC, MPFC, and bilateral MTL. DTI trac-

tography revealed the cingulum bundle connecting the

PCC and the MPFC and the descending cingulum bundles

connecting the PCC and the bilateral MTL (see Fig. 1).

The authors highlight the fact that these two separate white

matter tracts contacted the large functional PCC cluster in

two distinct locations. The MTL clusters connected to the

more ventral or caudal aspect of the PCC cluster, pre-

sumably corresponding to the RSC, whereas the MPFC

cluster connected to the more dorsal or rostral aspect of the

PCC cluster likely corresponding to the PCC proper. These

findings point to the potential of DTI to inform resting-state

fMRI by parsing large functional clusters into adjacent but

distinct subclusters. The other point made in this study is

that functional connectivity does not always reflect struc-

tural connectivity. Though the MPFC and MTL were

functionally connected, the authors were not able to detect

any white matter tracts connecting these two regions

structurally. This suggests either that (a) these two regions

do not share a direct structural connection and so functional

connectivity must be mediated through a third party (like

the PCC) or (b) the absent structural connectivity reflects a

false negative result in the tractography analysis.

Van den Heuvel et al. (2008b) extended this qualitative

approach by taking two of the same DMN regions (PCC

and MPFC) and quantifying the relationship between

functional and structural connectivity. The authors

obtained these PCC and MPFC regions from the DMN map

created by their previously decribed voxel-based ‘‘nor-

malized cut group clustering’’ approach (van den Heuvel

et al. 2008a). This clustering approach also yielded six

other resting-state networks (RSNs). As a functional mea-

sure they calculated, in each of 45 subjects, the partial

correlations between the PCC and MPFC (factoring out the

contribution of all the 15 other separate brain clusters

within the DMN and other RSNs). The structural measure

for each subject was the mean FA value of the cingulum

bundle connecting the PCC to the MPFC. Including age as

a covariate in their model, they found a significant positive

correlation between FA in the cingulum bundle and the

partial correlation between PCC and MPFC. This correla-

tion seems to be specific to the cingulum bundle and PCC–

MPFC connectivity, as no other significant association was

observed between PCC–MPFC functional connectivity and

mean FA of any of the other reconstructed white matter

tracts. Furthermore, no significant correlations were found

between mean FA of the cingulum bundle and functional

connectivity between other brain regions.

A different, wider-scale approach was undertaken by

Skudlarski et al. (2008). They studied the overall agree-

ment of functional and structural connectivity using a

Fig. 1 Functional connectivity reflects structural connectivity in the

DMN. a Task-free, functional connectivity in the DMN is shown in a

group of six subjects. The PCC/RSC and MPFC clusters are best

appreciated on the sagittal view. Prominent bilateral MTL clusters are

seen on the coronal image (left side of image corresponds to left side

of brain). b DTI fiber tractography in a single subject demonstrates

the cingulum bundle (blue tracts) connecting the PCC/RSC to the

MPFC. The yellow tracts connect the bilateral MTL to the PCC/RSC.

Note that generally the tracts from the MPFC enter the more rostral

aspect of the PCC/RSC ROI corresponding to the PCC proper,

whereas the tracts from MTL enter the more caudal aspect of the

PCC/RSC ROI corresponding to the RSC proper. Left and right

columns show slightly different views of the same tracts to highlight

the distinct entry points into the PCC/RSC. There were no tracts

connecting the MPFC to the MTL. c Schematic representation of the

structural and functional connections between these three nodes of the

DMN. Adapted with permission from Greicius et al. (2009)
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voxel-wise approach. They segmented the brain to obtain

grey and white matter masks, both of which contained

5,000 voxels. Functional connectivity was then determined

by the cross-correlation between the time courses of

5,000 9 5,000 voxel pairs within the grey matter. Struc-

tural connectivity was obtained by counting the number of

white matter tracts connecting 5,000 9 5,000 white matter

voxel pairs. In order to combine these two measures,

structural connectivity values of the original white matter

voxels were transposed to the nearest grey matter voxels.

Functional connectivity values of grey matter voxel pairs

were subsequently correlated with number of tracts con-

necting these voxel pairs. They found a significant overall

agreement between the two connectivity measures, with the

strongest agreement for regions showing high connectivity

on either measure (Skudlarski et al. 2008).

While Greicius and van den Heuvel focused on the

relation between structural and functional connectivity

within a specific network and Skudlarski measured the

structural/functional relations of 5,000 voxels, Hagmann

et al. (2008) and Honey et al. (2009) employed an inter-

mediate approach. The functional and structural units in

these studies consisted of a low-resolution set of 66 pre-

defined anatomical regions, see (Desikan et al. 2006), and a

high resolution set of these same 66 regions parsed into 998

equally sized smaller regions. As a functional measure they

used the correlation between each pair of ROI’s mean time

series, after regressing out mean cortical, white matter and

ventricular signals. Using a tractography approach, the

number of white matter tracts connecting the ROIs deter-

mined structural connectivity. In their paper Hagmann

et al. (2008) focused mainly on structural connectivity.

Their graph theoretical analysis approach revealed a

structural core within the parietal cortex (PCC, pCu, IPC,

etc.), as well as a number of distinct temporal and frontal

hubs. Regions within this structural core form major hubs

that link efficiently to all structural hubs. These structural

core regions resemble the brain areas that form the pos-

terior components of the DMN. The authors subsequently

compared the strength of both structural connectivity and

resting-state functional connectivity, within and outside of

core regions and found a positive association between these

two measures. In a second paper the same group followed

up on this work by studying the relationship between

structural and functional connectivity in more detail

(Honey et al. 2009). In particular, they reported that when

structural connectivity is present, its strength is robustly

related to functional connectivity strength. The contrary, as

suggested in the paper by Greicius et al., is not necessarily

true in that the presence of functional connectivity does not

automatically imply structural connectivity. Honey and

colleagues showed that this imperfect correlation between

functional and structural connectivity was not merely a

manifestation of the practical limitations of fMRI, as the

correlations observed in the empirical data were about

equal to those obtained by a computational model free of

physiological and scanner noise. The authors additionally

examined the reliability of resting-state functional con-

nectivity by comparing data acquired on two separate

occasions. They found unexpectedly low test–retest reli-

ability within and across scanning sessions. However, they

did find that functional connectivity between anatomically

connected regions is more consistent than between

unconnected regions. Systems with strong structural con-

nectivity such as the DMN, therefore, showed more reli-

able functional connectivity across sessions.

The above studies investigated the relationship between

functional and structural connectivity within a group of

healthy subjects. Two other studies investigated changes in

functional and structural connectivity between groups:

comparing younger and older healthy subjects (Andrews-

Hanna et al. 2007) and healthy controls and patients with

multiple sclerosis (MS) (Lowe et al. 2008). Andrews-

Hanna and colleagues were primarily interested in selective

disruption of two networks, the DMN and what they refer

to as the dorsal attention system which includes the intra-

parietal sulcus, frontal eye fields, inferior precentral sulcus

and middle temporal area. They selected several bilateral

ROIs from both networks and cross-correlated the average

time series of the ROIs within a network. They found

decreased connectivity strength in older subjects across

most ROIs in both networks. Because age-related decreases

in white matter integrity have been observed in previous

studies (Damoiseaux et al. 2009; Good et al. 2001), they

additionally studied white matter tract integrity within a

subset of the older subjects using DTI. Mean FA values

within a coarsely defined bilateral white matter ROI

(including all white matter bundles within one axial slice,

such as the corona radiata, superior longitudinal fasciculus

and cingulum) correlated positively with functional con-

nectivity between the pCu/RSC and MPFC.

The other two-group study by Lowe et al. (2008)

examined bilateral sensorimotor areas and their structural

connection, the transcallosal motor pathway, in healthy

subjects and patients with MS. They selected an ROI in the

left sensori-motor cortex based on task-activation data,

averaged the times series, and correlated this reference

time series with every other voxel in the brain. Functional

connectivity was calculated as the percent of voxels within

a right hemisphere ROI that significantly correlated with

the left hemisphere ROI. No significant difference in

functional connectivity was observed between patients and

controls. The same left hemisphere seed region used in the

fMRI data was used to track the fibers of the transcallosal

motor pathway in the DTI data. For every subject mean

FA, MD, parallel and transverse diffusivity, were used as
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measures of structural connectivity. None of these mea-

sures were significantly different between groups. Mean

FA correlated positively with functional connectivity when

combining the two groups but not with the groups sepa-

rately. They did, however, find an inverse correlation

between transverse diffusivity and functional connectivity

for all subjects combined and for the patient group alone. It

is difficult to interpret these results as no significant group

differences were observed but this inverse correlation may

indicate that demyelinating lesions, which are believed to

increase transverse diffusivity, can result in reduced func-

tional connectivity.

Although the above studies use slightly different

approaches (whole brain versus ROI, mean FA versus

number of tracts (fiber count), etc.) their results are largely

convergent. All studies show that the strength of resting-

state functional connectivity correlates positively with

structural connectivity strength. Furthermore, both Koch

et al. (2002) and Honey et al. (2009) found that increased

structural connectivity predicts increased functional con-

nectivity, but increased functional connectivity does not as

consistently predict increased structural connectivity.

However, in the first study data were acquired in only one

axial slice, so that anatomical connections extending out of

the plane of this single slice could have been missed.

Moreover, the presence of functional connectivity in the

absence of structural connectivity, as mentioned earlier,

may reflect either false negatives in DTI, false positives in

resting-state fMRI or the fact that two functional ROIs may

be functional connected via a third ROI without a direct

structural connection (as is depicted in Fig. 1c where the

MPFC and MTL show functional connectivity but no direct

structural connection). This last option is supported by the

findings of Honey et al. (2009) that showed that indirect

connections accounted for some of the variance in func-

tional connectivity that was unexplained by direct struc-

tural connectivity.

Clinical case studies

Another way to gain insight into the relationship between

brain structure and function is through clinical case studies

of patients who lack normal anatomical connections

between the hemispheres. In one such recent case (John-

ston et al. 2008), the authors acquired resting-state fMRI

data in a 6-year-old child with intractable seizures before

and after complete section of the corpus callosum,

including the splenium and dorsal hippocampal commis-

sure. The anterior and posterior commissures were left

intact. They studied connectivity patterns of several bilat-

eral ROIs (located in the dorsal attention system, DMN,

hippocampal formation, amygdala, auditory, somatomotor

and visual cortex) with the rest of the brain. Before section

of the corpus callosum, correlations with the seed regions

were found both ipsilaterally and contralaterally. After the

section, mostly intrahemispheric correlations were pre-

served (see Fig. 2 for representative pre- and post operation

correlation maps). Two bilateral regions studied here

(hippocampus and somatomotor cortex) revealed some

remaining interhemispheric correlations. The preserved

interhemispheric hippocampal connectivity was believed to

be mediated by the anterior commissure which was not

sectioned. The preserved interhemispheric somatomotor

connectivity was postulated to be caused by synchronous

ascending information sent out through somatomotor

thalamocortical projections.

Around the same time the above paper came out,

another case study of a patient with a complete commis-

surotomy was published (Uddin et al. 2008). This patient

underwent a single-stage midline section of the anterior

commissure, corpus callosum, hippocampal commissure

and massa intermedia in 1963. Uddin and colleagues

investigated resting-state functional connectivity using

both ICA and an ROI analysis. Their ICA resulted in two

notable components showing spatial maps of bilateral

connectivity, one resembling the posterior part of the DMN

and the other the lateral visual cortex. From these two ICA

maps the authors selected four bilateral seed regions

(middle occipital, lingual, cingulate and medial frontal

gyri). Each ROI’s mean time series was correlated with all

other brain voxels while regressing out the mean global,

white matter and ventricular signal, six motion parameters

and 19 artifact components identified by ICA. Similar to

ICA this ROI analysis revealed interhemispheric functional

connectivity. Furthermore, compared with a group of 42

healthy controls, the patient’s interhemispheric functional

connectivity scores of two out of the three ROIs examined

fell within the normal range. The authors suggested that the

observed interhemispheric connectivity in this patient

could be coordinated subcortically.

An earlier study investigated whether congenital defects

in the corpus callosum substantially diminish interhemi-

spheric functional connectivity, by studying three patients

with agenesis of the corpus callosum (Quigley et al. 2003).

A structural MRI scan of all three patients confirmed an

absent corpus callosum, and revealed colpocephaly in one

patient, an interhemispheric cyst in another and both col-

pocephaly and an interhemispheric cyst in the last patient.

In all three patients two task-related fMRI scans were

collected (passive listening and finger tapping) and one

resting-state scan. Resting-state functional connectivity

analysis was performed using voxels activated during the

task conditions as seeds and correlating the correspond-

ing time courses with all other voxels in the brain. The

authors found substantially less interhemispheric than
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intrahemispheric resting-state connectivity in the motor

and auditory cortices in these three patients. In healthy

control subjects the difference between inter- and intra-

hemispheric connectivity appears much smaller than that

observed in the patients.

The results of the abovementioned case studies appear

to be inconsistent, but the variability in the ROIs used and

the difference in clinical status of the patients studied here

could explain at least part of this inconsistency. The

clinical status of the cases described in the first two

surgical studies differ because in the first study a 6-year-

old child was scanned under anesthesia within a few days

after the surgery, and in the second a 74-year-old woman

was scanned 45 years after surgery. The observed in-

terhemisperic connectivity in the second study may

therefore be a result of brain plasticity, reflected in

reorganized subcortical mechanisms. This theory does not

appear to be completely supported by the results of the

agenesis study. However, these clinical cases may be

difficult to compare as plasticity in a relatively normal

brain after a surgical section of the corpus callosum may

be different from plasticity in a congenitally abnormal

brain. Nevertheless, even though comparison between

these clinical cases is not straightforward, we can con-

clude that functional connectivity appears to depend to a

large degree on intact interhemispheric connections but

that subcortical mechanisms may help reestablish inter-

hemispheric connectivity in patients with limited white

matter connections between the cerebral hemispheres.

Clearly, longitudinal follow-up imaging on the patient

reported by Johnston and colleagues will help us under-

stand the rate and potential mechanisms of plasticity in

these callosotomy patients.

Conclusions and discussion

It is commonly assumed that functional connectivity

reflects structural connectivity in the brain. From surveying

the current literature, we can conclude this is true to a large

extent. However functional connectivity is also observed

between regions where there is little or no structural con-

nectivity. This likely indicates BOLD signal correlations

mediated by indirect structural connections (i.e. via a third

region), though we also need to be wary of the possibility

of false negatives in DTI. Another potential problem worth

mentioning is that correlations between structural and

functional connectivity could be introduced because of

near-distance spatial effects in fMRI (due to noise, hemo-

dynamic or vascular artifacts) and greater likelihood to

complete short fibers in DTI/tractrography. In two of the

Fig. 2 Functional connectivity computed before and after corpus

callosotomy for right-sided seed regions. Seed regions defined in the

right hemisphere (first column of each set) were used to generate

correlation maps both before (second column) and after (third

column) complete transection of the corpus callosum. Seed ROIs

were placed laterally in the hemispheres to avoid confusion that might

arise because of partial volume averaging associated with ROIs close

to the midline. Preoperatively, functional connectivity maps using the

selected seed regions revealed a pattern of correlations that is

consistent with the published literature, including symmetric corre-

lations with the contralateral hemisphere. For example, a seed in the

right lateral parietal (LP) region demonstrates correlations with the

left lateral parietal as well as with medial prefrontal cortex and

posterior cingulate/precuneus (second row). Postoperatively, contra-

lateral correlations that were present before transection are almost

completely absent [frontal eye field (FEF), top row; LP, second row;

V1, third row]. Correlations with the hippocampal formation (HF)

seed and the somatomotor (SM) seed do not show complete loss of

contralateral correlations. These regions have neuroanatomical con-

nections with the opposing hemisphere through fibers that do not

cross in the corpus callosum. The hippocampus, for example, is able

to communicate with the contralateral hemisphere through the

anterior commissure. Adapted with permission from Johnston et al.

(2008)
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studies discussed here the authors corrected for these dis-

tance effects (Honey et al. 2009; Skudlarski et al. 2008),

but this is not yet commonly done. Growing, convergent

evidence for a quantitative relationship between resting-

state functional connectivity and structural connectivity is

reassuring for proponents of resting-state fMRI. This

strongly indicates that these resting-state networks are of

neuronal origin.

In this review two types of connectivity measures have

been discussed, resting-state functional connectivity mea-

sured by fMRI and structural connectivity measured by

diffusion imaging. As both resting-state fMRI and DTI are

relatively new and somewhat controversial methods, veri-

fying results of one such method with the other might not

be ideal. The observed agreement between the results of

both techniques is encouraging, but more research, both in

healthy controls and patient populations, is needed to

substantiate these findings and address some lingering

inconsistencies. Regarding the question of test–retest reli-

ability, for example, one study presented here (Honey et al.

2009) found low test–retest reliability in functional con-

nectivity within and across scanning sessions, whereas

other studies have shown reasonable consistency and reli-

ability of resting state connectivity (Damoiseaux et al.

2006; Shehzad et al. 2009). Furthermore, most of the

studies presented here mainly investigated connectivity

between cortical brain regions, but subcortical connections

certainly also play an important role. Resting state net-

works have previously been shown to encompass subcor-

tical structures. In order to get a more complete picture of

the brain’s structure-function correlations, it will be

essential to include subcortical connectivity in future

studies. Resting-state fMRI and diffusion imaging are

developing fields, and hopefully with time many method-

ological limitations will be overcome. For example, a

recently developed diffusion imaging technique called

diffusion spectrum imaging (DSI) has been shown to be

particularly sensitive in detecting fiber crossings and might

therefore provide a more suitable technique for fiber

tracking than DTI. The studies by Hagmann and Honey and

colleagues presented in this review have employed this

technique.

Another way to confirm the correspondence between

structural and functional connectivity is by studying mul-

tiple imaging modalities. For instance in the studies pre-

sented here the brain’s grey matter was studied with fMRI

and the white matter with DTI. But as has been shown

previously, structural connectivity can also be assessed by

studying grey matter (He et al. 2007; Mechelli et al. 2005;

Seeley et al. 2009). Mechelli and colleagues calculated the

grey matter density of 12 ROIs and used voxel-based

morphometry to find patterns of positive and negative

covariance across subjects between these ROIs and

multiple cortical regions. Positive associations were found

both inter- and intrahemispherically. Negative associations

were also found inter- and intrahemispherically but inter-

hemisphericaly only between heterotopic regions and not

between homotopic regions. He and colleagues investi-

gated anatomical connection patterns by using cortical

thickness measurements from structural MRI. Two areas

were considered anatomically connected if they showed

statistically significant correlations in cortical thickness

across subjects. Connections were also found both intra-

and interhemispherically, many of which were consistent

with known neuroanatomical systems. Seeley and col-

leagues demonstrated that structural covariance maps

derived from specific ROIs are strongly spatially correlated

with maps of functional connectivity derived with the same

ROIs. However, it needs to be noted that correlations

between such grey matter measures do not necessarily

imply structural connectivity, they could arise from shared

function, or shared genetic influence. Nevertheless, it is

very intriguing to see that different connectivity measures

as used in these studies appear to be in agreement with the

previously discussed fMRI and DTI measures. Precisely

how these measures relate is an interesting question for

further research.

Additional information could also be gained by (intra-

cranial) electroencephalography (EEG/iEEG) and magne-

toencephalography (MEG) or a combination of these

methods with functional and structural MRI and diffusion

imaging. Teipel and colleagues combined EEG with DTI to

study convergence between functional and structural con-

nectivity. Their results corroborate the conclusion of this

review in that structural and functional measures demon-

strated convergent connectivity patterns (Teipel et al.

2009).

A combined approach of different imaging modalities

may be more fruitful than using either one alone. It can be

especially helpful in studying disease. In Alzheimer’s

disease, for example, different modalities have already

yielded convergent results. Functional connectivity of the

DMN is decreased in patients with Alzheimer’s disease

compared to healthy controls (Greicius et al. 2004). The

same brain regions also seem to be the main areas targeted

by grey matter atrophy and deposition of b-amyloid pla-

ques as measured by PET (Buckner et al. 2005) and appear

to be modulated early in life in young adult APOE e4

carriers (Filippini et al. 2009). However, one technique

alone may not have sufficient sensitivity and specificity to

be used as a diagnostic tool. Obtaining additional infor-

mation via a second modality may, however, allow for

sufficient diagnostic accuracy to be achieved. For example,

a recent study in Alzheimer’s disease has shown that the

combination of hippocampal volume and mean FA of an

ROI in the posterior cingulum improved the separation of

Brain Struct Funct (2009) 213:525–533 531
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patients and controls considerably compared to the hippo-

campal volume measure alone (Zhang et al. 2007). The

combination of DTI measures with resting-state functional

connectivity could be an even more efficient classification

tool. As the methodologies for measuring structural and

functional connectivity continue to improve and their

complementary strengths are applied in parallel, we can

expect important advances in our diagnostic and prognostic

capacities in diseases like Alzheimer’s, multiple sclerosis,

and stroke.
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Regional networks underlying interhemispheric connectivity: an

EEG and DTI study in healthy ageing and amnestic mild

cognitive impairment. Hum Brain Mapp 30(7):2098–2119

Uddin L, Mooshagian E, Zaidel E, Scheres A, Margulies D, Kelly A,

Shehzad Z, Adelstein J, Castellanos F, Biswal B, Milham M

532 Brain Struct Funct (2009) 213:525–533

123



(2008) Residual functional connectivity in the split-brain

revealed with resting-state functional MRI. Neuroreport

19(7):703–709

van den Heuvel M, Mandl R, Hulshoff Pol H (2008a) Normalized cut

group clustering of resting-state FMRI data. PLoS ONE

3(4):e2001

van den Heuvel M, Mandl R, Luigjes J, Hulshoff Pol H (2008b)

Microstructural organization of the cingulum tract and the level

of default mode functional connectivity. J Neurosci

28(43):10844–10851

Zhang Y, Schuff N, Jahng G, Bayne W, Mori S, Schad L, Mueller S,

Du A, Kramer J, Yaffe K, Chui H, Jagust W, Miller B, Weiner M

(2007) Diffusion tensor imaging of cingulum fibers in mild

cognitive impairment and Alzheimer disease. Neurology

68(1):13–19

Brain Struct Funct (2009) 213:525–533 533

123


	Greater than the sum of its parts: a review of studies combining structural connectivity and resting-state functional connectivity
	Abstract
	Introduction and aims
	Direct comparisons of functional and structural connectivity
	Clinical case studies
	Conclusions and discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


