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Abstract

Functional connectivity measures based upon low-frequency blood-oxygenation-level-dependent functional magnetic resonance imaging
(BOLD fMRI) signal fluctuations have become a widely used tool for investigating spontaneous brain activity in humans. Still unknown,
however, is the precise relationship between neural activity, the hemodynamic response and fluctuations in the MRI signal. Recent work from
several groups had shown that correlated low-frequency fluctuations in the BOLD signal can be detected in the anesthetized rat — a first step
toward elucidating this relationship. Building on this preliminary work, through this study, we demonstrate that functional connectivity
observed in the rat depends strongly on the type of anesthesia used. Power spectra of spontaneous fluctuations and the cross-correlation-based
connectivity maps from rats anesthetized with α-chloralose, medetomidine or isoflurane are presented using a high-temporal-resolution
imaging sequence that ensures minimal contamination from physiological noise. The results show less localized correlation in rats
anesthetized with isoflurane as compared with rats anesthetized with α-chloralose or medetomidine. These experiments highlight the utility
of using different types of anesthesia to explore the fundamental physiological relationships of the BOLD signal and suggest that the
mechanisms contributing to functional connectivity involve a complicated relationship between changes in neural activity, neurovascular
coupling and vascular reactivity.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Biswal et al. were the first to suggest using functional
magnetic resonance imaging (fMRI) to obtain functional
connectivity maps as a means of probing networks in the
brain without the use of an explicit stimulus or task [1].
Further studies have confirmed that the principal source of
contrast in these maps arises from fluctuations in the blood-
oxygenation-level-dependent (BOLD) signal [2–4], suggest-
ing that the fluctuations reflect coordinated variations of
underlying regional brain activity. Functional connectivity
MRI (fcMRI) is now an integral aspect of neuroimaging
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research in humans and has been applied to further our
understanding of the brain at a systems level for normal
function (e.g., language [5] and intelligence [6]) and for
psychiatric and neurological disorders [7–9].

The image acquisition for fcMRI is largely identical with
task-based fMRI and thus relies on the BOLD signal, which
is known to be sensitive to changes in blood flow, oxygen
utilization and blood volume. The relationship between the
BOLD response to sensory stimulation and the change in
neural activity has been examined in a series of important
experiments [10–12]. However, little work has been done on
the relationship between spontaneous neural activity and the
low-frequency BOLD fluctuations that form the basis for
functional connectivity measurements.

One of the reasons that the physiological basis of
functional connectivity is not well characterized is that most
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studies have been performed in human subjects, limiting
physiological measurements to noninvasive techniques.
Recently, interest in animal studies of functional connectivity
has grown rapidly and several groups have presented
preliminary work in the rodent [13–18]. The translation of
this technique to the rodent has made it possible to thoroughly
explore the relationship between correlated MRI signals,
local metabolic and hemodynamic changes and spontaneous
neural activity. An important early study by Lu et al. showed
that correlated MRI signals and coherent delta band
oscillations are affected in the same way by increasing
anesthesia depth, implying coupling between neural activity
and functional connectivity [15].

One of the drawbacks of previous functional connectivity
studies in the rodent is that they were performed with
relatively low temporal resolution [repetition time
(TR)=1.5–2 s] without monitoring and correcting for
physiological cycles [15–18]. It is well established in the
human functional connectivity literature that respiratory and
cardiac processes can introduce correlation unrelated to brain
function into the fMRI data [19,20]. The same processes
could lead to undesirable contamination of the functional
connectivity maps obtained in rodents. The differences in
anatomy and the use of small-bore, high-field scanners for
animal studies may cause the effects of physiological noise
to be different from those observed in humans, and this noise
has not been characterized in rodents. To minimize the
effects of physiological noise, we employed high temporal
resolution (10-Hz sampling) to resolve both primary cardiac
and respiratory components, which are then removed by
filtering, in our study.

For the rodent, functional imaging studies are typically
performed in anesthetized animals, and the choice of
anesthesia is critically important. The amplitude of the
BOLD response to stimulation and the optimal stimulation
frequency depend upon the choice of anesthetic [12,21–23].
α-Chloralose is the most widely used anesthesia for fMRI
studies in the rat, and the earliest functional connectivity
studies in the rodent were also performed in α-chloralose-
anesthetized animals [13,24]. Medetomidine, another candi-
date anesthetic, has recently gained popularity for both fMRI
and functional connectivity studies because it allows
nonterminal experiments and longitudinal studies [16,22].
Isoflurane also shows potential for longitudinal exams, as the
BOLD response to forepaw stimulation can be detected
under low levels of the anesthesia [23] and Kannurpatti et al.
have shown that correlated MRI signal fluctuations can also
be mapped under these conditions [17].

The variety of anesthetic and imaging protocols in use
makes it difficult to compare reports of functional connectiv-
ity in the rodent. The relative localization of signal correlation,
average correlation value and presence of significant
correlation in specific networks (e.g., bilateral somatosensory
regions, bilateral basal ganglia) may depend on the type of
anesthesia used. However, the range of physiological
alterations induced by these anesthetics may prove advanta-
geous in elucidating the basis of functional connectivity.
Because each anesthetic has a characteristic effect on both
neural activity and hemodynamics, alterations in functional
connectivity attributable to anesthesia offer a glimpse into the
physiological basis of the BOLD fluctuations.

In this study, we examined the localization of and
correlation between low-frequency BOLD fluctuations in
the rat brain sequentially under two anesthetics, medetomi-
dine and isoflurane. Results are compared with previously
reported work with α-chloralose. High-temporal-resolution
(100 ms) gradient-echo EPI data were collected to ensure
adequate sampling of the primary components of the
respiratory and cardiac cycles. Strong contributions from
the low-frequency range were observed in the cortex, while
respiratory and cardiac contributions were primarily confined
to the surface and base of the brain. When the anesthesia was
switched from medetomidine to isoflurane, the correlation
between the filtered time courses grew less localized,
suggesting that the correlations in this case may be due to
generalized changes in cerebral hemodynamics. These results
demonstrate that seed-based functional connectivity maps in
the rodent are strongly influenced by the choice of anesthesia
and indicate a need for caution in interpreting the low-
frequency fluctuations as a direct reflection of neural activity.
2. Methods

2.1. Experimental methods

All experiments were conducted in compliance with
guidelines set forth by the institutional animal care and use
committees of Emory University. Seven adult male Spra-
gue–Dawley rats were initially anesthetized with isoflurane
anesthesia (5% for induction, 2%–3% through a nosecone
for preparation). After placement in the scanner cradle, the
rats were each given a bolus of medetomidine (0.05 mg/kg,
sc) and isoflurane was discontinued. Fifteen minutes after
bolus injection, anesthesia was continued with constant
medetomidine infusion (0.1 mg/kg/h). Each rat was placed
on a heated water pad to maintain rectal temperature at
approximately 37°C while in the magnet. Each animal was
secured in a head holder with ear bars and a bite bar to
prevent head motion and strapped to a plastic cradle. Two
needle electrodes were inserted beneath the skin of one
forepaw to provide electrical stimulation as needed.

Rats were imaged on a 9.4-T/20-cm Bruker horizontal
bore scanner using a single-shot gradient-echo EPI sequence
to acquire T2⁎-weighted MR images. Setup included
shimming, adjustments of echo spacing and symmetry and
B0 compensation. The images were acquired with the
following parameters: 64×64 matrix, effective echo time of
20 ms, TR of 100 ms and bandwidth of 200 kHz. A field of
view of 1.92×1.92 cm2 was used, translating to in-plane
resolutions of 300 μm. A 2-mm-thick coronal slice was
positioned covering the bilateral primary somatosensory
cortex (SI). A series of 60 images was acquired during a
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forepaw stimulation paradigm (9 Hz, 20 off–20 on–20 off, 4
mA) in order to identify the SI. Following the activation
scan, a series of images was acquired without any
stimulation. Each image series consisted of 3600 images.
A second activation scan was completed to ensure a normal
response, and then medetomidine was discontinued and the
animal was placed on 2% isoflurane. Another scan was
acquired without stimulation 15–30 min after the initiation
of isoflurane.

In addition to the medetomidine and isoflurane data
collected for this study, we also expanded upon our earlier
work in this area [13] to include results obtained using α-
chloralose anesthesia. The experimental details for the five
α-chloralose-anesthetized animals were similar to those used
here. The rats were intubated and artificially ventilated prior
to scanning, and imaging was performed on an 11.7-T/30-cm
Bruker scanner.

2.2. Analysis of stimulation data

Image processing and analysis were performed in Matlab
(MathWorks, Natick, MA), unless otherwise specified. For
each rat, the SI was first identified from the scans in which
the forepaw was stimulated. Using Matlab or STIMULATE
[25], we generated a map from cross-correlation of the
unfiltered image time course and a boxcar waveform
representing the stimulation period. The correlation coeffi-
cient threshold was set at 0.2. Activation maps were then
visually referenced in order to choose a 2×2 region of interest
(ROI) within the SI that included the highest cross-
correlation values. An example is shown in Fig. 1.

2.3. Power spectral analysis

Prior to further analysis, motion correction was performed
on each series of functional connectivity images with AFNI
[26], using the center image of the time series as base. Each
time series was inspected using STIMULATE to detect any
transient effects in the imaging sequence due to nonequilib-
Fig. 1. Map of activation acquired from one rat during forepaw stimulation
after the medetomidine scan and prior to the isoflurane scan. Cross-
correlation values were thresholded at 0.2 and overlaid on the first EPI image
of the series. Normal activation is seen in the SI contralateral to the
stimulation. The box indicates the 2×2 ROI, including the highest cross-
correlation value obtained during activation, which was used as the seed for
functional connectivity analysis.
rium magnetization, and the data sets were truncated by
approximately 100 images to eliminate these effects.

Power spectral density analysis was performed on the
user-selected 2×2 ROIs in the SI. The four pixel time courses
in each ROI were de-trended, averaged and normalized. The
power spectral density estimate was calculated and plotted
via Welch's method.

Spectra from individual time series and from different
locations in the brain were also examined for increased power
at cardiac and respiratory frequencies. Maps were created in
order to assess spatial localization of physiological noise and
the low-frequency contributions. We visually examined the
spectra of time courses obtained from different locations in the
brain for cardiac and respiratory peaks (at approximately 4.5
and 1 Hz, respectively) and noted the frequencies of the
corresponding peaks for each data set. Bandpass filtering
(third-order Butterworth filter) was used to isolate the time
courses corresponding to the physiological peaks. A low-pass
(0–0.2 Hz) filter was used to isolate low-frequency
contribution. The filtered time courses were normalized, and
the temporal variance was calculated and mapped to reflect
spatial localization of the contribution due to different peaks.

2.4. Functional connectivity

For functional connectivity analysis using seed-based
cross-correlation, time courses were low-pass filtered. A
0.15-Hz cutoff frequency was used in order to isolate the
low-frequency region of the signal in which spontaneous
fluctuations have previously been observed [13]. Low-pass
filtering removes signal contributions from higher-frequency
physiological effects, such as respiration and heart rate. The
time courses from each of the four chosen pixels in the ROI
were averaged together after removal of linear trends and
normalization through subtraction of the time course mean
and division by the standard deviation of the time course.
The resulting reference time course from the seed region was
then cross-correlated with each remaining time course from
the entire de-trended, normalized data set. A map of
correlation coefficients was obtained and used for statistical
analysis. From the seed-based correlation map, relative to the
seed pixels, user-selected clusters of 4×4 pixels within the
ipsilateral and contralateral SI and secondary somatosensory
cortex (SII), ipsilateral and contralateral caudate putamen
(CP) and contralateral SI regions of the rat brain were
averaged. Histograms of all the seed-based cross-correlation
coefficients in the brain were created, normalized and plotted
for each anesthetic condition. The number of pixels in the
bilateral 4×4 user-defined regions in the SI with cross-
correlation coefficients crossing a threshold of 0.2 was
recorded and compared with the number of cross-correlation
coefficients exceeding the threshold in the rest of the brain to
provide a measure of the specificity of the technique. The
time courses from the ROIs in ipsilateral SII and CP were
also used as seeds to create cross-correlation maps, and the
measurements were repeated.



Fig. 2. Spatial distribution of the temporal variance in the respiratory (left)
and cardiac (right) bands in one rat. Respiratory and cardiac components
exhibit localized areas of high contribution on the surface and at the base of
the brain.

Fig. 3. Cross-correlation maps for a seed region in the SI thresholded at a m
rows) and power spectral density for the time course from the seed region fo
medetomidine anesthesia; the bottom, with isoflurane. Each column contain
increases when the anesthesia is switched to isoflurane. Power spectra unde
clear peak at 0.1 Hz. For comparison, a cross-correlation map and power spe
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3. Results

All rats exhibited normal activation in the SI during
stimulation of the contralateral forepaw (Fig. 1) in both the
fMRI data set acquired prior to the medetomidine functional
connectivity scan and the fMRI data set acquired between the
medetomidine scan and the isoflurane scan.

The high temporal resolution of the functional connectiv-
ity scans obtained in this study allowed clear separation of
low-frequency respiratory and cardiac peaks in the power
spectra from individual voxels. The power spectra from seed
regions chosen in the cortex showed structure in the low
frequencies (b0.2 Hz) that was not present in the spectra of
seeds chosen outside the brain. Peaks corresponding to
respiration (∼1Hz) and cardiac pulsation (∼4–5Hz) could be
seen in spectra from some seed regions, particularly near the
sagittal sinus. Fig. 2 shows the spatial distribution of power in
the respiratory range and the cardiac range. The respiratory
component localizes to the surface of the brain near the
sagittal sinus and to the base of the brain. The primary
contribution from the cardiac cycle was observed near large
vessels at the base of the brain. These results are similar to the
inimum
r freque
s data f
r both a
ctral de
distribution of physiological noise observed in mechanically
ventilated rats anesthetized with α-chloralose [14].

Power spectra from the SI and the resulting seed-based
cross-correlation maps for each anesthetic condition in
individual rats are shown in Fig. 3. High power in the low-
frequency range was observed in most rats under both
medetomidine (row 1, bottom) and isoflurane (row 2,
bottom), with the occasional appearance of a clear peak at
0.1–0.15 Hz. No consistent peak was observed above 0.2 Hz
for either anesthesia. These results are in agreement with
previous work performed in animals under α-chloralose, an
example of which is also shown in Fig. 3 (far right).

Most of the seed-based cross-correlation maps for the
medetomidine scans show high correlation in both ipsilateral
SI and contralateral SI (row 1, top). These maps qualitatively
resemble the seed-based cross-correlation maps previously
reported in rats anesthetized with α-chloralose. Correlation
values ranged from 0.3 to 0.68 (average=0.47±0.13) in
ipsilateral SI and from 0.1 to 0.53 (average=0.25±0.48) in
contralateral SI. The ratio of pixels crossing the correlation
threshold (0.2) in anatomically defined SI to pixels crossing
the threshold in the rest of the brain was 0.15±0.06. In the
isoflurane scans from the same rat using the same seed
region, high correlation values are much more widespread
and encompass the entire cortex, as well as much of the
subcortical area (row 2, top). Correlation values ranged from
0.26 to 0.84 (average=0.56±0.19) in ipsilateral SI and from
0.19 to 0.75 (average=0.48±0.18) in contralateral SI. The
ratio of pixels crossing the correlation threshold in the SI
to pixels crossing the threshold in the rest of the brain was
0.05±0.008. The average correlation values for isoflurane
and medetomidine data were not significantly different in
ipsilateral SI but were significantly higher for isoflurane in
contralateral SI (paired t test, Pb.05). There was no
significant difference between the numbers of pixels crossing
the threshold in the SI for the two anesthetics, but the ratio of
of 0.2 and overlaid on the first EPI image of the series (top figures in both
ncies between 0 and 0.5 Hz (bottom figures). The top row was acquired with
rom a single rat. It is clear that the extent of correlation with the seed region
nesthetics exhibit high power in the very low frequencies, sometimes with a
nsity plot from a rat anesthetized with α-chloralose are shown at the far right
.



Fig. 4. Normalized histograms of the distribution of cross-correlation
coefficients for rats anesthetized with α-chloralose (blue), medetomidine
(red) or isoflurane (green). The distribution for α-chloralose is similar in
shape to that for medetomidine but shifted slightly. The peak for both
distributions is near zero. In contrast, the distribution for isoflurane is
broader and the peak is shifted toward positive values.

Fig. 5. Cross-correlation maps created using seeds in the SI (left column), SII
(center) and CP (right) in rats anesthetized with α-chloralose (top row)
medetomidine (center) or isoflurane (bottom). Lower correlation but greate
localization is present in the medetomidine scans than in the isoflurane or α-
chloralose scans. Cortical localization is greater in α-chloralose scans than in
isoflurane scans.

Fig. 6. Summary of average correlation values for seed areas in ipsilateral SI
SII or CP and ROIs in contralateral SI, ipsilateral SII, contralateral SII
ipsilateral CP and contralateral CP measured for animals under isoflurane
medetomidine or α-chloralose. Lower internetwork correlation is observed
in the medetomidine scans, with paired t tests between medetomidine and
isoflurane conditions obtained from the same animal indicating significan
differences (Pb.05) for correlation values between iSI and iSII and between
iSII and iCP.
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pixels inside the SI to those from the rest of the brain was
significantly lower for the isoflurane scans (Pb.01).

Fig. 4 shows the normalized histograms for seed-based
cross-correlation values for α-chloralose, medetomidine and
isoflurane scans from all rats. The α-chloralose and
medetomidine distributions are similar in shape, with peak
values near zero. For isoflurane, however, the distribution is
broader and the mean of the distribution is shifted to toward
positive values, reflecting the increased cross-correlation
observed in the maps from individual rats.

Seed regions were chosen in the SI, SII and CP, and cross-
correlation maps were created (Fig. 5). For medetomidine,
high correlation values are localized to symmetrical bilateral
,
r

,
,
,

t

areas and each seed region exhibits a distinctive functional
connectivity map. For isoflurane, however, high correlation
values are obtained throughout the cortex, and little
difference in the functional connectivity map is observed
for seed regions in the SI or SII. Maps from rats anesthetized
with α-chloralose exhibit less localization than the medeto-
midine maps but more than the isoflurane maps.

Cross-correlation values between time courses from each
seed region and the time courses from ipsilateral and
contralateral areas were measured from 4×4 pixel regions
(Fig. 6). High correlation between all pairs of regions is
observed under isoflurane. Under medetomidine, correlation
between bilateral areas is high but correlation between
networks is reduced. A paired t test on values obtained from
isoflurane and medetomidine scans in the same rat indicates
significantly lower correlation between ipsilateral SI and SII
and ipsilateral SII and CP during medetomidine anesthesia
(Pb.05). Because the α-chloralose data were obtained in a
different experimental setting, the results cannot be directly
compared, but the correlation values indicate relatively high
connectivity between cortical areas (SI and SII) but low
correlation between cortical areas and the CP.
4. Discussion

In recent years, several groups have reported observations
of functional connectivity in the anesthetized rat [13–18].
The rat is one of the most widely studied animals in
neuroscience and has been the subject of many fMRI
experiments [10,27–29], making it an excellent candidate in
which to explore the physiological basis of spontaneous
BOLD fluctuations. One important difference between
typical human studies and rodent studies of functional
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connectivity is that it is usually necessary to utilize
anesthesia in the rodent, both to reduce motion and to
prevent stress. This study examined the effect of anesthesia
on functional connectivity using sequential acquisition of
data under medetomidine and isoflurane in the same rat.

4.1. Comparison with human studies

In all rats imaged for this study, bilateral patterns of
connectivity were observed, particularly in the somatosen-
sory cortex, similar to results obtained using seed-based
correlation in human studies [30]. The patterns of connec-
tivity in the anesthetized rats were also in accordance with
previous rodent studies. Seed-based correlation maps for
medetomidine and α-chloralose exhibited the more localized
correlation seen in typical human studies, while maps created
using isoflurane data showed a widespread pattern of high
correlation that encompassed large regions of the cortex.
This finding suggests that functional connectivity studies
performed using medetomidine or α-chloralose are likely to
be more comparable with functional connectivity studies
performed in awake humans.

4.2. Separation of respiratory and cardiac contributions

In human studies, the TR (often on the order of 1–2 s) is
typically too long to resolve the cardiac frequency, and
consequently cardiac pulsation can introduce unwanted
correlation. Previous studies in rodents have also employed
long TRs [15–18], ignoring the possible effects of
physiological cycles such as respiration and cardiac
pulsation. These effects have not been studied in freely
breathing rodents and could be significant due to the high
magnetic field strength and large changes in susceptibility. In
this study, data acquisition parameters were optimized to
acquire a single slice centered over the SI while maintaining
a rapid sampling rate of 100 ms. Imaging with such high
temporal resolution prevents aliasing of the primary
components of respiratory and cardiac contributions into
the low frequencies upon which the study is focused. This is
illustrated through the power spectrum estimation of the
BOLD signal, in which distinct peaks occur in the low
frequencies and in the cardiac and respiratory rate ranges.
The primary respiratory and cardiac components are
essentially eliminated by the application of the low-pass
filter. Even for the high-temporal-resolution data obtained in
this study, it is possible that low-frequency contributions
attributable to respiratory fluctuations or the cardiovascular
system are present [19,20]. These contributions are not well
characterized and are difficult to pinpoint and remove. For
more complete correction for physiology or for studies
requiring longer TRs, synchronized recording of cardiac and
respiratory cycles would enable retrospective correction
techniques [31,32].

Heart rate and blood oxygenation level were measured
using a pulse oximeter, and the values just prior to each
functional connectivity scan were recorded. The average
heart rate increased significantly when the anesthesia was
changed from medetomidine to isoflurane (272.5±24.3 vs.
346.9±23.7, Pb.01). After the heart rate reaches 300 bpm,
the Nyquist criterion is no longer met and the primary
cardiac component will be aliased. However, even at a heart
rate of 7 Hz (higher than any recorded in this study), the
primary aliased peak should not appear below 3 Hz and thus
should not affect the low-frequency signals. Again, this
statement is not applicable to other contributions from the
cardiovascular system and does not include the effects of
variable heart rate. Based upon the spatial distribution of the
primary cardiac peak (Fig. 2), however, we expect minimal
contamination from cardiac components in the SI.

The oxygenation level of the blood also changed over the
course of the study (97.8±1.5 for medetomidine vs. 93.5±3.3
for isoflurane, Pb.01). All animals were freely breathing, and
the drop in oxygenation may be an effect of the isoflurane
anesthesia. A lower oxygenation level may amplify the MRI
signal changes related to spontaneous fluctuations in blood
flow and metabolism, which could account for some of the
high signal correlation observed in the isoflurane data.

4.3. Anesthesia-dependent changes

Anesthetics cause physiological changes that can affect the
BOLD signal, including alterations in neural activity, vascular
reactivity and neurovascular coupling. The anesthesia of
choice for fMRI studies in the rodent has typically been α-
chloralose, but because it is not suitable for longitudinal
experiments, several groups have explored possible alter-
natives. Isoflurane is widely used for anatomical imaging in
rodents and can be used for fMRI studies at very low
concentrations, obtaining an average BOLD change during
forepaw stimulation of around 2%–3% [23]. Isoflurane
suppresses neural activity, reduces cerebral metabolism and
is a strong vasodilator for the cerebrovascular system.
Possibly due to the high baseline CBF induced, higher doses
of isoflurane (N1 MAC) tend to suppress the BOLD response.
Medetomidine is gaining in popularity as an anesthetic for
rodent fMRI because it is also suitable for longitudinal studies
[22]. Signal changes during forepaw stimulation are similar to
those observed under isoflurane, on the order of 2%–4%, and
there appears to be a wider range of acceptable anesthetic
depths. Medetomidine is a selective α2-adrenergic agonist
that induces bradycardia and increases blood pressure.

In the current experiments, we chose to focus on these two
anesthetics because they can be used for longitudinal studies.
The order of administration was not randomized. Each rat was
initially anesthetized with isoflurane to facilitate handling,
and then isoflurane was discontinued and the medetomidine
infusion was started. After data were acquired under
medetomidine, the infusion was discontinued and switched
to isoflurane oncemore.Most of the image setup (positioning,
shimming) was performed while the animal was anesthetized
with medetomidine, so that by the time functional connectiv-
ity data were acquired, at least 45 min had passed since the
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short initial dose of isoflurane. Rats typically awoke from
isoflurane anesthesia within a few minutes of its discontin-
uation, so it is likely that any lingering effects of the initial
dose were negligible. In addition, the use of isoflurane as an
inducing agent prior to further anesthetization with medeto-
midine or α-chloralose is a common practice for functional
studies in the rodent [27–29]. We chose to acquire the
medetomidine data first because it allows us to ensure that
normal activation during forepaw stimulation is obtained prior
to acquiring functional connectivity data. It is possible but
more difficult to detect activation in response to a stimulation
using isoflurane anesthesia, and results are similar to those
observed with medetomidine [23].

When medetomidine is discontinued in favor of isoflur-
ane during the second transition, there may be a lingering
effect of the medetomidine, which does not clear from the
animal as rapidly as isoflurane. To minimize this effect, we
did not collect data under isoflurane until at least 20–30 min
after the switch. A fairly high dose of isoflurane (2%) was
administered, and its effects are likely to dominate any
lingering effects of medetomidine.

Ideally, data would be obtained from a single rat for all
three anesthetics described in this study (isoflurane,
medetomidine and α-chloralose). In practice, this is difficult
because the possibility of interactions from previous
anesthetics complicates the interpretation of the data even
more with additional experiments or requires unfeasibly long
experiments to allow the complete washout of the anesthetics
between data collection. In addition, α-chloralose requires
the animals to be intubated and mechanically ventilated —
conditions that are not necessarily ideal for the other two
anesthetics. The work presented here, with the α-chloralose
data acquired in a similar but not identical experimental
setting, allows a preliminary examination of how these
anesthetics affect the detection and measurement of
functional connectivity in the rodent. It should be noted
that while the α-chloralose data were acquired on an 11.7-T
MRI system rather than the 9.4-T system used for the
medetomidine/isoflurane studies, the higher field strength is
not expected to significantly affect the power spectrum of the
low-frequency BOLD signal or the correlation between time
courses from different areas, and indeed, the α-chloralose
data measured at 11.7 T were qualitatively similar to those
obtained by Lu et al. at 9.4 T [15].

4.4. Anesthesia dependence of functional connectivity

The detection of a BOLD response to forepaw stimulation
under all of the anesthetic agents used for this study indicates
that some form of neurovascular coupling is preserved, even
though it may differ from that of the awake animal [21–23].
While the BOLD signal is also the basis for the fluctuations
used to map functional connectivity, the effects of anesthesia
could be more complicated for fcMRI than for traditional
fMRI studies. For example, a reduction in connectivity
between two brain areas could result from a loss of
synchrony in the neural activity or a reduction in the
amplitude of the BOLD fluctuations due to an alteration in
the neurovascular coupling. Peltier et al. have shown that the
administration of sevoflurane in humans can reduce or
eliminate functional connectivity [33]. However, a study by
Kiviniemi et al. found that sedatives such as midazolam can
increase the amplitude and synchrony of the low-frequency
BOLD fluctuations [34]. The conflicting findings may be
due to different mechanisms of action with dissimilar effects
on neural activity or to the effect of the anesthetic on the
cerebrovascular system. The relationship between spontane-
ous neural activity, hemodynamic variations and BOLD
fluctuations is not well understood.

Anesthetics can potentially alter functional connectivity by
modifying the characteristics of spontaneous neural activity
(amplitude, frequency, synchrony) or by changing properties
of the vasculature. While the effects of medetomidine and
isoflurane on neural activity, metabolism and cerebral blood
flow have not been completely explored, general trends may
be extrapolated from previous studies. Neural activity is
typically suppressed in a monotonic fashion with increasing
doses of anesthesia. Luckl et al. reported that the doses of α-
chloralose commonly used for fMRI result in higher
frequencies and baseline power in the EEG as compared
with 1% isoflurane [35]. A similar study found that the primary
effect of medetomidine is to increase power in the lower
frequencies, particularly delta and theta, without suppressing
higher-frequency activity [36]. In cats, Ferron et al. showed
that anesthetization with 1.5% isoflurane produces EEG
patterns similar to slow wave sleep, while anesthetization
with 2.5% results in periods of flat EEG punctuated by bursts
of activity [37]. Based on these results, we expect that high-
frequency electrical activity would be greater under medeto-
midine and α-chloralose than the 2% level of isoflurane used
in the study. The relative contribution of higher-frequency
neural activity determines the baseline energy consumption of
the brain [38]. Thus, we would expect the medetomidine-
anesthetized rat to be in a higher-energy state and the
isoflurane-anesthetized rat to be in a lower-energy state.
Previous work has shown that in lower-energy states, activity
was more limited to local cortical areas, while in higher states,
activity in response to a stimulus was much more widespread
[38]. In this study, however, while low-frequency BOLD
signal fluctuations were present under all anesthetics, the
spatial distribution of correlation with time courses from seeds
based in somatosensory cortex was much broader for
isoflurane (presumably the lower-energy state) than for
medetomidine or α-chloralose. These findings highlight both
the importance of understanding anesthesia-related differences
in functional connectivity studies in rodents and the potential
for using anesthetic administration to probe the physiological
basis of functional connectivity in future experiments.

We expected that the dose of isoflurane used in these
experiments would greatly suppress or eliminate the
correlation of the BOLD signal. High levels of isoflurane
suppress neural activity and so should provide greater
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contrast between the isoflurane and the hypnotic agents,
α-chloralose and medetomidine, which cause less reduction
in neural activity. Despite the suppression of neural activity
expected in rats under 2% isoflurane, widespread correlation
was observed in the MRI signal. One possible explanation for
this phenomenon is that cerebrovascular fluctuations are
induced or amplified by the anesthesia. A general increase in
the amplitude of cerebrovascular fluctuations could result in
correlations that are less localized than in the medetomidine-
or α-chloralose-anesthetized rats. A similar change in the
amplitude of the fluctuations and the power spectra was
previously observed in rats after exsanguination [39], which
indicates that the purely vascular processes could account for
the widespread correlation. Another possibility is that the
vasodilation induced by the isoflurane allows the hemody-
namic fluctuations linked to local neural activity to effectively
spread through a larger cortical area than under medetomi-
dine, where vasoconstriction may contribute to localization.

Low-frequency fluctuations in cerebral blood flow,
cerebral blood volume and metabolic markers such as
cytochrome aa3 redox have been observed with other
modalities [40–42]. Because multimodality studies have
yet to be performed, it is still unclear to what extent
fluctuations in metabolism and blood flow are linked in the
anesthetized rodent. It is plausible, for instance, that
fluctuations in metabolism are tied tightly to fluctuations in
local firing rates, while variations in blood flow include
contributions from both neural activity and purely vascular
oscillations. Because the BOLD mechanism combines
cerebral blood flow, blood volume and oxygen metabolism,
alterations in any of these parameters will impact the low-
frequency signal fluctuations and the relative contribution of
the processes (dependent on imaging parameters, such as TR
and echo time) may alter the localization of the signal. For
example, the short TR used in this study to improve temporal
resolution also increases sensitivity to changes in blood flow
due to inflow of unsaturated spins.

The highly localized correlation patterns observed in rats
under medetomidine anesthesia argue for a neural origin of
the low-frequency fluctuations. It should be noted that the
large standard deviation in the average contralateral value for
medetomidine as compared with isoflurane may be a result
of this specificity. The ROI for contralateral cortex was
defined anatomically and may not completely coincide with
the area of peak correlation for medetomidine. Because the
location of correlation was highly specific to known bilateral
networks in the medetomidine-anesthetized rats, it may be
advantageous to utilize medetomidine rather than isoflurane
for longitudinal functional connectivity studies. The wide-
spread correlation observed in isoflurane data made it
difficult to distinguish maps based on a seed in the SI from
maps based on a seed in the SII, and patterns of connectivity
for subcortical regions were in particular poorly confined to
anatomical networks.

Given the growing interest in using functional connectivity
in clinical studies as a noninvasive diagnostic and predictive
tool, it is important to rigorously investigate the physiological
basis of this phenomenon. The work described in this article
shows that the spatial extent of correlation used to map
functional connectivity is strongly influenced by the choice of
anesthesia and suggests that anesthesia-related modulations
of both cerebrovascular dynamics and neural activity
influence the measurement of functional connectivity in the
rodent. Further studies in the rodent will be needed to fully
understand the relationship between spontaneous fluctuations
in electrical activity, metabolism and hemodynamics. In
particular, multimodality studies of spontaneous electrical
activity and blood flow fluctuations under each anesthetic
would be valuable in separating the effect of each agent on the
cerebrovasculature from its effect on neural activity.
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