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Brain imaging in cardiovascular disease:
State of the art

N
euroimaging can be used to directly monitor
the heart-brain interaction. Disruptions of
the normal heart-brain interaction are com-
mon. Abnormalities can originate with car-

diac or cardiovascular processes that have neurologic
effects, such as embolic stroke and low perfusion
states, or with neurologic processes that have direct
cardiac effects, such as focal brain lesions caused by
stroke or multiple sclerosis (MS).

Brain imaging techniques have advanced to the
point where regions involved in changes in autonom-
ic arousal during behavior can be located with preci-
sion. These regions can be localized by identifying lost
function from specific lesions or by using functional
brain imaging, such as positron emission tomography
(PET) or magnetic resonance imaging (MRI). This
article describes imaging of heart-brain interactions,
focusing on functional imaging techniques that have
enhanced our understanding of these interactions.

■ CARDIOVASCULAR DISEASE PRODUCING 
NEUROLOGIC DISEASE

Acute embolic stroke
At most institutions, computed tomography (CT)
with perfusion is the imaging modality of choice in
patients with acute embolic stroke because it is fast
and readily available. CT techniques are limited by a
lack of whole brain coverage. It could be argued that
acute embolic stroke is best evaluated using MRI,
which provides brain coverage and combines diffu-
sion/perfusion imaging for a better assessment of brain
at risk for infarction. Disadvantages of MRI, however,
are its unfriendly (enclosed) environment for patients
and the length of time required to obtain images.
Several excellent reviews of the relative merits of CT
and MRI for evaluation of acute stroke are available
in the literature.1–3

Detecting diffusion/perfusion mismatch early is

critical for institution of rapid therapy, as 1.9 million
neurons are lost per minute during a middle cerebral
artery stroke.4

■ NEUROLOGIC PROCESSES WITH CARDIAC EFFECTS
Neurologic processes have cardiac effects; this phe-
nomenon has been reported extensively in the litera-
ture.1–3, 5–8 Injury to the autonomic nervous system can
occur with infarcts or MS lesions in specific regions of
the brain. The brainstem, insular cortex, and anterior
cingulate are the primary regions that have been
described in this phenomenon.9 Injury to the insular
cortex, in particular, is associated with an increased
incidence of heart rate variability and alterations in
cardiac rhythm, placing patients at higher risk of sud-
den death.10–12 Focal lesions produced by neurologic
disease processes can be used to map autonomic func-
tion within the brain.

‘Dysfunctional’ imaging
Focal brain lesions result in specific functional loss.
“Dysfunctional” imaging is the process of matching
anatomic locations to specific functional loss. The
advantages of dysfunctional imaging are that it
requires little or no specialized imaging equipment
and produces relatively good localization of functions.

Dysfunctional imaging has several important dis-
advantages. There is no control over the location of
lesions in the brain, making a systematic evaluation
of function difficult. Often, lesions will overlap sever-
al brain regions or multiple lesions will be present,
making it difficult to map a single lesion to a single
brain region. Most important, this technique does not
allow for the study of normal subjects, either for
understanding the normal heart-brain interaction or
for developing potential screening tests for abnormal
autonomic function.

Despite these shortcomings, dysfunctional imaging
has provided a tremendous amount of data on auto-
nomic brain function, and it specifically has provided
a better understanding of cardiac abnormalities
resulting from stroke and MS.
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Stroke. For instance, we have learned from dys-
functional imaging that right-sided middle cerebral
artery/right insular strokes are associated with an
increased incidence of arrhythmias, cardiac death,
and catecholamine production.10–12 Left insular
strokes have been implicated in these processes as
well.13 Brainstem (medullary) strokes can also pro-
duce significant autonomic dysfunction.14–16

MS. Autonomic dysfunction has also been reported
in as many as 45% to 50% of patients with MS.5–8

Orthostatic intolerance is also reported commonly.8 In
MS, cardiac autonomic dysfunction may be linked to
lesions in the brainstem and medulla. The variability
and quantity of brain lesions in patients with MS, how-
ever, underscore the difficulties involved in using dys-
functional imaging to identify specific culprit lesions.

Functional brain imaging
Functional brain imaging can directly visualize brain
control of autonomic function and can thus over-
come the limitations of dysfunctional imaging.17

Functional brain imaging can be accomplished with
either PET or functional MRI. The latter has superi-
or spatial and temporal resolutions compared with
PET, allowing visualization of small objects over a
smaller timeframe. The disadvantage to functional
MRI is that it is not a quantitative but a qualitative
methodology.

Functional MRI brain activation. Increased neu-
ronal activity increases local cerebral blood flow,
which decreases the amount of deoxyhemoglobin and
magnetic susceptibility, resulting in a net enhance-
ment of the MRI signal.18–20 For this enhancement to

occur, blood flow must be adequate, neuronal activity
must be coupled with blood flow, and oxygen extrac-
tion must be relatively stable. 

Functional MRI can be used to locate brain regions
involved in simple tasks. Bilateral finger tapping with
periods of rest in between has been used to locate
brain pixels that demonstrate a similar pattern of
activity, permitting mapping of the brain regions
involved (Figure 1).

Challenges in autonomic functional MRI. One
challenge posed by autonomic functional MRI is that
untrained individuals have little or no volitional con-
trol over autonomic functions. Therefore, the tasks
chosen must elicit autonomic responses. In the case of
sympathetic arousal, example stimuli would include
maximal handgrip, pain, fear, anticipation, and anxi-
ety. An example of a parasympathetic stimulus would
be a Valsalva maneuver. The response to stimuli must
then be monitored to compare the data obtained from
functional MRI. This presents a problem, as the MRI
scanner is a relatively unfriendly environment for
most of the standard monitoring equipment used to
evaluate autonomic responses. Until recently this
required special modification of existing equipment.
Fortunately, MRI-compatible equipment for measur-
ing heart rate, blood pressure, galvanic skin response,
and pupillary response is now becoming available.

Obtaining the desired signal. The most difficult task
in functional imaging of the autonomic system is to
carefully design stimuli and tasks to isolate autonomic
effects. A good example from the literature is a paper
by Cheng et al that assessed activity in the amygdala
with anticipation of pain (Pavlovian fear condition-

FIGURE 1. Functional magnetic
resonance imaging was used to
locate brain regions involved during
bilateral finger tapping. The y axis
indicates intensity values for a voxel
within the primary motor cortex. The
x axis indicates the time in seconds
from the start of the examination.
Intensity values over time are corre-
lated with the a priori reference
function in order to determine the
significance of activation within any
given voxel. ROI = region of interest.
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ing).21 The researchers exposed 20 healthy subjects to
an unconditional stimulus in the form of an electric
shock. Subjects were also exposed to a visual stimulus
(conditional stimulus) in the form of a flashing light.
When the functional MRI time series data were ana-
lyzed using the visual stimulus as a reference function,
the primary activated areas were in the occipital cor-
tex. However, a very different pattern of activation was
identified using a reference function that is sensitive to
autonomic changes. The reference function from the
galvanic skin response during experiments demonstrat-
ed the desired activation within the amygdala that was
indicative of an autonomic response. 

Anterior cingulate. Functional neuroimaging with
PET and MRI has also been used to study autonomic
activation of the anterior cingulate during a variety of
tasks. Critchley and colleagues have used a variety of
methods to measure autonomic function, including
blood pressure, cardiac sympathetic response, heart
rate, and change in pupil diameter.17 Across the mul-
tiple tasks designed to elicit an autonomic response,
consistent activation in the anterior cingulate was
observed. Further, this relatively consistent response
was seen using a variety of methods to determine
autonomic response. The findings suggest a central
role for the anterior cingulate in autonomic function-
ing. Critchley also points out that the anterior cingu-

late is involved in almost all concentration tasks,
which may be partially related to autonomic function
or to the anterior cingulate being a central processing
area for volitional behaviors.17

Right insular cortex. Another functional imaging
study designed to map autonomic control centers
involves correlating changes in galvanic skin
response to performance of a gambling task.17 Skin
conductance was measured as subjects attempted to
choose a “winning” playing card among two cards
presented. Unbeknownst to the subjects, the winning
card in this task was chosen randomly, provoking
anxiety as subjects attempted without success to
develop a decision-making strategy to win.
Comparing the functional MRI time series data with
the galvanic skin response as a reference function pro-
duced a consistent pattern of activation in the right
insular cortex. Activation was also observed in medi-
al frontal regions and some parietal regions of the
brain as well.

In a study designed to test autonomic interoceptive
awareness, Critchley at al tested the ability of subjects
to detect their own heart rate (Figure 2).17,22 In the
study, subjects underwent functional MRI scans while
they were asked to judge the timing of their own heart-
beats to auditory tones that were either synchronized
with their heartbeat or delayed by 500 msec. At the
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FIGURE 2. Interoceptive
awareness was assessed in
healthy subjects who per-
formed a heartbeat detection
task. Subjects were first
exposed to a series of tones
either synchronized to their
heartbeat or delayed by 500
msec (A). While attending to
heartbeat timing, activity was
enhanced in the bilateral insula,
bilateral somatomotor cortex,
and anterior cingulate (B).
Conscious awareness of the
timing of the heartbeats (inte-
roceptive awareness) was
associated with activity in the
right insular cortex, and
scores indicative of anxiety on
the Hamilton Anxiety Scale
correlated with interoceptive
sensitivity (C). Reprinted, with
permission, from reference 17.
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end of 10 heartbeats, the subjects were asked whether
the tone matched or did not match their heartbeats.
Areas of activation during the task were observed in
the right insular cortex, the anterior cingulate, the
parietal lobes, and the operculum. However, when
activation was compared with subjects’ accuracy in
detecting their own heart rate, only the right insular
cortex showed a significant correlation with conscious
perception of heartbeats. Interestingly, the degree of
activation in the insular cortex correlated with sub-
jects’ perceived anxiety in daily life as assessed by scores
on the Hamilton Anxiety Scale. Subjects who report-
ed more anxiety were also more accurate at detecting
their own heart rate (interoceptive sensitivity). These
findings suggest that interoceptive sensitivity is medi-
ated by the right insular cortex and that sensitivity to
autonomic states may play a role in anxiety.

Imaging autonomic brainstem nuclei. Many of the
brain regions responsible for autonomic responses lie
within the brainstem and are relatively small.
Recently, investigators have demonstrated that func-
tional MRI can detect brainstem nuclei as small as 2
mm.23 Although the studies have been performed
largely in normal subjects, they hold the promise that
the entire autonomic nervous system can be evaluat-
ed, including small brainstem nuclei.23

■ IMAGING IN DISEASE STATES
Few functional brain imaging studies have been per-
formed in patients with disease. In a study comparing
activation of brain regions in patients with heart fail-
ure and controls upon performance of a cold pressor
task, activation in the medulla, the hypothalamus,
and portions of the insular cortex was observed in the
patients with heart failure but not in the controls.24

Functional MRI is an excellent tool for in vivo eval-
uation of normal subjects. It is also potentially useful
for disease states, with several caveats. It is difficult to
perform on sick patients because of the unfriendly MRI
environment and because extensive physiologic moni-
toring is required. In addition, the autonomic response
may be blunted, making physiologic comparisons and
monitoring more difficult. Finally, blood flow and neu-
rovascular coupling may be impaired in disease states.

■ CONCLUSION
Excellent methods are available for assessing brain
injury from cardiac causes. Anatomic imaging can be
used to relate neurologic injury to cardiac effects. The
potential of functional brain imaging for in vivo test-
ing of autonomic function is strong, and may provide
a better understanding of disease states.
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