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Abstract: Resting state fMRI (RSfMRI) and arterial spin labeling (ASL) provide the field of pharmacological
Neuroimaging tool for investigating states of brain activity in terms of functional connectivity or cerebral
blood flow (CBF). Functional connectivity reflects the degree of synchrony or correlation of spontaneous
fluctuations—mostly in the blood oxygen level dependent (BOLD) signal—across brain networks; but CBF
reflects mean delivery of arterial blood to the brain tissue over time. The BOLD and CBF signals are linked
to common neurovascular and hemodynamic mechanisms that necessitate increased oxygen transportation
to the site of neuronal activation; however, the scale and the sources of variation in static CBF and spatio-
temporal BOLD correlations are likely different. We tested this hypothesis by examining the relation
between CBF and resting-state-network consistency (RSNC)—representing average intranetwork connec-
tivity, determined from dual regression analysis with eight standard networks of interest (NOIs)—in a
crossover placebo-controlled study of morphine and alcohol. Overall, we observed spatially heterogeneous
relations between RSNC and CBF, and between the experimental factors (drug-by-time, time, drug and
physiological rates) and each of these metrics. The drug-by-time effects on CBF were significant in all net-
works, but significant RSNC changes were limited to the sensorimotor, the executive/salience and the
working memory networks. The post-hoc voxel-wise statistics revealed similar dissociations, perhaps sug-
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gesting differential sensitivity of RSNC and CBF to neuronal and vascular endpoints of drug actions. The
spatial heterogeneity of RSNC/CBF relations encourages further investigation into the role of neurorecep-
tor distribution and cerebrovascular anatomy in predicting spontaneous fluctuations under drugs. Hum
Brain Mapp 00:000–000, 2012. VC 2012Wiley Periodicals, Inc.

Keywords: functional brain connectivity; arterial spin labeling; drug research; cerebral blood flow;
pharmacological fMRI; resting state; cerebral perfusion; resting-state networks

r r

INTRODUCTION

The applicability of functional neuroimaging in central
nervous system (CNS) drug research has long been advo-
cated [Borsook et al., 2011; Wise and Tracey, 2006], but the
challenges of developing a generalizable and robust meth-
odological approach are yet to be overcome [Pendse et al.,
2010; Wang et al., 2011]. In recent years, development of
task-independent functional neuroimaging has made im-
portant strides in neuropharmacology research as it avoids
the difficulties of controlling for intersubject variations in
task perception and performance under drug and placebo
conditions. Importantly, estimating the ‘‘resting-state’’
brain activity facilitates translational research across differ-
ent species [Margulies et al., 2009; Vincent et al., 2010],
making it an appropriate tool in preclinical stages of drug
development. Two particular approaches, arterial spin
labeling (ASL) and resting-state functional MRI (RSfMRI),
have proven applicable in pharmacological neuroimaging
[Becerra et al., 2006, 2009; Khalili-Mahani et al., 2011a,b;
MacIntosh et al., 2008; Pattinson et al., 2009; Pendse et al.,
2010; Rack-Gomer et al., 2009; Wise et al., 2002]. Although
the ASL and the RSfMRI signals arise from related neuro-
physiological sources, these two methods provide different
information about the state of brain activity.

Changes in cerebral perfusion are directly linked to
overall physiological variations such as cerebral autoregu-
lation and blood pressure control in a systemic process
such as the baroreflex [Ogoh et al., 2010]. Different ASL
methods (e.g., pulsed or [pseudo]continuous ASL) mea-
sure the amount of magnetically tagged arterial blood
flowing into the brain tissue, and solve a general kinetic
model to estimate the average CBF per unit tissue volume
over unit time, with respect to parameters such as blood
magnetization, relaxation time, labeling efficiency, and tag-
ging specifics [Buxton et al., 1998]. In Contrast, RSfMRI is
used to estimate the temporal dynamics of neuronal oscil-
lations across specific brain networks at ‘‘rest,’’ i.e., in the
absence of an experimental cognitive task. There are no
gold standards for studying resting-state connectivity yet
[Cole et al., 2010; Smith et al., 2011]; however, existing evi-
dence suggests that several consistent network topogra-
phies emerge form brain signals over time. These
topographies are consistently reproducible [Beckmann
et al., 2005; Biswal et al., 2010; Damoiseaux et al., 2006];
are detectible even in presence of tasks [Smith et al., 2009];
and correspond to similar networks estimated from elec-

trophysiological fluctuations measured by magnetoence-
phalography [Brookes et al., 2011]. Therefore, changes in
resting-state network connections are interpreted as a
proxy for variations in neuronal oscillation in subsets of
anatomical regions that serve a particular function. The
assumption that resting-state network configurations rep-
resent functional connectivity, allows to estimate the con-
sistency of the regional BOLD signal fluctuations with
respect to the ‘‘representative’’ oscillations within a func-
tional network of interest. The degree of intranetwork sta-
bility can be defined in terms of resting-state network
consistency (RSNC), which is a statistical description of
how similar the blood oxygen level dependent (BOLD) sig-
nal fluctuations are across a particular brain network—af-
ter common variations between all other functional
networks are factored out.

Although CBF and RSNC metrics are conceptually dif-
ferent, the BOLD signal changes are not independent from
CBF. In principle, the BOLD signal arises from a change in
the ratio of oxygenated and deoxygenated hemoglobin,
which is primarily affected by an influx of oxygenated
blood in response to increased metabolic demands of neu-
ronal activation. It is then plausible that the effects
detected from these methods converge to some extent.
Currently, we lack a knowledge of how the amount of
CBF in a given functional network might influence the
RSNC, or whether (and how) regional changes in RSNC
and CBF correspond under various experimental condi-
tions. This knowledge is particularly critical in interpreta-
tion of results from pharmacological studies that, in order
to standardize analyses, use canonical resting-state net-
works as references for estimation of functional connectiv-
ity in the rest of the brain.

Limited information about the coupling between BOLD
and CBF measures is available from simultaneous acquisi-
tion of the BOLD- and CBF change (using dual echo flow-
alternating inversion recovery technique) in calibrated-
BOLD studies, where the ratio of the BOLD/CBF
responses to graded stimuli (visual or sensory stimula-
tions, or physiological stimulations such as controlled
hypercapnia or hypoxia) in a specific region of interest is
estimated. Under controlled experimental conditions of
calibrated-BOLD measurements, a proportional relation
between stimulus-induced increase in the BOLD signal
and CBF has been reported [Davis et al., 1998; Hoge et al.,
1999; Kim et al., 1999]. However, the calibrated BOLD
method is based on critical assumptions of cerebral
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hemodynamics, i.e., relations between cerebral blood flow,
volume and CMRO2 at activation steady-state—and not
during spontaneous fluctuations at resting-state. Another
critical issue is that the BOLD-related parameters that
describe the hemodynamic models used in calibrated
BOLD imaging do not consider the influence of the spatial
distribution of neurotransmitter receptors [Zilles and
Amunts, 2009] on cerebral metabolism—e.g., under drug
conditions. In fact, recent applications of calibrated-BOLD
under pharmacological interventions indicate that the
dynamics of CBF/BOLD coupling across different brain
regions may be heterogeneous [Luchtmann et al., 2010;
Qiu et al., 2008a,b]. These findings raise further questions
about the importance of considering neurochemical and
cerebrovascular variations that would lead to spatial heter-
ogeneity of the hemodynamic function and the BOLD/
CBF relations.

In resting-state experiments, it is not possible to estimate
the BOLD/CBF coupling; however, the spatial distribution
of neurotransmitters and the neurovascular anatomy (e.g.,
the arterial flow territories) may be factors that differentiate
functional networks. Quantitative receptor autoradiography
indicates that the balance of distribution of different neuro-
receptors in different cortical areas plays a role in defining
their functional connectivity [Zilles and Amunts, 2009; Zilles
et al., 2004]. On the other hand, the hemodynamic function
is restricted by the cerebrovascular architecture (i.e., the
branching of the vascular tree and the arterial flow territo-
ries), which is likely to influence the configuration of the
functional networks. Since pharmacological stimuli often act
both centrally (at the level of target receptors, where they
modulate the neuronal response) and peripherally by induc-
ing global physiological changes in circulation, thus affect-
ing central hemodynamics, they might offer a pragmatic
approach to studying the link between local cerebral perfu-
sion and resting-state BOLD signal fluctuations.

Previously, we explored this data to illustrate the effect
of different psychoactive substances (morphine and alco-
hol compared with placebo) on regional perfusion [Khalili-
Mahani et al., 2011a] and functional connectivity (which
was estimated from dual regression analysis [Beckmann
et al.,2009] with respect to representative fluctuations in
eight standard resting-state networks [Beckmann et al.,
2005; Khalili-Mahani et al., 2011b]). Both methods were
sensitive to detecting drug-specific regional effects in brain
structures where changes in receptor binding or specific
functional control were expected. The most significant
effects of morphine on cerebral perfusion were in the ante-
rior cingulate cortex (ACC), the cerebellum, and sensori-
motor regions, mostly in the same areas where changes in
functional connectivity were detected. In contrast, the
effect of alcohol on both functional connectivity and re-
gional CBF was comparatively more limited. These obser-
vations motivated the question whether there was a
relation between baseline CBF and RSNC within the tem-
plate networks, and whether these two measures were
equally sensitive to predicting drug-by-time interaction

effects on the brain. In this current study, we investigate
these questions by first studying the correlations between
CBF and RSNC within different NOIs at repeated baseline
conditions. Next, we examine whether the same experi-
mental factors explain similar variations in RSNC and CBF
across different networks. Finally, we illustrate the dynam-
ics of CBF and RSNC changes in anatomical regions where
significant drug-by-time interactions are detected from
voxel-based analysis of CBF and RSfMRI data.

MATERIALS AND METHODS

A diagram of the study design is provided in Figure 1.

Subjects

Twelve healthy male participants (age 18–40) volun-
teered for a randomized double dummy, double blind,
placebo-controlled study involving three visits (each one
week apart). Exclusion criteria included MRI-contraindica-
tions such as implants, pacemakers, or prostheses; any
account of medical disorders that could pose a risk to sub-
ject’s health (e.g., opioid allergy, positive hepatitis B, C, or
HIV, cardiac or vascular disorder; asthma or pulmonary
disease, major gastrointestinal abnormalities, peptic ulcera-
tion, hepatic, neurological, psychiatric, hematological,
endocrine, renal, or major genitourinary disease) or jeop-
ardize the aim of the study by introducing confounds
(e.g., prevalence of illicit drug use, daily consumption of
more than four alcoholic beverages, cigarette smoking,
heavy caffeine dependency, and irregular diurnal rhythm).

Figure 1.

Schematic experimental design. Arrows indicate the data sam-

ples included in dimension-reduced statistical analysis. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Pharmacological Procedures

Morphine, alcohol and placebo sessions were random-
ized. During each visit, subjects experienced identical ex-
perimental procedures but in each session different drug
compounds (or sham-placebo) were administered intrave-
nously. Glucose 5% solutions were administered as double
dummy placebos, where a sham alcohol clamp was per-
formed during the active morphine infusion, and a pla-
cebo infusion using the computerized morphine pump
was given during the active alcohol clamp (see Fig. 1).

Alcohol Infusion

We aimed for maintaining alcohol levels at 0.6 g/L for
90 min. This was accomplished using the breath alcohol
clamping (BrAC) method that provides accurate stable lev-
els of alcohol [O’Connor et al., 1998], as we have previ-
ously shown [Zoethout et al., 2008]. Infusion rates
required to maintain stable alcohol levels were computed
by a nonblind assistant without any other involvement in
the study, based on measurements of BrAC at 5-min inter-
val between 0 and 30 min, at 10 minutes intervals between
30–60 min, and 30-min interval between 60 and 300 min
after the start of the placebo or drug administration. BrAC
was measured outside of the scanner, in the between-scan
intervals. The breath alcohol measurement was repeated
as a sham procedure during placebo session as well. The
nurse assistant kept the subject and the rest of the study
team blinded to the recordings.

Morphine Infusion

We aimed to reach stable serum levels of morphine at
80 nmol/L. Morphine infusion was conducted according
to pharmacokinetic models established earlier [Sarton
et al., 2000]. An initial bolus of 100 lg/kg/h was infused
during 1 min; followed by a continuous infusion of 30 lg/
kg/h for 2.5 h. Total volume of morphine infusion was
�14.5 mg—a safe dose within the therapeutic range of in-
travenous morphine for acute pain. To determine the
plasma concentration of morphine, venous blood was col-
lected in 5 mL plain tubes (Becton and Dickinson and
company, NJ). Blood samples were taken at 0, 15, 30, 50,
60, 90, 120, 150, 180, 210, and 270 min after the start of the
placebo or drug administration. All samples were centri-
fuged for 10 min at 2000 G between 30 and 45 min after
collection and stored at �21�C. Plasma concentrations of
morphine were determined using liquid chromatography
with tandem mass spectrometry [Sarton et al., 2000].

Image Acquisition

Imaging protocols for RSfMRI

A 3T Achieva scanner (Philips Medical System, Best,
The Netherlands) was used for image acquisition.

RSfMRI data were obtained using T2*-weighted gradient
echo EPI, with TR ¼ 2,180 ms, TE ¼ 30 ms, flip angle ¼
80�, 64 � 64 � 38 matrix with 3.44 mm isotropic resolu-
tion, 220 frames, 8 min; plus a T1-weighted high-resolution
scan for anatomical registration. In total, seven sets of
RSfMRI were acquired. In each session, only two corre-
sponding ASL data sets were acquired immediately after
RSfMRI at times 0 (before infusion began) and 120 min
(when the drug concentrations had reached pseudosteady
levels). The corresponding measurements that are used in
the analyses are pointed out in Figure 1. In statistical tests,
when the correlation between RSNC and CBF is examined,
we used the two RSfMRI data sets that were acquired im-
mediately before PCASL, in order to minimize any other
sources of variations over the time that the drugs had not
yet reached steady state. Complete RSfMRI results are
published elsewhere [Khalili-Mahani et al., 2011b].

Imaging protocols for PCASL

CBF was measured using PCASL [Dai et al., 2008; van
Osch et al., 2009] immediately before and 120 min after
drug injection began. Thirty pairs of perfusion weighted
and control scans (single shot EPI, 17 slices of 7 mm with
an in-plane resolution of 3 � 3 mm2, SENSE factor 2.5, TE
¼ 13.9 ms at a delay of 1,525 ms, slice time 35 ms, labeling
duration 1,650 ms, background inversion pulses at 1,680
ms and 2,760 ms after start of labeling) were obtained
(total scan time of 4 min 10 s).

Variables of Interest

Resting-state network consistency

We defined a variable, RSNC, to reflect the degree of
stability of fluctuations within a given network of interest
(NOI). Our choice of NOIs was based on high reproduci-
bility of these networks from independent component
analysis (ICA) of different data sets [Beckmann et al., 2005;
Damoiseaux et al., 2006]. Previously, we have shown that
this template-based approach allows detecting regional
drug-specific effects in functional brain connectivity [Kha-
lili-Mahani et al., 2011b]. To determine RSNC, we per-
formed dual regression analysis to first estimate the
temporal profile of the BOLD signal within spatial tem-
plates of networks of interest (NOIs, listed in Table I), and
next perform a voxel-wise multiple regression analysis to
determine how other brain regions are functionally related
to these NOIs [Beckmann et al., 2009]. By including all
eight networks, the common variations across different
networks are partialled out; therefore, the estimated con-
nectivity at each voxel is weighed uniquely to that net-
work. In this way, the averaged connectivity estimates
within an NOI provide an index of the fluctuations var-
iance within that network. In other words, if all voxels
within a given network fluctuate similarly to the dominant
temporal profile of that network, then the RSNC will be
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TABLE 1. Template networks of interest

NOI1: Medial visual cortex Includes, calcarine, inferior precuneus, and primary visual cortex; relays visual input through
thalamus to primary visual areas.

NOI2: Lateral visual cortex Includes lateral occipital cortex (superior and fusiform areas); involved in visual spatial attention.
NOI3: Somatosensory/auditory Includes superior temporal cortex, insula, operculum, dorsocaudal ACC, somatosensory cortices

and bilateral thalamus; involved in bodily awareness and physiological control.
NOI4: Sensorimotor Includes pre- and postcentral somatosensory somatomotor areas; part of the lateral pain processing

system that relay sensory pain signals.
NOI5: default mode Includes rostral medial PFC and precuneal and PCC areas; linked to readiness for adaptive

response to cognitive and emotional tasks.
NOI6: executive control/salience Includes medial and inferior PFC; implicated in executive control, attention, and salience; includes

the medial pain processing system that relays emotional and attentional aspects of pain
perception.

NOI7: Left Dorsolateral visual
stream/working memory

Includes Broca area 44, frontal pole, dorsolateral PFC and parietal lobule; involved in working
memory, visual spatial processing and language.

NOI8: Dorsolateral visual
stream/working memory

Includes homologous regions as NOI7, plus right paracingulate gyrus, left PCC and left medial
PFC.

NOIs templates are obtained from independent component analysis as described by Beckmann et al., 2005.

high. However, if a given network does not have a consis-
tant temporal profile, i.e., the spontaneous fluctuations
across the voxels within that network are highly variable,
then the RSNC will be low. An advantage of this approach
is that connectivity estimates are robust against common
variations in global signal changes (e.g., related to physio-
logical artifacts) [Khalili-Mahani et al., 2012]. Defining a
metric that describes the behavior of a template network,
independent of global sources of variation, provides a
framework for comparing brain activity across sessions,
subjects and studies, in a standardized manner.

The details of image processing and analysis are previ-

ously described [Khalili-Mahani et al., 2011b]. Briefly, each

RSfMRI data set was preprocessed by standard options of

FEAT (fMRI Expert Analysis tool, FSL 4.1, fMRIB, Oxford

University, UK), including motion correction, brain extrac-

tion, linear registration to MNI152 (Montreal Neurological

Institute, Montreal, QC, Canada), spatial smoothing with 5

mm blurring kernel and high pass filtering (cut off below

0.01 Hz). Each preprocessed 4D RSfMRI data set was

regressed against eight spatial maps (NOIs), to produce

eight vectors representing the estimated BOLD fluctuations

in each NOI over the scanning period. In the second regres-

sion, each 4D RSfMRI data set was regressed against the

eight timecourse vectors, together with motion parameters,

to generate 8 RSNC maps. We performed no mean normal-

ization in either stage of the regression. Since retrospective

physiological correction did not change the average RSNC

within each NOI [Khalili-Mahani et al., 2012], we used the

uncorrected data to estimate functional connectivity. The

value of each voxel in the map corresponds to the z-score of

the ‘‘fit’’ of a given template timecourse, to fluctuations at

each voxel of the brain image. We refer to RSNC in terms of

the absolute value of z-score in each voxel, representing

how well that voxel is ‘‘connected’’ to the NOI.

Cerebral blood flow

For each set, voxelwise CBF was computed using

CBFðx; y; zÞ ¼ 6000
RN
t¼1ðScontrolðx; y; z; tÞ � Slabelðx; y; z; tÞÞ

N

1

labelingfficiency�M0T1blood� k
e
ðdelayþslicetimeðz�0:5Þ

T1blood
þTE

T2
Þ

where N 30, k 0.76, labeling efficiency 0.85, TE 13.9 ms,
T2 50 ms and T1blood 1,680 ms. These computations
were performed using MATLAB R2009a (Mathworks).
Having computed CBF in native space for subjects, we
spatially standardized them to the MNI152 template (using
FLIRT, FMRIB’s linear registration tool, FSL4.1, Oxford
University, UK) in order to be able to perform group-level
statistical inference testing. The same blurring kernel as
used for RSfMRI was used for spatial smoothing. For
methodological details see [Khalili-Mahani et al., 2011a].

The CBF values are computed in units of ml/100 ml-tis-
sue/min.

Reducing data dimension in NOIs

The spatial data across each NOI was reduced by aver-
aging the voxelwise RSNC (i.e., z-scores obtained from
dual regression analysis described above) and the CBF val-
ues within a binarized mask of each template NOI. The
binarized masks are confined to regions within consistency
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threshold of |z|>3.1 (voxel-wise P > 0.001). Although this
data reduction approach limits the ability to detect drug
effects in anatomical structures, it helps standardize statis-
tical model testing for examining the heterogeneity of
RSNC/CBF relations across different experimental condi-
tions and different independent studies. To ensure this li-
mitation does not obscure important variations in inter-
and extra-NOI relations between the BOLD signal fluctua-
tions and the CBF, we have also performed voxelwise sta-
tistics and a post-hoc conjunction analysis on the MRI
data.

Physiological confounds

Physiological data were measured during RSfMRI
scanning using standard scanner equipment. We averaged
the heart rate over the period of each scan. The respiratory
signal over the scanning period was low-pass filtered
(cutoff frequency 5 Hz) and the highest harmonic of the
Fourier transformation of the respiration signal was used as
a representative average respiration rate during the scan.

It has been shown that altered respiration due to opiate
treatment leads to a hypercapnia-related increase in CBF
[MacIntosh et al., 2008; Pattinson et al., 2007]. Also, heart
rate increase due to alcohol might be associated with vaso-
reactive changes that alter the arterial blood flow velocity
[Blaha et al., 2003]. We have previously shown that respi-
ration rate explains about 17% of variation in global CBF
[Khalili-Mahani et al., 2011a], and that the extent of mor-
phine effects on some NOIs is changed if respiration rate
is included in the GLM as a confound regressor [Khalili-
Mahani et al., 2011b]. Therefore, average heart rate and
dominant respiration rates (obtained from spectral analysis
of the respiration signal) are included in the following sta-
tistical analyses in order to account for correlated global
signal changes in all networks.

Statistical Tests

Repeated-measures analysis of correlation
between CBF and RSNC

Statistical analysis was done using generalized estimat-
ing equations (GEE)—a special form of the general linear
model (GLM) that accounts for correlations between
repeated measurement from each subject, in order to avoid
incorrect estimation of the standard error of regression pa-
rameters [Liang and Zeger, 1986; Zeger et al., 1988]. The
following GEE models were examined (B’s refer to param-
eter estimates, and i refers to the index of the NOI):

Relation between RSNC and CBF at baseline

For i in NOI1 to NOI8;

YBaselineRSNCðiÞ¼B0ðiÞþB1ðiÞ BaselineCBF ðiÞ
þB2ðiÞ respirationþB3ðiÞ heart ðModel 1Þ

Relation between RSNC and CBF under

pharmacological conditions

For i in NOI1 to NOI8;

YRSNCðiÞ ¼ B0ðiÞ þ B1ðiÞ timeþ B2ðiÞ condition
þ B3ðiÞ ðtime� conditionÞ þ B4ðiÞ respiration
þ B5ðiÞ heartþ B6ðiÞ CBFðiÞ ðModel 2Þ

Effect of Experimental factors on RSNC and CBF

For i in NOI1 to NOI8;

YRSNCðiÞ ¼ B0ðiÞ þ B1ðiÞ timeþ B2ðiÞ condition
þ B3ðiÞ ðtime� conditionÞ þ B4ðiÞ respiration
þ B5ðiÞ heart ðModel 3AÞ

YCBFðiÞ ¼ B0ðiÞ þ B1ðiÞ timeþ B2ðiÞ condition
þ B3ðiÞ ðtime� conditionÞ þ B4ðiÞ respiration
þ B5ðiÞ heart ðModel 3BÞ

In all models above, correlation was assumed within
subjects. Variables time (pre, post) and condition (placebo,
morphine, alcohol), and NOI (1, 2, 3, 4, 5, 6, 7, and 8) were
categorical. Variables respiration, heart (the dominant res-
piration frequency, and average heart rates measured over
scanning period), CBF (average CBF in each NOI) and
RSNC (average Z-scores of dual regression in each NOI)
were normally distributed. Because the volume of different
NOIs and the amount of gray matter in each is different,
we averaged the gray matter (GM) partial volume effect
(obtained using FSLs FAST tool, for each of the three ana-
tomical images per visit) within each NOI mask and
included the values as a weighting factor in all GEE mod-
els above. Baseline measure refers to the preinfusion meas-
urements in each visit day. The standard errors of the
estimates were computed using robust Sandwich estimates
assuming an exchangeable working correlation form. We
used a corrected alpha level of 0.05/8 ¼ 0.006, to account
for multiple comparisons with eight networks. Because of
the exploratory nature of the study, we like to control the
number of Type II errors; therefore we refrained from
using a more stringent level by correcting for the number
of all tests. Also, because our main interest is in the rela-
tion between CBF and RSNC, such results with P > 0.05
will be reported as a trend. All statistical tests were done
using IBM SPSS 18.0 for MAC (IBM Co., Somers, NY).

Voxel-Wise Conjunction Analysis

Results of dimension-reduced data would lack anatomical
specificity. Considering the heterogeneous relations
observed above, we examined the drug effects observed in
voxel-wise statistical parametric maps reported before [Kha-
lili-Mahani et al., 2011a,b]. We performed conjunction analy-
sis [Nichols et al., 2005] to illustrate the focal dynamics of
change in CBF and connectivity in the brain areas affected by
drugs. Conjunction maps were obtained from statistical

r Khalili-Mahani et al. r

r 6 r



parametric maps (mixed effect analysis of drug and time
interactions, obtained from a 5,000-permutation testing). Sta-
tistical mapswere cluster-thresholded at P< 0.05. To account
for multiple comparisons across 8 NOI, a cluster forming
threshold of P< 0.001 was used. The values of the significant
loci were plotted to illustrate the heterogeneity of the dynam-
ics of CBF and RSNC across different brain regions.

Note that a permutation test of RSfMRI data at two
timepoints (acquired at the same time as the correspond-
ing CBF data) did not provide effects that satisfied statisti-
cal criteria. Since the objective of this post-hoc analysis is
to examine the dynamics of these two metrics in anatomi-
cal loci where significant drug effects were observed, we
performed the conjunction analysis on significant statistical
results from seven RSfMRI datapoints.

RESULTS

Plasma Drug Concentrations

Table II lists the plasma concentration for each drug in
each subject at the time point when CBF and RSN scans
were made (rounded). At the time of post-treatment scan,
average morphine levels were at 68.04 � 8.8 nmol/L and
average alcohol levels were at 0.63 � 0.038 (g/L).

Relation Between CBF and RSNC in Baseline

Conditions

We examined how much of the variation in repeated
baseline measurements of RSNC in each NOI was
explained by the corresponding CBF variations (Model 1).
Results are presented in Table III. A trend for association
between baseline RSNC and baseline CBF was observed in
the somatosensory (NOI3), sensorimotor (NOI4) and the
default mode network (NOI5) (P’s < 0.04). Significant re-
spiratory effects on sensorimotor network (NOI4) and sig-
nificant heart rate effects on the lateral visual network
(NOI2) were observed (P’s < 0.006).

Relation Between CBF and RSNC in NOIs

Under Pharmacological Conditions

In Model 2, we tested whether variation in CBF under
experimental conditions predicted significant RSNC varia-
tions in each NOI. Figure 2 illustrates a heterogeneous pat-
tern of relations between CBF and RSNC across different
networks and conditions as estimated by GEE.

A significant effect of CBF on RSNC was observed in
NOIs 6 and 7, where higher CBF values were associated
with smaller RSNC magnitude (see Table IV).

Effects of condition x time interaction estimated from
Model 2 show a trend only in NOI4 (P < 0.03). Main effect
of time is significant in NOIs 2, 3, 5, and 8 and a trend is
present in NOIs 6 and 7. Main effect of condition showed
a trend only in NOIs 4 and 6.

Differences and Similarities of Drug Effects

on CBF and on RSNC

Figure 3 illustrates that the effect of drugs on average
RSNC and average CBF is not the same across the net-
works. In Model 3 we examined whether a given explana-
tory model would predict similar effects on CBF and on
RNCS across different NOIs. A plot of the quasi likelihood
under independence (QIC) model criterion [Pan, 2001]
illustrates that the predictive power of such a model across
different NOIs is not similar (i.e., not a flat line) and,

TABLE III. Estimated effect of physiological factors and CBF on RSNC at baseline

Variable NOI1 NOI2 NOI3 NOI4 NOI5 NOI6 NOI7 NOI8

Intercept
Wald v2 (df¼ 1) 2.716 98.535 26.150 1.365 17.427 12.557 13.749 3.247

P 0.099 0.000 0.000 0.243 0.000 0.000 0.000 0.072

CBF
Wald v2 (df¼ 1) 3.139 0.014 4.218 4.302 5.091 0.453 1.196 1.184

P 0.076 0.906 0.040 0.038 0.024 0.501 0.274 0.276

Respiration
Wald v2 (df¼ 1) 1.219 2.706 1.154 7.599 0.008 0.318 1.796 3.263

P 0.270 0.100 0.283 0.006 0.930 0.573 0.180 0.071

Heart rate
Wald v2 (df¼ 1) 3.192 13.584 1.716 2.438 2.808 0.641 0.067 0.093

P 0.074 0.000 0.190 0.118 0.094 0.423 0.795 0.760

Model 1: Interceptþ respirationþheart-rateþCBF.
P < 0.05 (trend); P < 0.006 (significant, corrected for multiple comparisons).

TABLE II. Drug concentrations at the time of

post-infusion MRI scan

Subject Morphine nmol/L Ethanol mg/L

1 67 500
2 63 470
3 81 540
4 70 540
5 63 560
6 63 640
7 70 640
8 67 580
9 74 590
10 63 650
11 60 660
12 63 690
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maybe more importantly, that the influence of explanatory
variables is not homogeneous for RSNC and CBF as can
be assessed from the fact that the two lines are not parallel
(Supporting Information Fig. 1). (Note that QIC is a

method for comparing the predictive power of different
models. Usually it is used to determine the most parsimo-
nious model that best describes an independent variable.
Here, we use QIC only for illustrative purposes, to show
the between-network heterogeneities.)

Statistical results are provided in Supporting Informa-
tion Table I and illustrate that variations in CBF and
RSNC are not always explained by the same factor.

In summary, condition � time interactions showed
effect trends on variations of RSNC in sensorimotor
(NOI4), salience/executive (NOI6), and dorsolateral visual
and working memory (NOI8) networks. Main effect of
time on RSNC was significant in all networks except in
visual and sensorimotor networks (NOI1 and NOI4), albeit
the time effect on NOI6 was a trend.

In contrast, condition � time interaction explained sig-
nificant variations in the CBF in all NOIs (P’s < 0.001).
The effect of condition on CBF was significant in NOI4 but
a trend was present in all other NOIs (P’s < 0.05) other
than NOI8.

Post-Hoc Conjunction Analysis of Local Changes

in CBF and RSNC

Supporting Information Tables II and III list brain areas
where conjunction analysis on statistical parametric maps
of morphine and alcohol effects revealed overlapping
effects on RSNC and on CBF for each drug. Plotted peaks
at some regions of interest illustrate the heterogeneity of
CBF/RSNC relations (Fig. 4). The largest overlap (in terms
of the magnitude of the affected clusters) was observed in
connectivity of NOI4 (sensorimotor network and part of
the lateral pain system) and NOI6 (attention and salience
network and part of the medial pain system) in response
to morphine (Supporting Information Table II) and in con-
nectivity of NOI1 (medial visual network) and NOI3

Figure 2.

Estimates of variations in RSNC (from a GEE model including

drug � time interactions, plus heart rate and respiration) plot-

ted versus CBF. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE IV. Effects of experimental factors on RSNC of each NOI

Variable NOI1 NOI2 NOI3 NOI4 NOI5 NOI6 NOI7 NOI8

(Intercept) Wald v2 df¼1 13.88 30.53 37.21 6.39 13.76 31.17 14.09 8.00
P 0 0 0 0.011 0 0 0 0.005

Time Wald v2 df¼ 1 0.13 14.68 9.05 0.17 16.89 4.33 6.28 11.19
P 0.724 0 0.003 0.684 0 0.037 0.012 0.001

Condition Wald v2 df¼2 4.03 0.47 3.82 7.65 0.78 7.54 0.05 1.04
P 0.133 0.792 0.148 0.022 0.677 0.023 0.974 0.596

Time x Condition Wald v2 df¼ p 0.16 2.86 2.67 7.70 0.05 2.53 0.47 5.21
P 0.922 0.24 0.263 0.021 0.975 0.282 0.79 0.074

Respiration Wald v2 df¼ 1 1.45 0.80 3.85 6.91 1.63 0.24 0.00 3.90
P 0.228 0.372 0.05 0.009 0.201 0.624 0.948 0.048

Heart rate Wald v2 df¼ 1 0.33 8.24 0.84 4.15 3.00 0.54 0.01 0.48
P 0.564 0.004 0.36 0.042 0.083 0.464 0.913 0.487

CBF Wald v2 df¼ 1 1.32 0.03 3.17 2.26 2.19 8.61 8.27 2.26
P 0.251 0.861 0.075 0.132 0.139 0.003 0.004 0.132

Model 2: Interceptþ timeþConditionþ time x Conditionþ respirationþheart rateþCBF.
P < 0.05 (trend); P < 0.006 (significant, corrected for multiple comparisons).
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(somatosensory network) in response to alcohol (Support-
ing Information Table III).

As Figure 4 illustrates, the patterns of drug-by-time
interactions with CBF and RSNC are not uniform. In case
of morphine, three different interactions emerged: Increase
in both RSNC and CBF, compared to placebo and baseline
in the central sulcus (Fig. 4A); increase in negative RSNC
and increase CBF in the hippocampus (Fig. 4B); and
decreased RSNC in the anterior cingulate cortex (ACC)
with increased CBF (Fig. 4C).

The overlapping alcohol effects were in general more
limited (Supporting Information Table III), because smaller
changes in voxel-wise RSNC were detected. The effects of
alcohol were exclusive to small regions where a drug-by-

time interaction effect on NOI1 (visual), NOI3 (somatosen-
sory and auditory) and NOI4 was present. As Figures
4D,E illustrate, the observed effect was mainly driven by a
difference between alcohol and placebo condition. The
direction of CBF and RSNC effects in medial visual and
paracingulate cortex, where strongest effects were
observed, were similar.

DISCUSSION

Previously, we have shown that resting-state functional
connectivity (obtained from NOI-based dual regression
analysis of RSfMRI) and cerebral perfusion (obtained from

Figure 3.

Average RSNC and average CBF values within different NOIs at each timepoint for each drug condition.
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PCASL measurements) are promising markers for study-
ing regional and drug-specific changes in brain function.
Here, we have taken a prototypical approach to studying
the CBF and RSNC within eight prominent resting-state
networks to test the hypothesis that functional connectivity
and cerebral blood flow were sensitive to different aspects
of functional cerebral signal. Our analyses suggest a com-
plex and spatially heterogeneous relation between RSNC
and CBF across different functional networks and provide
preliminary evidence that spatial distribution of neurore-
ceptors and cerebrovascular architecture play a role in dis-
sociative relations between regional cerebral perfusion and
functional connectivity across the brain.

One aim of this study was to investigate associations
between CBF and RSNC measured at baselines (i.e., pre-

drug). Overall, we did not find a ubiquitous association
between these two variables (averaged over different
NOIs); however, an interesting trend for association
between RCNC and CBF in three NOIs—which are impor-
tant for maintaining homeostasis and consciousness,
namely NOI3 (auditory/somatosensory network), NOI4
(sensorimotor network) and NOI5 (default mode net-
work)—was revealed by GEE testing of Model 1. Struc-
tures that form NOI3, such as insula, operculum,
dorsocaudal ACC, somatosensory cortex, and bilateral
thalamus, are implicated in physiological control and bod-
ily awareness [Craig 2003; Critchley 2005]; the sensorimo-
tor brain structures (NOI4) have complex hierarchical
connections through basal ganglia and cerebellum to pe-
ripheral nervous system and play an important role in
physiological functions such as breathing control [Pattin-
son et al., 2009]; and the default mode network is also
known to be metabolically more ‘active’ than the rest of
the brain ‘at rest’, presumably in order to keep the body
in a state of adaptive consciousness to maintain the
homeostatic and cognitive stability [Raichle et al., 2001].
Therefore, a closer link (compared to other NOIs) between
the baseline CBF and the baseline RSNC in these networks
could indicate a tighter coupling between the hemody-
namic and the metabolic mechanisms of these regions—
plausibly related to their primary function in adaptive reg-
ulation of consciousness states.

Another objective of the current analysis was to test
how different drugs with different target receptors and
different peripheral actions changed the patterns of base-
line CBF/RSNC relationships. Our cross-over pharmaco-
logical experiment allowed us to test how a nonspecific
physiological response (e.g., significant change in respira-
tion rate—that as we have shown before, accounts for as
high as 17% increase in cerebral perfusion [Khalili-Mahani
et al., 2011a]—versus a regional electrophysiological effect
(at the site of the drug target receptors), would disrupt the
baseline relations between CBF and intrinsic BOLD fluctu-
ations. As Figure 2 illustrates, Model 2 estimated a signifi-
cant associations between average CBF and RSNC within
NOI6 (salience/executive control) and NOI7 (working
memory) after drug administration. In our models, we did
not examine the drug-by-time interactions with the slope
of RSNC/CBF relations; however, a negative correlation
between RSNC and CBF in some of the networks is pres-
ent independent of the drug condition. This observation of
spatial heterogeneity of the CBF/RSNC relationship in our
analysis prompted the question whether variation in CBF
and RSNC were explained by similar experimental factors.
This was not the case either. Testing Model 3 for CBF and
RSNC independently revealed that each variable was sen-
sitive to different model parameters. Whereas the drug-by-
time interaction effect on CBF was significant for all NOIs,
the interaction effects on RSNC were limited to NOIs 4
(with main effect due to drug) and to NOI8 (where main
effect was due to time). This was also the case in the post-
hoc ROI conjunction analysis, where overlapping drug

Figure 4.

Post-hoc analysis of overlapping changes in CBF and RSNC with

respect to placebo at t ¼ �1 min (before infusion) to t ¼ 120

min (after drugs reach pseudo steady levels) in selected ROIs (P

> 0.05, corrected). (A) Similar direction of effect in central

gyrus; (B) emerging negative connectivity and increased CBF in

the hippocampus (C) Opposite direction of change in CBF and

connectivity in perigenual ACC; (D and E) similar alcohol effects

on CBF and connectivity in medial visual and paracingulate corti-

ces. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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effects on the statistical maps of drug effects on CBF and
connectivity showed a consistent increase in CBF but a
heterogeneous pattern of RSNC change across different
brain areas (Fig. 4). In sum, not only drug conditions dis-
rupted the baseline relations between RSNC and CBF, but
they also interacted with each metric in a spatially hetero-
geneous way. These observations provide evidence that
the sources of variation in these two metrics are different,
corroborating earlier findings that the neurophysiological
substrates of drug effects on functional connectivity are
spatially heterogeneous [Volkow et al., 2008].

There are two likely explanations for the spatial hetero-
geneity of our observations: the spatial distribution of neu-
roreceptors and regional differences in cerebrovascular
architecture and hemodynamics. Dissociable effects of
morphine on NOI6 and NOI4 are particularly noteworthy.
Functionally, NOI4 includes regions of the lateral
(involved in sensory aspects) and NOI6 includes regions
of the medial (involved in affective and attentional
aspects) of pain processing [Peyron et al., 1999; Zubieta
et al., 2001], and their significant neuronal response to
morphine is expected. However, as Figure 2 illustrates, the
direction of CBF and RSNC covariations in these two net-
works are not similar. This dissociation can also be seen in
the post-hoc analysis. Whereas the amplitudes of both
RSNC and CBF increase in the central gyrus (which lies
within NOI4, Fig. 4A), CBF in the anterior cingulate cortex
(ACC) (which lies within NOI6) increases while the RSNC
of the same region decreases (Fig. 4C). One possible expla-
nation might be that the ACC (which is part of NOI6) has
a high opiodergic binding potential while the sensory
motor regions (which form NOI4) have a much lower
binding potential for the opioid receptors [Baumgartner
et al., 2006]. Therefore the electrophysiology and hence the
coupling between the regional metabolic and hemody-
namic responses to an opiodergic drug might be different
in regions that activate these receptors. Another explana-
tion might be that the two networks have different under-
lying cerebrovascular architecture/dynamics that breaks
the hemodynamic/metabolic coupling in cases of acute
autoregulating vascular response to drugs. In this particu-
lar case, morphine caused a significant drop in respiration
rate triggering an autoregulative response to the hyper-
capnic condition resulting form the respiratory depression
[MacIntosh et al., 2008; Pattinson et al., 2009], and hence
causing up to 17% increase in total cerebral perfusion—as
we reported before [Khalili-Mahani et al., 2011a]. As can
be seen in Figure 3, whereas the CBF and RSNC are nota-
bly dissociated in NOI4, they are significantly correlated in
NOI6. Interestingly, the baseline (i.e., predrug) association
between respiration rates and RSNC was only significant
in NOI4. Even after modeling drug-by-time, the relation
between respiration rate and NOI4 was marginally signifi-
cant (P < 0.009).

Comparing alcohol and morphine effects also points in
the direction of our speculation that the local actions of
neuroreceptors may have played a role in modulating

RSNC. In general, alcohol effects on both functional con-
nectivity and cerebral perfusion were smaller than those of
morphine. Alcohol’s psychoactive effects are mainly medi-
ated through GABAergic receptors [Hanchar et al., 2006]
that are distributed across the brain. As we have shown
before, compared with morphine, the between subject vari-
ability in the pharmacodynamic profile of alcohol effects is
larger [see Khalili-Mahani, et al., 2011a for details], and no
consistent relation between physiological factors and cere-
bral perfusion is present. As can be seen in the post-hoc
conjunction analysis, the directions of alcohol effect on
both RSNC and CBF in the visual and somatosensory net-
works, where correlations of BOLD with intoxicating
effects of alcohol are previously reported [Calhoun et al.,
2004a,b; Meda et al., 2009; Van Horn et al., 2006; Volkow
et al., 2008; Wang et al., 2000]—are similar (Fig. 4D,E)—
although no significant interactions with the RSNC/CBF
relations can be seen (Fig. 2).

Our methodological constraints preclude conclusive bio-
logical interpretations, but these findings may have impor-
tant implications in emerging calibrated-BOLD
experiments under pharmacological interventions that aim
to address the issue of CBF/BOLD coupling [Asghar et al.,
2011; Chen and Parrish, 2009a,b; Grichisch et al., 2011;
Griffeth et al., 2011; Perthen et al., 2008; Qiu et al., 2008a;
Qiu et al., 2008b; St Lawrence et al., 2003]. Previously, it
has been shown that relatively mild pharmacological inter-
vention with caffeine [Chen and Parrish 2009b; Griffeth
et al., 2011; Perthen et al., 2008] or indomethacin [St Law-
rence et al., 2003] leads to a different CBF/BOLD coupling
compared to tasks. It has also been shown that the dynam-
ics of pharmacological alterations to CBF/BOLD coupling
differ across brain regions [Luchtmann et al., 2010; Qiu
et al., 2008a; Qiu et al., 2008b]. Currently, little is known
about the BOLD/CBF coupling in relation to resting-state
functional connectivity (except that it has been shown that
similar functional network topographies may be also
detected from analyzing the time course of ASL data
[Chuang et al., 2008; Zou et al., 2009]. As increasing evi-
dence emerges in support of the notion that the receptor
finger-prints across the brain play a role in defining its
functional configuration [Zilles and Amunts, 2010], proto-
typical studies such as ours might provide preliminary
data about the relation between regional CBF and func-
tional connectivity, to help refine further quantitative stud-
ies of how drugs modulate the neuronal and
hemodynamic coupling.

As far as the question of the better biomarker for early
phases of drug research is concerned, our results indicate
that RSfMRI and PCASL are sensitive to different aspects
of drug effects on the brain. Whereas CBF seems sensitive
to drug-by-time interaction effects in almost all brain areas
(perhaps relating to general vascular response to drugs),
RSNC is more sensitive to time effects and reveals more
focal effects compared to CBF (perhaps relating to specific
functional states). In our study, PCASL data provided
more statistical power than RSfMRI in detecting drug-by-
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time interactions. However, RSfMRI results were anatomi-
cally more distinct, partly because of temporal and spatial
resolution of RSfMRI. Note that RSfMRI and PCASL data
are not acquired at the same aperture resolution (3.44 mm
isotropic resolution for RSfMRI versus 3 � 3 � 7 mm3 re-
solution for PCASL that leads to increased partial volume
effects)—although we showed that including the partial
gray matter volume as a weighting factor in GEE model-
ing did not change the outcome of our observations. Fur-
ther studies are needed to examine how such effects
influence the spatial distribution of effect clusters and the
sensitivity of each measure.

One possible explanation for the higher statistical sensi-
tivity of CBF versus RSNC is that the baseline global CBF
seems to be stable between different measurements of the
same subject [Khalili Mahani et al., 2011a]. Thus a smaller
within-subject and between-condition variation in the
baseline measures would increase the sensitivity of the
model to minute CBF changes after drug administration.
On the other hand, RSNC depends on patterns of BOLD
fluctuations over time, which likely follows the patterns of
neuronal activity [Mantini et al., 2007] and might be less
stable than CBF across repeated baseline measurements of
the same subject. In addition, whereas CBF values reflect
the average amount of arterial blood flowing into a given
voxel over 1 min, RSNC values reflect a statistical estima-
tion of how low frequency BOLD fluctuations in one
region, are similar to those in another region or a given
NOI. In other words, CBF may be more suitable to detect
the primary site of drug action, whereas RSNC would be
more suitable to detect adaptive changes in effective con-
nectivity of the brain networks. Since model-optimization,
that aims to capture the slightest pharmacologically
induced variations in the brain, is a critical aspect of drug
research [Pendse et al., 2010] RSNC and CBF might pro-
vide complementary information for pharmacokinetic/
pharmacodynamic (PK/PD) modeling.

An important limitation of this study is that it is
intended as a proof-of-principle; thus some standardiza-
tion features such as dimension-reduction and network-
based analytical approach prohibit general conclusions.
However, despite reducing the spatiotemporal NOI signals
to one variable per network, and testing them as inde-
pendent variables with relatively simple GEE models, we
could detect effects that were also present in the more rig-
orous voxel-based statistical testing of drug effects. There-
fore, NOI-averaged RSNC and CBF values may be useful
pharmacodymanic endpoints in computationally intensive
PK/PD modeling. However, interpretative limitations of
RSNC as an index of network consistency must be noted.
RSNC does not characterize the amplitude of low-fre-
quency fluctuations (ALFF) or the local synchrony and re-
gional homogeneity (ReHo) of BOLD or dynamic CBF
fluctuations, which seem to correlate with static CBF (in
the default mode network) [Li et al., 2012; Zou et al.,
2009]. The advantage of RSNC compared to other resting-
state measures is that the dual regression method partials

out the common variations across network and as such
provides an index of NOIs dynamics independent of
global transient factors such as global CBF increase or
physiological noise.

In conclusion, our results emphasize the importance of
considering the spatial heterogeneity of CBF/connectivity
variations. Such considerations benefit model-optimization
and hypothesis testing in early phases of pharmacological
studies. They are also important in quantitative studies of
cerebrovascular and metabolic coupling of brain function
under pharmacological stimulation. The observation of the
spatial heterogeneity and model-dependency of RSNC and
CBF correlations under different CNS drugs such as mor-
phine and alcohol versus placebo encourages further inqui-
ries into the neurological factors such as vascular
architecture, flow territories or receptor fingerprints that dis-
tinguish these commonly detected network topographies.
Under current limitations, RSfMRI and PCASL provide
complementary information about the dynamics of brain’s
hemodynamic responses to drugs. Given the differential
sensitivity of these methods, acquiring RSfMRI and ASL
data together in pharmacological studies is recommended.
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