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INTRODUCTION

L ast October, the 2009 Heart-Brain Summit—the 
fourth annual summit of this type presented by 
the Bakken Heart-Brain Institute—was held in 
Chicago and built on the the fi rst three summits’ 

tradition of open-minded discussion, out-of-the-box 
thinking, scholarly activity, and engagement of attend-
ees from varied backgrounds.

 DEPRESSION AND HEART DISEASE: 
A WATERSHED YEAR, OR JUMPING THE GUN?

The year leading up to the 2009 summit may be remem-
bered as a watershed period for the fi eld of heart-brain 
medicine, in light of the American Heart Association’s 
(AHA’s) inclusion of the recommendation to screen 
patients with coronary artery disease (CAD) for depres-
sion in its science advisory on depression and CAD.1 As 
has been discussed at prior Heart-Brain Summits, there 
is incontrovertible evidence in the literature that CAD 
patients with depression have a worse prognosis than 
do their counterparts without depression.2–6 While the 
link is clear, the etiology or mechanism behind depres-
sion’s association with worse CAD outcomes is debated. 
Possible reasons for the association range from greater 
nonadherence with medical therapy7 to increased sys-
temic infl ammation related to the decreased vagal tone 
associated with depression.8 Furthermore, there is clear 
evidence that patients with depression and CAD can 
be treated for their depression safely with cognitive and 
pharmacologic therapy.5,9 What is lacking, however, 
is convincing data that the treatment of depression in 
patients with CAD leads to improved outcomes.10

The topic for the fi rst half of the opening day of the 
2009 summit was whether the AHA has gotten ahead 
of itself in its science advisory1 and whether we should 
require demonstrable benefi ts from the treatment of 
depression in CAD patients before screening for depres-
sion is recommended in all patients with CAD. This 
is a critically important question for the fi eld as well 
as for the Bakken Heart-Brain Institute, which under 
our leadership has been advocating for a clinical trial 
to address this very issue. Cardiologists addressing this 
question were well reminded that logical therapeutic 
targets without proven end points have failed us in the 
past. For instance, it was a rational concept that the 

suppression of premature ventricular contractions in 
patients with a history of acute myocardial infarction 
would lead to decreased ventricular tachycardia and 
death. Unfortunately, when this concept was put to the 
test in a randomized clinical trial, increased death was 
observed in the treatment group.11 More recent exam-
ples—and perhaps more applicable to depression, given 
its chronic nature—come from recent clinical trials 
demonstrating that tight blood sugar control is associ-
ated with higher mortality than moderate blood sugar 
control in critically ill patients12 and that intensive 
blood pressure control does not yield greater reductions 
in cardiovascular events compared with moderate blood 
pressure control in patients with type 2 diabetes.13

So we are faced with a chronic disease state—depres-
sion—that is clearly linked to adverse outcomes and 
death in patients with CAD. In the context of this asso-
ciation, we also know the following:

• The AHA science advisory recommends that we 
screen all CAD patients for depression.

• Treating depression in heart disease patients is safe.
• There is no clear proof that treating depression 

will reverse the increased risk associated with depression 
in patients with CAD.

• There is a community of physicians who treat 
CAD patients who are skeptical about therapies that do 
not have outcomes data.

The summit’s fi rst morning concluded with a debate 
on whether now is the time for a large-scale multicenter 
randomized trial, which raised several important issues:

• The limited effectiveness of treatment for depres-
sion (approximately 30% to 40%)

• The ethics of randomizing a patient with depres-
sion to placebo

• The required size of the trial, given the effi cacy of 
antidepressant therapy

• Measures to defi ne response to therapy
• The utility of surrogate markers for adverse events 

in CAD versus a mortality end point.
The discussion and presentations were excellent and 

animated. In the end, each attendee was left to reach 
his or her own conclusion. Personally, one of us (M.S.P.) 
was surprised to be left with the conclusion that we are 
not ready for a defi nitive clinical trial. 

In the cardiovascular medicine literature we were 
faced with a similar situation regarding the management 

MARC S. PENN, MD, PhD
Director, The Earl and Doris Bakken Heart-Brain Institute, 
Cleveland Clinic, Cleveland, OH 
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of patients with atrial fi brillation. In the AFFIRM trial, 
patients were randomized to conservative treatment 
(rate control and warfarin) or aggressive treatment (rate 
control, warfarin, and any and all therapies to convert 
to and maintain normal sinus rhythm).14 Ultimately 
there was no difference between the groups, with a trend 
toward improved outcomes in the conservatively treated 
patients. What we really learned was that our therapies 
to convert to and maintain normal sinus rhythm were 
inadequate, and that in the case of atrial fi brillation at 
least we could clearly identify which patients did not 
respond to therapy.14 These fi ndings ultimately may 
have led the fi eld astray, as we still do not know if we 
have effi cacious therapies for the treatment of atrial 
fi brillation and whether patients would benefi t. 

 STRATEGIES FOR MODULATING 
HEART-BRAIN INTERACTIONS

In line with the need for more effective strategies to 
modulate heart-brain interactions, the summit went 
on to review and discuss the role of biofeedback. If the 
effects of depression, post-traumatic stress disorder, and 
other psychological modulators of vagal tone are the 
mechanism of action for adverse outcomes in these 
patient populations, then methods to directly modulate 
vagal tone may prove effi cacious.15 Within the Bak-
ken Heart-Brain Institute we recently committed half 
a million dollars to fund a biofeedback program. The 
program’s goal is to investigate the effi cacy of biofeed-
back in improving outcomes within and across several 
states of cardiovascular disease and chronic disease. 
We believe that rigorous and standardized delivery and 
quantifi cation of the effects of biofeedback are critical 
in order to robustly determine the role of biofeedback in 
the treatment of patients with chronic disease. 

The group of experts assembled at this year’s summit 
presented further evidence of the potential importance 
of biofeedback for the control and treatment of mul-
tiple disorders, including heart failure, epilepsy, and 
chronic headache. As the mechanisms underlying brain 
interactions with end-organ innervations and systemic 
infl ammation are dissected, it is clear that this fi eld of 
medicine will have greater impact on the outcomes of 
many patient populations.

 CROSS-FERTILIZATION OF TREATMENT APPROACHES
The summit abounded with evidence and examples 
of how neurology, cardiology, and psychiatry continue 
to cross-fertilize one another and foster interdisciplin-
ary innovation. We were fortunate to have Brian Litt, 
MD, from the University of Pennsylvania return for 
the 2009 summit to update us on the progress of detect-
ing, mapping, and extinguishing early seizure activity 
before there is clinical evidence of a seizure. The lessons 

learned and clinical advancement of internal cardiac 
defi brillators offer insights and great hope for this poten-
tially important advancement in the treatment of sei-
zure disorders. Similarly, Irving Zucker, PhD, from the 
University of Nebraska reviewed how neuromodulation 
through the baroreceptors can be targeted to modulate 
arterial blood pressure. Clearly there is great potential 
for device-based therapies to augment the treatment of 
chronic hypertension and improve outcomes in clinical 
populations at risk.

 A LOOK AHEAD
Many of the topics reviewed above are discussed in 
detail in the proceedings supplement that follows. We 
continue to be excited and gratifi ed by the progress 
being made in the fi eld of heart-brain medicine. The 
continuing commitment to the rigorous multidisci-
plinary approach that has served this fi eld well to date 
will continue to advance our understanding of disease 
and improve outcomes in our patients. We hope you 
will join us September 23–24, 2010, at the Lou Ruvo 
Center for Brain Health in Las Vegas, Nevada, for the 
2010 Heart-Brain Summit, our fi fth annual gathering.
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 ABSTRACT
Depression is prevalent in patients with heart failure, and 
the two conditions share underlying physiologic mecha-
nisms. The prevalence of depression increases sharply 
with the severity of heart failure symptoms, an important 
consideration when confronting patients with worsening 
heart failure. Depression leads to poorer outcomes in 
patients with heart failure, including increased risk of 
poor functional status, hospital readmission, and death. 
Although beta-blockers are often implicated in the 
development and exacerbation of depression, evidence 
for this association is lacking, so withholding beta-blocker 
therapy is not recommended for patients with heart 
failure and depression. Evidence on whether therapy 
for depression also improves cardiac outcomes in heart 
failure patients is inconclusive, and further research on 
this question is needed. Nevertheless, early identifi cation 
of depression in heart failure patients is imperative, as it 
can facilitate intervention attempts. 

T he relationship between depression and heart 
failure is not as obvious as the one between 
depression and coronary artery disease. Myriad 
questions on the subject are open to research:

•  Does depression occur in heart failure at higher-
than-expected rates? 

• Does heart failure severity infl uence depression?
•  Is depression a risk factor for heart failure? If so, 

why?
•  How should we screen for depression in patients 

with heart failure?
•  Do we have an evidence-based approach to 

treatment?
Part of the challenge in clarifying the relationship 

between depression and heart failure is that heart failure 

is a disease of chronically ill, elderly patients—a popula-
tion in which adjustment disorder with depressed mood 
and major depression are also common diagnoses, with 
rates recently found to be 22.3% and 13.3%, respectively.1 
Nevertheless, interest in examining the relationship 
between heart failure and depression is long-standing, 
and many clinical studies have examined this relation-
ship.2–16 Unfortunately, measures are not standardized, so 
comparisons between studies are diffi cult.

 DEPRESSION IS COMMON IN PATIENTS 
WITH HEART FAILURE

Many studies show that rates of depression among 
patients with heart failure are higher than expected 
among other elderly, chronically ill patients. Further-
more, depression has been linked to more severe heart 
failure symptoms and worse outcomes in some studies. 

In a 2001 study, Jiang et al screened 374 hospital-
ized patients with heart failure using the Beck Depres-
sion Inventory score and found that 35% had scores of 
10 or higher (indicative of at least mild depression).12 
Further testing showed that 14% met criteria for major 
depression. 

A 2006 meta-analysis of 27 studies by Rutledge et al 
found a 21% incidence of clinically signifi cant depres-
sion in patients with heart failure.17 Rates of depression 
depended heavily on the rigor of screening criteria for 
classifying participants as depressed: rates were as high 
as 38% with the use of liberal criteria and as low as 
14% with strict criteria. New York Heart Association 
(NYHA) functional status correlated strongly with the 
prevalence of depression, which increased steadily from 
11% in patients with NYHA class I (mild) heart failure 
to 20% in those with class II, 38% in those with class III, 
and 42% in those with class IV (severe) heart failure. 

In one of the studies included in the meta-analysis, 
Freedland et al found that the prevalence of major 
depression was strongly associated with age and func-
tional status in hospitalized patients with heart failure.18 
In patients younger than age 60 years, rates of major 
depression rose particularly sharply as heart failure 
symptoms worsened. 

The Psychosocial Factors Outcome Study found that 

MARC A. SILVER, MD
Clinical Professor of Medicine, University of Illinois, Chicago, IL; 
and Chairman, Department of Medicine, and Director, Heart Failure Institute, 
Advocate Christ Medical Center, Oak Lawn, IL
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the prevalence of depression in patients with heart failure 
who participated in the community-based Sudden Car-
diac Death in Heart Failure Trial (SCD-HeFT) was 36%, 
based on a score of 13 or greater on the Beck Depression 
Inventory-II.19 Similarly, unpublished preliminary data 
from the Heart Failure Adherence and Retention Trial 
(HART) show that about one-third of community-based 
patients with heart failure have depression.20 

 DEPRESSION AND HEART FAILURE ARE CLOSELY 
LINKED PHYSIOLOGICALLY

The underlying relationship between depression and 
cardiovascular disease is depicted in Figure 1.21 It shows 
the commonality of pathophysiologic mechanisms for 
the two conditions. 

The likely psychological and physiologic mechanisms 
leading to depression in patients with heart failure are 
almost identical to the list of mechanisms proposed for 
the development of heart failure itself (Table 1), includ-

ing autonomic dysregulation, hyperproduction of cor-
tisol, and a prothrombotic and proinfl ammatory state. 
One interesting line of study involves a polymorphism 
in the serotonin transporter gene, which increases the 
amount of catecholamine secretions secondary to stress 
in mice. The serotonin transporter gene has also been 
found to be associated with depression during stress in 
humans.22 Likewise, norepinephrine has been found to 
be a risk factor for adverse outcomes in patients with 
coronary artery disease and heart failure.23 

The evidence, therefore, strongly suggests a common 
pathway between heart failure and depression, and this 
evidence of a relationship favors a new paradigm that 
integrates the treatment of the two conditions.

 BETA-BLOCKERS DO NOT RAISE RISK OF DEPRESSION
Pharmacotherapy is often implicated as a related fac-
tor in the development or exacerbation of depression 
in patients with heart failure, especially in those taking 

FIGURE 1. Numerous alterations in biologic markers observed in depressed subjects may contribute to their increased vulnerability to cardio-
vascular disease, including sympathoadrenal hyperactivity, diminished heart rate variability, ventricular instability and myocardial ischemia in 
response to mental stress, and alterations in platelet receptors and platelet reactivity. 

Reprinted, with permission, from Archives of General Psychiatry (Musselman DL, et al. Arch Gen Psychiatry 1998; 55:580–592), 
Copyright © 1998 American Medical Association. All rights reserved.

ACTH = corticotropin; CRF = corticotropin-releasing factor; HPA = hypothalamic-pituitary-adrenocortical axis; HRV = heart rate variability; 
IL-1 = interleukin-1; IL-6 = interleukin-6; TNF-� = tumor necrosis factor–alpha
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beta-blockers. Meta-analyses of the incidence of depres-
sion associated with various beta-blockers have been 
conducted in patients with hypertension, heart failure, 
and recent myocardial infarction. A 2002 meta-analysis 
of eight trials that randomized patients to treatment 
with a beta-blocker or placebo found no difference in the 
incidence of depressive symptoms between the active 
treatment and placebo groups, or between patients in 
the two groups who withdrew from the trial, presumably 
because of depression or other symptoms.24 An addi-
tional study not included in that meta-analysis found 
no differences in rates of depression among hypertensive 
patients according to the type of antihypertensive medi-
cation they were taking (ie, beta-blockers, diuretics, 
reserpine, or no drug therapy).25 

Based on the evidence, I see no reason to avoid a trial of 
beta-blockers in patients who have depression at baseline 
or to be overly concerned that patients without depres-
sion will develop it as a result of beta-blocker treatment. 

 DEPRESSION LEADS TO WORSE OUTCOMES, 
HIGHER COSTS IN HEART FAILURE

Not only is depression prevalent in patients with heart 
failure, but depression adversely affects heart failure 
outcomes. One study of hospitalized patients older than 
70 years found readmission rates to be 67% among heart 
failure patients with depression versus 44% among heart 
failure patients without depression.26 Patients in this 
study were three times as likely to die if they had heart 
failure than if they did not have heart failure, and they 
were twice as likely to die if they had depression than if 
they did not have depression. The mortality rate was 21% 
for patients with both heart failure and depression versus 
15% for patients with heart failure without depression.26 

Depressive symptoms also correlate with poorer qual-
ity of life in patients with heart failure. Gottlieb et al 
found that quality-of-life scores were signifi cantly worse 
in heart failure patients if they had a diagnosis of depres-
sion on the basis of the Beck Depression Index.27  

The 27-study meta-analysis by Rutledge et al dis-
cussed earlier found that the presence of depression in 
a patient with heart failure predicts worse outcomes in 
terms of hospital readmission rates, functional status, 
and walk times.17 This analysis also found twice the rate 
of death in heart failure patients with depression com-
pared with heart failure patients without depression. 

In a large community-based trial involving more 
than 48,000 patients with heart failure, Macchia 
et al found that survival was markedly reduced in 
patients who had a history of depression.28 This study 
also showed that depressed patients were less likely 
to adhere to medication regimens with angiotensin-
converting enzyme inhibitors and beta-blockers, which 
may offer a potential explanation for the reduction in 

survival among depressed patients. 
In a study of patients with coronary artery disease 

who had no diagnosis of depression or heart failure, May 
et al demonstrated that those who subsequently devel-
oped depression had more than four times the risk of 
also developing heart failure.29 

The combination of heart failure and depression also 
is costly. In a 3-year retrospective study of community-
based patients following a fi rst hospitalization for heart 
failure, Sullivan et al found that annualized adjusted 
total costs were nearly 30% greater in patients diag-
nosed with depression and that inpatient and outpa-
tient service utilization was also greater in those with 
depression.5 

 DIAGNOSIS AND TREATMENT

One simple question can effectively screen for depression
Numerous tools are available for the diagnosis of depres-
sion, but developing a tool that is readily useful to a 
busy clinician is challenging. Simply asking the single 
question, “Are you depressed?” has fairly high sensitivity 
(55%) and specifi city (74%) for diagnosing depression 
in palliative care patients, a population even more seri-
ously ill than heart failure patients.30 A variation on the 
question from British studies—“Do you feel that your 
life is empty?”—is considered to be a better screening 
question for elderly patients.31,32

Effect of depression therapy on heart failure still unclear
Unfortunately, evidence for the best treatment for 
depression in patients with heart failure is lacking. Some 
guidance may be gleaned from studies in patients with 
coronary artery disease. The Sertraline Antidepressant 

TABLE 1
Possible psychophysiologic mechanisms 
for depression in heart failure

High sympathetic tone 
(cardiovascular autonomic dysregulation)
• Reduced heart rate variability
• Elevated levels of circulating catecholamines

Platelet activation (prothrombotic)
• Dysfunctional serotonin signaling
• Elevated levels of platelet factor 4 and beta-thromboglobulin

Elevated levels of cortisol (atherosclerosis)
• Elevated levels of free fatty acids

Infl ammation (atherosclerosis)
• Elevated production of infl ammatory cytokines
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Heart Attack Randomized Trial (SADHART) was a 
multicenter, randomized, placebo-controlled study of the 
safety and effi cacy of treating major depressive disorder 
with sertraline for 24 weeks in patients hospitalized for 
acute coronary syndrome.33,34 No signifi cant differences 
were found between treatment groups in left ventricular 
ejection fraction, blood pressure, resting electrocardio-
gram, and cardiac arrhythmias. Although the trial was 
not powered to detect an effect of treatment on mortal-
ity, there were fewer deaths and severe cardiovascular 
adverse events in the active treatment group. 

A later study was designed to evaluate 12 weeks of 
treatment with sertraline in patients with major depres-
sion and heart failure.35 Although symptoms of depres-
sion improved with treatment, no benefi cial effect on 
heart failure was found.36 A nursing intervention that 
was included for both the treatment and placebo groups 
may have served to limit the impact of sertraline on 
heart failure surrogate end points. 

The abovementioned HART study randomized 
patients with systolic or diastolic dysfunction and 
NYHA class II or III functional status to receive either 
heart failure education (comprising 18 American Heart 
Association tip sheets and 18 phone calls) or heart 
failure education plus self-management strategies (com-
prising the tip sheets, 18 group sessions, and problem-
solving and self-management skills) following hospital 
discharge.37 Over 3 years, no difference between the two 
groups was found in the rates and timing of deaths or 
heart failure hospitalizations.

The best treatment strategies for depression in heart 
failure are still unclear, and more research is needed. 
Although guidelines exist for the management of 
depression in patients with coronary heart disease,38 no 
such guidelines have been issued for the management of 
depression in heart failure. 

 CONCLUSIONS

Although evidence is strong that treatment with medica-
tion or cognitive therapies improves symptoms of depres-
sion, evidence is lacking for a signifi cant effect of such 
interventions on cardiac outcomes.39 Because depression 
and heart failure are so closely linked and appear to share 
a genetic and pathophysiologic basis, greater understand-
ing of the relationship between these diseases across the 
stages of heart failure should be pursued. 

Any patient with heart failure who is symptomatic 
has advanced disease, and is therefore closer to death 
than to health. The same is probably true of depres-
sion. Patients with heart failure and depression must be 
identifi ed early, and interventions must be tried at these 
early stages of disease. Better depression screening tools 
and heightened awareness of the relationship between 
heart failure and depression are essential. 
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 ABSTRACT
The American Heart Association issued a science advisory 
on depression and coronary heart disease (CHD) in 
2008. This paper reviews the purpose and content of 
the advisory and discusses reactions and new informa-
tion that have followed the advisory’s release. Both the 
advisory and subsequent data support routine screening 
for depression in patients with CHD. Such screening can 
be done effi ciently in primary care and cardiology settings 
and can effectively identify many depressed patients who 
would otherwise go undetected. Antidepressant drugs 
such as selective serotonin reuptake inhibitors are safe 
for use in patients with CHD, can reduce depression, and 
can improve adherence with medical therapy. Referral to 
a practice with the knowledge and resources to man-
age depression promotes successful management of 
depressed patients with CHD. 

I n 2008, the American Heart Association (AHA) 
published a science advisory on depression and cor-
onary heart disease (CHD).1 Since its publication, 
the advisory has evoked substantial commentary. 

The purpose of this article is threefold: (1) to explain 
the aims of the AHA science advisory, (2) to briefl y 
discuss its content, and (3) to examine some of the com-
ments it has provoked.

 WHAT THE ADVISORY SET OUT TO DO
The purpose of an AHA science advisory is to provide 
rapid, clear, and consistent AHA positioning on a sci-
entifi c issue. Advisories are statements on an evolving, 
prominent scientifi c issue of great interest to the public 

and health professionals. All AHA science advisories 
undergo peer review and are also reviewed and approved 
by the AHA Science Advisory and Coordinating Com-
mittee, AHA’s highest science body. Because this par-
ticular advisory addressed the interaction of cardiovas-
cular and mental health, the AHA asked the American 
Psychiatric Association (APA) to review the document; 
the APA endorsed the AHA advisory. 

Two points are worth emphasizing: 
• An AHA science advisory is not a treatment 

guideline.
• Advisories usually are brief and therefore do not 

exhaustively discuss their topic.
After discussing epidemiologic studies that eluci-

dated the relationships between depression and CHD, 
the AHA advisory on depression and CHD focuses on 
screening, referral, and treatment of depression from a 
cardiology perspective. 

The 1-year prevalence of major depressive disorder 
in the US general population is 7%, and the lifetime 
prevalence is about 16%.2 Depression in otherwise 
healthy persons almost doubles the risk of developing 
CHD.3 About 20% of patients hospitalized for acute 
coronary syndromes (ACS) have major depressive dis-
order on admission or within a few weeks thereafter, and 
these patients have about 2.5 times the mortality rate 
as patients who are not depressed, after adjusting for 
infarct severity and cardiovascular risk factors.4–6 

 ASSESSMENT OF DEPRESSION 
AND DEPRESSIVE SYMPTOMS 

The AHA advisory discusses use of the 2-question 
Patient Health Questionnaire (PHQ-2) as the fi rst step 
in screening for depression.7,8 The PHQ-2 inquires about 
the frequency of depressed mood and anhedonia by ask-
ing the following:

Over the past 2 weeks, how often have you been 
bothered by either of the following problems?
    (1) Little interest or pleasure in doing things
    (2) Feeling down, depressed, or hopeless.
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For each item the response options are “not at all” (scored 
as 0), “several days” (scored as 1), “more than half the 
days” (scored as 2), and “nearly every day” (scored as 3). 
Thus, the total PHQ-2 score can range from 0 to 6. 

Using a structured psychiatric interview as the stan-
dard, a total PHQ-2 score of 3 or greater has been shown 
to have a sensitivity of 83% and a specifi city of 92% for 
major depression.7 A PHQ-2 score of 3 is the optimal 
cut point for screening purposes. A PHQ-2 score of 0 
virtually excludes depression.

If a patient’s PHQ-2 score is 3 or greater, it is rec-
ommended that answers be obtained for a full 9-item 
PHQ. The PHQ-9 provides the sensitivity and specifi c-
ity suitable for assigning a provisional diagnosis of major 
depressive disorder and a symptom severity score that 
can be used to identify patients for further evaluation 
and to make decisions about therapy.9–11 

The AHA advisory’s section on assessment of depres-
sion and depressive symptoms discusses briefl y the 
principles enunciated by the MacArthur Initiative on 
Depression and Primary Care.12–14 The advisory carefully 
provides practical guidance specifi cally for cardiologists 
(Figure 1).1 The section on assessment points out that 
screening for depression coupled with therapy has not 
been proven to improve cardiovascular outcomes but 
that some antidepressant drugs and/or psychotherapy 
have proved safe and can improve quality of life, reduce 
depressive symptoms, improve compliance with lifestyle 
advice, and improve adherence to prescribed cardiovas-
cular medications.1,15,16

The US Preventive Services Task Force (USPSTF) 
currently recommends that clinicians screen adults for 
depression in clinical practices that have systems in place 
to assure accurate diagnosis, effective treatment, and 
follow-up.12 The USPSTF concluded that there is good 
evidence that screening improves the accurate identifi -
cation of depressed patients in primary care settings and 
that treating depressed adults identifi ed in such settings 
reduces clinical morbidity. Results of trials that have 
directly evaluated the effect of screening on clinical out-
comes depend on follow-up. Limited benefi ts have been 
demonstrated in studies that simply feed screening results 
back to clinicians. Larger benefi ts have been seen in stud-
ies in which the communication of screening results is 
coordinated with effective follow-up and treatment. The 
USPSTF concluded that the benefi ts of screening and 
treating are likely to outweigh any potential harms.12

 DEPRESSION TREATMENT

Drug therapy
The safety of fl uoxetine, sertraline (SADHART, 
ENRICHD), citalopram (CREATE), and mirtazapine 
(MIND-IT) has been evaluated in clinical trials.4,17–21 By 
far the strongest evidence of safety is for selective sero-

tonin reuptake inhibitors (SSRIs), especially sertraline. 
The Sertraline Antidepressant Heart Attack Ran-

domized Trial (SADHART; N = 369), a randomized 
study of depression after ACS, found no difference in 
cardiovascular adverse events between the sertraline and 
placebo groups after 16 weeks of therapy, and there were 
no signifi cant differences in left ventricular ejection frac-
tion, heart rate, blood pressure, ventricular premature 
complexes, or electrocardiogram changes.17 In the group 
assigned to sertraline, life-threatening cardiovascular 
events occurred less frequently (15% vs 22%, P = NS). 

The Enhancing Recovery in Coronary Heart Dis-
ease study (ENRICHD) was a large trial (N = 2,481) 
to evaluate the effect of cognitive behavioral therapy 
(CBT) on depression or low perceived social support in 
patients enrolled within 28 days of myocardial infarc-
tion (MI).4 The ENRICHD protocol required patients 
randomized to CBT with Hamilton Depression Rating 
Scale (HAM-D) scores greater than 24, or who showed 
less than 50% reduction in Beck Depression Inventory 
(BDI) scores after 5 weeks of CBT, to be referred to a 
study psychiatrist for consideration of pharmacotherapy, 
usually sertraline. Of the overall ENRICHD population, 
1,834 participants (74%) had a diagnosis of depression, 
and 446 of these participants (24%) were treated with 
antidepressant drugs, 301 with an SSRI and 145 with 
other antidepressants.18 During mean follow-up of 29 
months, the SSRI-treated group had a statistically sig-
nifi cant 43% reduction in death or MI.4 

The Canadian Cardiac Randomized Evaluation of 
Antidepressant and Psychotherapy Effi cacy (CREATE) 
recruited 284 patients with chronic CHD, major 
depressive disorder, and a 24-item HAM-D score of 
20 or greater and randomly assigned half to citalopram 
(another SSRI) and half to placebo.19 Citalopram 
showed antidepressant effi cacy and no evidence of harm. 

The Myocardial Infarction and Depression Interven-
tion Trial (MIND-IT) recruited 91 patients within 30 
days of hospital admission for MI with depression and 
randomized them in a 1:1 ratio to mirtazapine or pla-
cebo. Mirtazapine showed some evidence of antidepres-
sant effi cacy and no evidence of harm.20 

Strik et al in the Netherlands recruited 54 patients 
who had major depression after a fi rst MI and random-
ized them 1:1 to the SSRI fl uoxetine or placebo 3 
months after the MI.21 The fl uoxetine group showed 
a trend toward antidepressant effi cacy, and no cardio-
vascular safety problems were detected clinically or by 
either electrocardiogram or echocardiogram.

Psychotherapy
APA practice guidelines for major depressive disorder indi-
cate that among psycho therapeutic approaches, CBT and 
interpersonal psychotherapy have the best-documented 
effi cacy for treatment of major depressive disorder.22 CBT 
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aims to solve problems related to dysfunctional emotions, 
behaviors, and cognition and is an umbrella term for vari-
ous techniques that share a theoretical basis in behavior-
istic learning theory and cognitive psychology. Aaron T. 
Beck proposed that depressed people are quick to make 
negative evaluations of themselves and the world, and he 
designed treatment to reduce these negative cognitions.23 
Interpersonal psychotherapy stems from the work of 
Harry Stack Sullivan, who believed that emotional reac-
tions were triggered by interpersonal behaviors.24 Gerald 
Klerman and Myrna Weissman used this method to treat 
adults diagnosed with moderate or severe nondelusional 
clinical depression.25 

CBT was used in ENRICHD,4 interpersonal psycho-
therapy in CREATE,19 and problem-solving therapy 
in the Coronary Psychosocial Evaluation Studies 
(COPES).26,27 Unintended therapy can also be a con-
founder in antidepressant drug trials; education and sup-
portive care (eg, frequent visits or telephone calls with 
monitoring of depressive symptoms and counseling) are 
often provided for both the intervention and control 
(placebo) groups. If a study is blinded, education, sup-

portive care, and attention will be identical for both 
groups and thus may reduce the likelihood of fi nding a 
difference between the drug and placebo, if one exists. 

Psychotherapy can be helpful for depression, is pre-
ferred over antidepressant drugs by some patients, and 
can be combined with drugs to increase antidepressant 
effi cacy. We still have much to learn about timing and 
choice of therapy, as well as about sequencing and com-
bination of antidepressant drugs and psychotherapy.

Physical activity and exercise
Aerobic exercise28 and cardiac rehabilitation29 can 
reduce depressive symptoms in addition to improving 
cardiovascular fi tness. Depression can serve as a barrier 
to participation in cardiac rehabilitation and exercise 
programs, but cardiologists can help depressed patients 
overcome this barrier by offering encouragement and 
follow-up contacts. Cardiologists also should enlist the 
help of spouses or other family members and friends to 
promote adherence. The prescription of exercise needs 
to be based on the cardiac status and exercise capacity 
of each individual.30

FIGURE 1. Screening for depression in patients with coronary heart disease. 
Adapted from the 2008 American Heart Association science advisory on depression and coronary heart disease.1 Source: American Heart Association, Inc.

Screen with PHQ-2. If PHQ-2 is < 3, stop. 
If PHQ-2 is ≥ 3, continue. 

Screen with PHQ-9 If question 9 suggests suicide risk, mental health 
professional should evaluate immediately*

Minimal symptoms 
of short duration 

(PHQ-9 score < 10)

Mild to moderate 
symptoms, uncomplicated 

(PHQ-9 score 10–19)

Severe symptoms 
(PHQ-9 score ≥ 20)

Safe At risk

Escort to emergency 
departmentSupport, education, 

follow-up within 1 month

If symptoms persist 
or worsen

Refer for comprehensive clinical evaluation by a professional 
qualifi ed in the diagnosis and management of depression

Determine appropriate treatment (antidepressants, 
psychotherapy, or adjunctive intervention [eg, exercise])

Monitor treatment adherence and drug effi cacy and safety

*  Patients who have PHQ-2 scores ≥ 3 
(currently depressed) and a score of ≥ 1 on 
item 9 (potentially suicidal during past 2 
weeks) should be interviewed by a mental 
health professional to determine the level 
of suicide risk and how to manage it.

PHQ = Patient Health Questionnaire
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 SUMMARY OF ADVISORY RECOMMENDATIONS
The AHA advisory1 summarized its recommendations 
as follows:

1. Routine screening for depression in patients with 
CHD should be considered in a variety of settings, 
including the hospital, the physician’s offi ce, clinics, 
and cardiac rehabilitation centers. The opportunity 
to screen for and treat depression in cardiac patients 
should not be missed, as effective depression treatment 
may improve health outcomes.

2. Patients with positive screening results should be 
evaluated by a professional qualifi ed in diagnosis and 
management of depression. Such a clinician can deter-
mine whether depression is present and needs treat-
ment, as well as how to connect a patient to an effective 
care program in the local area.

3. Patients with heart disease who are being treated 
for depression should undergo careful monitoring for 
adherence to their medical care and for the effi cacy 
and safety of drug therapy for their medical and mental 
health conditions. 

4. Coordination of care among health care provid-
ers is essential for patients with coexisting medical and 
mental health issues.

 COMMENTS ON THE ADVISORY

Since AHA advisories usually address evolving scientifi c 
issues, the knowledge base on these issues is constantly 
growing and a range of opinions and hypotheses are ten-
able, pending new information. Soon after the AHA 
science advisory on depression and CHD was issued, a 
systematic review on depression screening and patient 
outcomes in cardiac care was published.31 This review 
posed three key questions that are explored below.

Three key questions
Key question 1: What’s the accuracy of screening instru-
ments for depression in cardiovascular care populations? 
To answer this question, a case-fi nding method such as a 
questionnaire (eg, BDI or PHQ) must be compared with 
a structured interview by mental health personnel as the 
“gold standard” for diagnosis (ie, the truth). 

To estimate the accuracy of clinical diagnosis by gen-
eral practitioners, Mitchell et al pooled data from 50,371 
primary care patients across 41 studies in Europe or the 
United States to evaluate general practitioners’ ability to 
make an unassisted diagnosis of depression (ie, without 
specifi c help from severity scales, diagnostic instruments, 
education programs, etc).32 They reported a sensitivity of 
about 50% and a specifi city of 81% when the prevalence 
of depression was about 20%. In other words, general 
practitioners missed about half the cases of depression 
when no case-fi nding tool was used. These researchers 
pointed out that a low prevalence of depression favors 

identifi cation of nondepressed cases (false-positive diag-
noses), whereas a high prevalence favors diagnosis of 
depression (true-positive diagnoses).32 

Cardiologists focused on treatment of ACS are prob-
ably less likely to make a clinical diagnosis of depres-
sion and may attribute emotional symptoms to rapidly 
evolving cardiovascular events. The simple 2-question 
PHQ-2 case-fi nding instrument (see page SX) takes only 
a few minutes to administer and is recommended for 
use by primary care physicians or cardiologists to evalu-
ate patients at high risk for depression or who manifest 
symptoms suggestive of depression.7

In the United States, most patients with depression 
are cared for in primary care venues. The AHA advisory 
recommends referring ACS patients who screen positive 
on a PHQ to a professional qualifi ed in the diagnosis 
and management of depression.1 Enhanced care—using 
outreach, monitoring, adjustment of therapy, and psy-
chiatric backup—produces signifi cant improvement in 
depression.33 

Key question 2: Is treatment of depression in cardio-
vascular care patients effective in improving depression? 
Cardiac outcomes? The evidence for benefi t of SSRI 
therapy for depression detected at the time of ACS is 
consistent and was discussed above.4,17–21 However, the 
antidepressant effect of SSRIs is modest in placebo-
controlled trials. Most such trials excluded patients who 
were taking antidepressant drugs when screened, and 
many patients recruited for antidepressant clinical trials 
had no previous episodes of depression, had relatively 
mild symptoms of short duration, and were recruited 
by screening (ie, they were not seeking treatment for 
depression).34 Patients with brief and short episodes 
are likely to remit spontaneously and to respond to 
psychotherapy or supportive care.34 Moreover, in most 
antidepressant trials, both the intervention and “con-
trol” groups received elements of enhanced depression 
care, which will reduce the apparent benefi t of anti-
depressant drugs. For instance, because the primary 
goal of SADHART was to evaluate the safety of ser-
traline in patients with ACS, monitoring for adverse 
effects included six or seven visits during 16 weeks of 
follow-up plus six or seven phone calls, providing sev-
eral elements of enhanced depression care, including 
face-to-face education, frequent follow-up, support by 
a case manager (research coordinator) with a mental 
health background, and support from a psychiatrist or 
psychologist.17 Randomization to sertraline or placebo 
in SADHART was blinded, so the frequent contact and 
support was the same in both groups. 

Whether SSRI treatment for depression will improve 
survival and cardiovascular outcomes is not established by 
adequately powered randomized trials. Most randomized 
(SADHART, CREATE) or nonrandomized (ENRICHD) 
studies suggest that SSRIs reduce cardiovascular events, 
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but only ENRICHD produced a statistically signifi cant 
result. SSRIs—certainly sertraline and citalopram—are 
not associated with signifi cant cardiovascular adverse 
effects, even during ACS, when the cardiovascular sys-
tem is unstable and multiple drugs are being started and 
titrated. Patients who do not improve signifi cantly during 
antidepressant drug therapy or psychotherapy have a two- 
to threefold increase in cardiovascular events compared 
with patients who do improve substantially.35

Key question 3: Is systematic screening for depression 
more effective than usual care for identifying patients 
with depression? Facilitating treatment of depression? 
Reducing depressive symptoms? Improving cardiac 
outcomes? Pignone et al conducted a literature review 
and meta-analysis on behalf of the USPSTF to clarify 
whether screening adults for depression in primary care 
venues improves recognition, treatment, and clinical 
outcomes.36 They reviewed randomized trials conducted 
in primary care settings that evaluated the effect of 
screening for depression on identifi cation, treatment, or 
health outcomes, including trials that examined inte-
grated, systematic support for treatment after identifi -
cation of depression. The meta-analysis suggested that 
screening and feedback of screening results reduced 
the risk of persistent depression. Stronger effects were 
observed with programs that integrated interventions to 
improve recognition and treatment of depressed patients 
and that incorporated quality improvements into clinic 
systems as compared with programs that provided only 
screening and feedback. 

Screening patients with CHD, especially those with 
ACS, is more effective than usual care (no screening).
Indeed, many depressed patients go undetected unless 
identifi ed by screening. Not surprisingly, those identifi ed 
by screening tend to have milder depression. For exam-
ple, half the participants in SADHART had a HAM-D 
score less than 18 (≥ 25 is considered severe). However, a 
considerable number identifi ed by screening had above-
average HAM-D scores but either viewed their symp-
toms as appropriate for their medical condition or were 
simply denying their psychiatric illness. If patients had 
not been screened, their depression would not have been 
detected or treated. Even among SADHART partici-
pants with baseline HAM-D scores less than 18, those 
whose depression failed to respond to sertraline/placebo 
had twice the 7-year mortality rate as did those whose 
depression remitted.16 

The Prevention of Suicide in Primary Care Elderly: 
Collaborative Trial (PROSPECT) examined the impact 
of a care management intervention on suicidal ide-
ation and depression in older primary care patients and 
reported outcomes over a 2-year follow-up.37 PROSPECT 
screened 9,072 patients in 20 primary care practices to 
fi nd 599 study participants aged 60 years or older with 
major or minor depression (not all had cardiovascular 

disease). Participants were randomly assigned to either 
usual care or the PROSPECT intervention, which 
consisted of services rendered by trained care managers 
who offered algorithm-based recommendations to phy-
sicians and helped patients adhere to treatment during 
the 24-month trial. Compared with patients receiv-
ing usual care, those receiving the intervention had a 
greater likelihood of receiving antidepressant drugs and/
or psychotherapy (85%–89% vs 49%–62%) and had 
a 2.2-fold greater decline in suicidal ideation over 24 
months. Treatment response started sooner in the inter-
vention group and continued to improve at 18 and 24 
months; no appreciable increase in treatment response 
was observed in the usual-care group during the same 
period. Among patients with major depression, a sig-
nifi cantly greater percentage of the intervention group 
achieved remission compared with the usual-care group 
at 4, 8, and 24 months. Patients with minor depres-
sion had favorable mental health outcomes regardless 
of treatment assignment. Sustained collaborative care 
maintained high utilization of depression treatment, 
reduced suicidal ideation, and improved the outcomes 
of major depression during 2 years of follow-up.37 

No randomized trial of SSRIs has been designed to 
show an effect on mortality or cardiovascular events. 
ENRICHD has produced the strongest evidence that an 
SSRI can reduce mortality or cardiovascular outcomes. 
The study was designed with approximately 85% power 
to detect a 25% to 30% reduction in the primary end 
point (death or MI) as a result of CBT; as noted above, 
2,481 patients (1,834 with depression) were randomized 
to usual care or CBT within 28 days of MI.4 Depression 
signifi cantly improved with CBT, but the rate of death 
or MI did not: during mean follow-up of 29 months, 
death or MI occurred in 299 patients in the CBT group 
versus 300 in the usual-care group.4 A post hoc analysis 
specifi c to the 1,834 ENRICHD participants who had 
depression aimed to determine the effects of antidepres-
sant drugs on morbidity and mortality.18 The protocol 
required patients in the intervention group with scores 
of 25 or higher on the 17-item HAM-D, or those who 
had less than a 50% reduction in BDI scores after 5 
weeks of treatment, to be referred to study psychiatrists 
for consideration of pharmacotherapy. Study psychia-
trists met with patients who were being treated with 
antidepressant drugs to monitor medication use. Unless 
contraindicated or previously ineffective or poorly toler-
ated, sertraline was the fi rst antidepressant used. Using a 
time-dependent multivariable Cox proportional hazards 
regression model to adjust for baseline depression score 
and cardiac risk factors, the researchers found SSRI use 
to be associated with a statistically signifi cant 43% lower 
risk of death or nonfatal MI. Like other SSRI studies, 
ENRICHD found SSRIs safe for post-MI patients and to 
possibly, but not certainly, reduce death and MI.18 
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Medication adherence
One obvious but important way antidepressant drug 
therapy could prevent death or MI is by improving 
adherence to post-MI cardiovascular drugs. Four or 
fi ve classes of cardiac drugs have each been proven to 
improve survival following ACS (aspirin, beta-blockers, 
statins, and angiotensin-converting enzyme inhibitors/
angiotensin receptor blockers), and when all are taken 
regularly, mortality is reduced by about half.38,39 In addi-
tion, antihypertensive and antidiabetic drugs are often 
needed to control blood pressure or blood glucose. 
However, patients have to actually take these drugs to 
receive their benefi t. Depression in the setting of CHD, 
especially ACS, is a risk indicator for lack of adherence 
to medical therapy, mental health therapy, or both. 

DiMatteo et al conducted a meta-analysis to test the 
hypothesis that anxiety and depression might explain 
poor adherence to treatment recommendations and result 
in poor medical outcomes.15 Of the 25 trials that met 
the inclusion criteria, 13 studied anxiety and 12 studied 
depression. The associations between anxiety and non-
adherence were small and not statistically signifi cant, 
but depression was strongly associated with nonadher-
ence to medications (odds ratio = 3.03; 95% confi dence 
interval, 1.96–4.89). In other words, depressed patients 
were three times as likely as nondepressed patients to 
be nonadherent to treatment recommendations. The 
authors speculated that depression might increase non-
adherence in the following ways: (1) the hopelessness of 
depression might reduce patients’ hope in the therapy, 
(2) depression may cause withdrawal from family and 
social networks that otherwise would provide support 
and assistance, or (3) the impaired cognitive dysfunction 
associated with depression may impair memory and fol-
low through on treatment recommendations.15

The fi ndings from this meta-analysis could refl ect 
depression causing medication nonadherence or vice 
versa. To establish the sequence, Rieckmann et al mea-
sured adherence to aspirin therapy during a 3-month 
period in a consecutive cohort of 172 patients (25 to 
85 years old) recruited within 1 week of hospitalization 
for ACS.40 Severity of depressive symptoms was quanti-
fi ed using the BDI during hospitalization and at 1 and 3 
months after discharge. Adherence was defi ned as taking 
aspirin as prescribed on at least 80% of days. Using an 
electronic monitoring system that recorded the date and 
time when the aspirin bottle cap was opened, the study 
found that more than 30% of patients with post-ACS 
depression were nonadherent to their aspirin therapy 
compared with only 15% of nondepressed patients.40 
The more severe patients’ depressive symptoms were, 
the greater the nonadherence to aspirin therapy. More-
over, a lagged correlation statistical model determined 
that improvement in depression preceded improvement 
in medication adherence. 

SADHART was conducted under the new drug 
application for sertraline,16 which required that the use 
of trial drugs be under strict compliance to protocol, 
sponsor monitoring, and auditing by the US Food and 
Drug Administration. Drug use data were complete in 
98.1% of participants. Adherence was measured using 
tablet counts. Depressed patients who had a large 
improvement in depression during blinded drug therapy 
(sertraline or placebo) showed improved adherence 
to the blinded therapy. To determine whether depres-
sion improved before medication adherence improved, 
researchers compared responders’ medication adher-
ence before and after their improvement in depression. 
Medication adherence increased following remission 
of depression in 128 of 187 participants (68.4%) who 
remitted on trial medication (remission was defi ned 
as a Clinical Global Impression–Improvement score 
of 1). This sequence of change (improved depression 
before improved medication adherence) occurred sig-
nifi cantly more often than would be expected by chance 
(P < .001). This fi nding suggests that improvement in 
depression is driving improved medication adherence. 

Because persistent depression is associated with 
increased mortality rates and reduced medication 
adherence, physicians need to not only aggressively 
treat depression but also diligently promote adherence 
to guideline-defi ned cardiovascular drug therapy. If 
depression doesn’t improve, additional measures should 
be initiated not only to improve depression but also to 
achieve adherence to cardiovascular drug therapy (eg, 
assistance from spouse, child, or visiting nurse; calls by 
case manager; electronic health record monitoring of 
drug prescription refi lls). When depression is found dur-
ing clinical encounters or by screening, nonadherence 
to drug treatment is much more likely and should be 
sought vigilantly. 

Adherence to lifestyle recommendations
Ziegelstein et al have shown that depressed patients 
have poorer adherence to lifestyle recommendations 
(diet, exercise, smoking cessation).41 The Heart and 
Soul Study, a prospective cohort study of 1,017 outpa-
tients with stable CHD, attempted to determine why 
depressive symptoms (as determined by PHQ-9 self-
report) are associated with an increased risk of cardio-
vascular events.42 Participants were predominantly older 
men, about half of whom were recruited from Veterans 
Administration hospitals. A total of 341 cardiovascular 
events occurred during a mean follow-up of 4.8 years. 
Participants with baseline depressive symptoms had a 
50% greater rate of cardiovascular events during the 
study period compared with participants without depres-
sive symptoms. However, no signifi cant association 
between depressive symptoms and cardiovascular events 
remained after adjustment for health behaviors—most 
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strikingly, physical activity.42 This fi nding was consistent 
with an earlier study that found that exercise therapy 
plus antidepressant medication could reduce the risk of 
cardiovascular events in patients with depression.43 The 
ongoing Understanding Prognostic Benefi ts of Exercise 
and Antidepressant Therapy (UPBEAT) study is com-
paring the effects of exercise and antidepressant medi-
cation on depression and biomarkers of cardiovascular 
risk in patients with depressive symptoms and CHD.44 
The study’s longer-term goal is to identify an interven-
tion that improves both depression and cardiovascular 
disease outcomes.

 CONCLUSIONS

The USPSTF recommends screening for depression 
in adults. The PHQ-2 is an effi cient fi rst-step screen-
ing tool that can identify many depressed patients who 
would otherwise go undetected. It is clear that SSRIs 
are safe in cardiac patients, can reduce depression, 
and can improve medication adherence, but it is not 
enough to screen and report depression. Optimal benefi t 
depends on having (1) a primary care provider who is 
familiar with managing depression, (2) a case manager 
with a mental health background to follow and support 
patients, and (3) regular supervision of the case manager 
by a psychiatrist or psychologist. Cardiologists see large 
numbers of patients with chronic CHD, ACS, or recent 
coronary artery bypass graft surgery who are at high risk 
for depression. The AHA advisory recommends a care 
model that is practical for CHD patients with depres-
sion. Such a care model must be based on detection of 
depression and referral to a practice that has resources 
and knowledge to manage it well.
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 ABSTRACT
We systematically searched published empirical research 
on depression and cardiovascular disease (CVD) and 
found 494 unique articles published in 2009. Several 
particularly notable and provocative fi ndings and 
controversies emerged from this survey of the 2009 
literature. First, multiple large observational studies found 
that antidepressant use was associated with increased 
risk of incident stroke, CVD, or sudden cardiac death. 
Second, four randomized controlled trials on depression 
interventions in CVD patients reported important effi cacy 
results that should guide future trials. Finally, the vigorous 
debate on whether patients with CVD should be routinely 
screened (and subsequently treated) for depression 
continued in 2009 even as some observed that routine 
screening for CVD in depressed patients is more evidence-
based and appropriate. This article reviews these selected 
provocative fi ndings and controversies from our search 
and explores their clinical implications.

M any advances in the understanding of the 
relationship between depression and car-
diovascular disease (CVD) were reported 
in 2009. As the study of this relation-

ship encompasses cardiology, psychiatry, behavioral 
medicine, and many other fi elds, it is diffi cult to keep 
abreast of new developments. Relevant papers are found 
in a variety of journals. Therefore, we systematically 
searched the empirical research on depression and CVD 
published in English in 2009. Our search yielded nearly 
500 articles. We review here a few of the most provoca-
tive and potentially infl uential fi ndings. We begin with 
an overview of the methodology of our systematic review 
and then summarize the key fi ndings and controversies 
we identifi ed from the 2009 literature before exploring 
each key fi nding in detail. 

 METHODOLOGY OF OUR SYSTEMATIC SEARCH 
AND RATIONALE FOR FINDINGS REVIEWED

Previous evidence demonstrated that the presence of 
depressive symptoms or a diagnosis of a depressive dis-
order predicts poor prognosis and reduced survival rates 
after any coronary artery disease diagnosis, including 
myocardial infarction (MI) and unstable angina, as well 
as after coronary artery bypass graft surgery (CABG).1 

We aimed to see how this evidence base was expanded 
in 2009 by using a systematic search strategy to retrieve 
the most relevant articles about depression and coronary 
heart disease (CHD) from the MEDLINE and Psyc-
INFO (Ovid interface) databases. The most relevant 
subject headings and free text terms were identifi ed and 
combined with “or.” The two sets were then combined 
with “and.” Terms included “depression,” “depressive 
disorder,” “depress$,” “coronary artery disease” (CAD) 
“coronary disease,” “acute coronary syndrome” (ACS), 
“cardiovascular disease” (CVD), “coronary heart dis-
ease,” and “heart diseas$.” The fi nal set was limited 
to the English-language literature and identifi ed 494 
unique articles published during 2009. 

Closer inspection of titles and abstracts revealed well 
more than 100 articles directly relevant to the science 
and management of patients with CVD and depression 
or pronounced depressive symptoms. In light of this 
quantity, a thorough review of all new fi ndings, editori-
als, and reviews is not feasible. Thus, we review here 
a few exciting articles in several distinct topical areas 
that could infl uence views of the relationship between 
depression and CVD as well as how we screen for and 
treat depression in patients with CVD. As with any 
review that is not strictly evidence-based, our choice of 
articles is subjective and incomplete, but we hope it will 
stimulate discussion and further exploration. 

 SUMMARY OF KEY FINDINGS AND CONTROVERSIES 

The following numbered topics emerged as common 
themes or controversies from our survey of the 2009 
literature. The remainder of this article will review fi nd-
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ings in each of these areas in detail and discuss impor-
tant clinical implications as appropriate.

1. Antidepressant use and adverse cardiac events. 
In surprising fi ndings, antidepressant use was associated 
with increased risk of incident stroke, CVD, and sud-
den cardiac death in multiple large observational cohort 
studies. It is not known if the association is caused by 
unmeasured confounders or depressive symptom severity, 
although controlling for symptom severity did not reduce 
this elevated risk in some studies. Another interest-
ing possibility is that the treatment-resistant depressed 
patient is at particularly high risk of CVD and death. 

2. Effects of depression intervention in CVD patients. 
Four exciting randomized controlled trials on depression 
intervention in patients with CVD reported impor-
tant effi cacy results and suggested future directions for 
larger, defi nitive trials of depression treatment for these 
patients. 

3. Depression screening and treatment in CVD patients. 
In the absence of large randomized controlled trials, the 
debate continues on whether depression screening or 
any type of depression treatment is benefi cial, harm-
less, or harmful to patients with CVD. Continuation 
of this debate does not serve the health and well-being 
of patients or the public. Less controversial—and thus 
less discussed—is the important insight that psychiatric 
patients with depression should be routinely screened 
for cardiac disease and risk factors, as they are clearly 
at risk of CVD. We await clinical trials in this area to 
ensure that screening leads to improved CVD outcomes. 

 OBSERVATIONAL EVIDENCE ON ANTIDEPRESSANT 
USE AND CVD OUTCOMES 

In an analysis of the Nurses’ Health Study, Whang et 
al examined the relationship of depressive symptoms 
and antidepressant use with sudden cardiac death and 
adverse cardiac events in 63,469 women without CVD.2 
Depressive symptoms were assessed using the Mental 
Health Index, a fi ve-item subscale of the Short Form-
36 Health Survey. Among women who reported anti-
depressant use, most (61%) were taking a selective sero-
tonin reuptake inhibitor (SSRI; sertraline, fl uoxetine, 
paroxetine, or citalopram), while 39% reported use of 
other antidepressants. Women taking antidepressants 
were more likely to suffer sudden cardiac death, with 
a fully adjusted hazard ratio (HR) of 3.34 (95% confi -
dence interval [CI], 2.03–5.50). 

Krantz et al examined psychotropic medication use 
and risk of adverse cardiovascular events in 519 women 
from the Women’s Ischemia Syndrome Evaluation.3 
Enrolled women underwent coronary angiography, were 
separated into four groups according to their psychotro-
pic medication use (none, anxiolytics only, antidepres-
sants only, or both anxiolytics and antidepressants), 
and were observed for a median of 5.9 years. Results 

revealed that women who received both medications 
had a higher risk for adverse cardiovascular events and 
higher all-cause mortality compared with those using 
neither medication, even after controlling for anxious 
and depressive symptoms. In addition, whereas the use 
of antidepressant medication was associated with a dou-
bling of risk for subsequent CVD events (HR = 2.16; 
95% CI, 1.21–3.93) and all-cause mortality (HR = 2.15; 
95% CI, 1.16–3.98), use of anxiolytic medication alone 
was not. While this study did not examine cause of 
death, cardiac death is likely to have constituted a large 
proportion of total mortality in this cohort selected for 
likelihood of CAD. 

Although CVD and death have long been outcomes 
of interest for those studying the effects of depression, 
additional end points have recently been investigated as 
well. In a prospective cohort study of 136,293 commu-
nity-dwelling postmenopausal women in the Women’s 
Health Initiative, Smoller et al found that new anti-
depressant use was signifi cantly associated with increased 
incidence of stroke and all-cause mortality but not with 
incidence of CHD.4 The rate of stroke per 1,000 person-
years was 2.99 for subjects with no antidepressant use 
versus 4.16 for patients with new SSRI use; the rate of 
all-cause death was 7.79 versus 12.77, respectively. The 
rate of all-cause death for subjects with new tricyclic 
antidepressant use was 14.14 per 1,000 person-years. 
To address potential confounding by indication, the 
researchers obtained a propensity score from a logistic 
regression model to predict any new antidepressant use 
from demographic, lifestyle, risk factor, and comorbidity 
variables measured at baseline. New SSRI use was associ-
ated with a doubling of the risk of incident hemorrhagic 
stroke as well as fatal stroke. There were no signifi cant 
interactions between use of SSRIs and use of statins or 
aspirin in terms of risk of hemorrhagic stroke.

In an interesting observational study of 7,709 patients 
with confi rmed CAD but without a diagnosis of heart 
failure or depression (and without current antidepres-
sant use), May et al found that a subsequent diagnosis 
of depression was associated with a signifi cant 50% 
increase in the risk of heart failure.5 There was no dif-
ference, however, between depressed patients who were 
using antidepressants and those who were not.

Increased risk of bleeding with SSRI use, particularly 
in patients with CAD, has also been a concern. Kim et al 
evaluated 1,380 adults who received any anti depressant 
before CABG for in-hospital mortality or any bleeding 
events.6 After controlling for the percentage of patients 
taking SSRIs (78%), there were no signifi cant differ-
ences between those taking SSRIs and those taking 
non-SSRIs in the rate of any bleeding events (6.5% vs 
7.2%; odds ratio [OR] = 0.93; 95% CI, 0.50–1.76) or in-
hospital mortality (3.1% vs 2.3%; OR = 0.88; 95% CI, 
0.47–1.65). There was no increased risk of bleeding asso-
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ciated with SSRI use when the analysis was restricted 
to patients who received antiplatelet and anticoagulant 
therapy. Thus, compared with patients who received 
non-SSRI antidepressants, patients who received SSRIs 
preoperatively had no increased risk of bleeding or in-
hospital mortality after CABG; however, this study did 
not evaluate the effect of no antidepressant use.

Another study hypothesized that the use of any drug 
with the potential to prolong cardiac repolarization 
would be associated with an increased risk of sudden 
death.7 Use of individual drugs was analyzed among 
1,010 cases of sudden unexplained death and 3,030 liv-
ing primary care controls, all from the community. SSRI 
use was associated with a doubling of risk of sudden 
death (OR = 2.21; 95% CI, 1.61–3.05), and tricyclic 
antidepressant use was associated with a nonsignifi cant 
trend toward increased risk (OR = 1.44; 95% CI, 0.96–
2.13). Further analysis that stratifi ed patients according 
to prior CVD showed that most of the association of 
SSRIs with sudden death was in those with existing 
CVD and not in those without CVD. Other drugs found 
to raise sudden death risk included the typical and atypi-
cal antipsychotics. 

Summary and clinical implications
The Nurses’ Health Study analysis by Whang et al sug-
gested that antidepressant use triples the risk of sudden 
cardiac death in healthy women, and the authors sug-
gested that the association between fatal ventricular 
arrhythmias and antidepressant use be examined fur-
ther.2 The analysis of the Women’s Health Initiative 
by Smoller et al found that use of SSRIs and tricyclic 
antidepressants doubled the risk of fatal stroke in healthy 
women.4 The analysis of the Women’s Ischemia Syn-
drome Evaluation by Krantz et al revealed a doubling of 
the risk of CVD and death in women taking antidepres-
sants who had been referred for coronary angiography.3 
At the same time, May et al found no increase in the 
risk of heart failure conversion with antidepressant use 
in patients with CAD,5 and Kim et al found no increase 
in the risk of bleeding with use of SSRIs compared with 
non-SSRI antidepressants in patients with CAD under-
going CABG.6 Finally, in a population- and community-
based case-control study, SSRI use was associated with 
an increased risk of sudden death, particularly in patients 
with CVD.7 So what are we to make of these fi ndings?8

In all observational studies (including those reviewed 
above), unmeasured confounders pose a threat to the 
validity of any causal conclusions. A study recently 
tested some of the proposed confounders that might 
have existed in the above studies. Waldman et al exam-
ined racial differences in depressive symptoms and anti-
depressant treatment among a cohort of 864 consecu-
tive patients with CHD undergoing diagnostic coronary 
angiography (727 white and 137 African American).9 

While levels of depression were similar between the 
white and African American patients, the African 
Americans were less likely than their white counter-
parts to receive antidepressant medications. Patients 
with only some high school, men, and patients with 
more severe depressive symptoms were signifi cantly 
more likely to receive a prescription for antidepressants. 
Clearly, low education, male sex, and elevated depres-
sive symptoms are related to poor prognosis for CHD, 
and the simple interpretation that antidepressant use is 
causing poorer outcomes is problematic.8 

Two additional interpretations of the observational 
fi ndings should be considered. First, confounding by 
indication (depressive symptom severity) might exist 
in these studies.10 In other words, patients who are pre-
scribed antidepressant medication may be those with 
the most severe depressive illness, and it could be this 
severity, rather than the antidepressant use, that is caus-
ally implicated in the CVD incidence.11 However, all 
of the studies reviewed above either directly controlled 
for depressive symptom severity (at least as obtained at 
baseline) or used propensity scores or stratifi ed subjects 
based on depression severity. The results showed an 
increased risk among those who were taking antidepres-
sants. However, none of the studies examined depressive 
symptom severity during or at the end of the study or 
depression diagnosis and severity before antidepressant 
use; these data are needed for a clearer understanding of 
whether the results were confounded by indication.

Second, these fi ndings are also consistent with a 
treatment-resistant depression phenotype.12 Krantz et 
al caution that it is not clear from their observational 
study3 whether medication use itself or depression refrac-
tory to treatment is implicated in the increased risk of 
CVD events and mortality. Depression that is refrac-
tory to treatment may be the type of depression that 
places patients at risk for sudden death, stroke, or CHD 
recurrence, so it may not be the antidepressant use per 
se that is associated with this risk. This phenomenon 
was documented in a secondary analysis13 of the largest-
to-date randomized controlled trial of patients with MI 
undergoing treatment for depression (ENRICHD).14 It 
showed that those whose depressive symptoms did not 
respond to treatment had a higher risk of late mortality 
(ie, death ≥ 6 months after acute MI). This fi nding was 
replicated in 2009 in an important follow-up15 of the 
SADHART trial16; among patients with MI and major 
depression, treatment-resistant depression (ie, depres-
sion that failed to improve substantially during treat-
ment with either sertraline or placebo) was strongly and 
independently associated with long-term mortality (HR 
= 2.39; 95% CI, 1.39–2.44; P < .001).15 

What is needed next? Testing the alternative hypoth-
esis—ie, that an unmeasured confounder may exist—is 
diffi cult, requiring new observational studies and mea-
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surement of the putative third common causes or previ-
ously unmeasured confounder. Other putative confound-
ers would then be hypothesized and would need to be 
included in additional observational studies. To properly 
test the putative confounding by depressive symptom 
severity, future observational studies should examine ini-
tial depressive symptom severity prior to antidepressant 
use and then collect data on depressive symptom sever-
ity and antidepressant use as time-varying covariates 
to CVD outcomes. To test whether treatment-resistant 
depression is the phenotype driving the spurious obser-
vational association between antidepressant use and 
increased risk of CVD, the phenotype and its under-
lying causal mechanisms need to be better understood. 
Of course, rigorous and adequately powered randomized 
controlled trials of antidepressant use in patients with 
CVD would be a more straightforward way to test the 
observational association between antidepressant use 
and increased risk of CVD. We turn now to the recently 
published randomized controlled trials in this fi eld. 

 NEW EVIDENCE FROM RANDOMIZED TRIALS 
IN PATIENTS WITH CVD AND DEPRESSION

Concerns have been voiced for some time about the 
ability to effectively treat depression and whether an 
effective depression treatment will affect the risk of 
CVD recurrence and mortality.8 Adding to these con-
cerns is our limited knowledge of the causal pathways 
and behavioral and biologic mechanisms implicated in 
this risk association.1 For these reasons, results from new 
randomized controlled trials, such as the four summa-
rized below, are important.

Rollman et al compared the effectiveness of tele-
phone-delivered collaborative care (treatment group) 
and usual physician care (control group) for improv-
ing mental health quality of life and reducing depres-
sive symptoms in 302 patients with depression after 
CABG.17 Patients were observed for 8 months following 
randomization. Mental health quality of life and depres-
sive symptoms were both signifi cantly improved in the 
treatment group relative to the control group. Signifi -
cantly more patients in the treatment group had a 50% 
or greater reduction in depressive symptoms (50.0% vs 
29.6% in control group, P < .001; number needed to 
treat = 4.9 [95% CI, 3.2–10.4]). Men particularly ben-
efi ted from the treatment. This trial suggests that collab-
orative care can be delivered effectively (and potentially 
cost-effi ciently) over the phone.

Freedland et al also evaluated depression treatment in 
123 patients with major or minor depression who under-
went CABG.18 Their primary objective was to determine 
the effi cacy of two behavioral treatments (cognitive 
behavioral therapy [CBT] or supportive stress manage-
ment) compared with usual care. Signifi cantly more 
patients in both the CBT group (71%) and the stress 

management group (57%) had a low score (indicating 
less severe depressive symptoms) on the clinician-based 
Hamilton Rating Scale for Depression compared with 
the usual care group (33%). These results were main-
tained 6 months after the end of the trial. Secondary 
measures of depressive symptoms, anxiety, and quality 
of life were also signifi cantly improved in the depression 
treatment groups compared with the usual care group. 
This trial is important for the following reasons: 

• The use of a second control group, the stress man-
agement group, represents a strict, high-quality design 
that controls for professional attention, generic or pla-
cebo therapy effect, and time or effort on the part of the 
patient. 

• The second control group also provides treatment 
options for the patient, as both CBT and stress manage-
ment were benefi cial. 

• Outcome assessors were blinded to treatment assign-
ment, an important design feature in behavioral trials. 

In a rigorously conducted randomized, double-blind, 
placebo-controlled trial, Carney et al tested whether 2 
g/day of omega-3 acid ethyl esters (eicosapentaenoic 
acid [EPA] and docosahexaenoic acid [DHA]) improved 
depressive symptoms in 122 patients with major depres-
sion and CHD.19 Patients in both the omega-3 and 
placebo groups received sertraline (50 mg/day) during 
the 10-week trial. A defi ciency of omega-3 fatty acids 
has been implicated in both depression and CHD and 
is a possible causal link between the two diseases. Also, 
there is some evidence that the effi cacy of antidepres-
sants is increased by the addition of omega-3 supple-
mentation. Unfortunately, there were no differences in 
self-reported or clinician-assessed depressive symptoms 
or in predefi ned depression remission at the study’s end. 
The trial included a 2-week adherence run-in period, 
ensuring that medication adherence in the trial was 
excellent (97%), and concluded that omega-3 supple-
mentation, at least at these dosage levels, does not 
improve depression outcomes. 

In the Coronary Psychosocial Evaluation Studies 
(COPES) randomized controlled trial, Davidson et 
al compared 6 months of an enhanced care interven-
tion with usual depression care among 157 patients 
with ACS and persistently elevated depressive symp-
toms.20 Under the enhanced care intervention, patients 
received either problem-solving therapy or antidepres-
sant medication, depending on their preference, and 
then had the option of later augmentation with the 
other treatment, intensifi cation of the initial treatment, 
or switching of treatments, if indicated by depressive 
symptom severity (stepped care). The purpose of the 
trial was to determine the acceptability and effi cacy of 
depression treatment among patients with ACS, who 
often neither agree with the diagnosis of depression nor 
had been seeking treatment for depression. Signifi cantly 
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more patients were satisfi ed with their depression care 
in the intervention arm, and depressive symptoms and 
major adverse cardiac events (nonfatal MI, hospitaliza-
tion for unstable angina, or all-cause mortality) were 
signifi cantly reduced in the intervention arm com-
pared with the usual care arm. The absolute numbers 
were very small; at the end of the trial, 3 patients in 
the intervention group and 10 patients in the usual care 
group had major adverse cardiac events (4% and 13%, 
respectively; log-rank test, �2

1 = 3.93; P = .047). The 
results suggested that involving patients in the type of 
depression care they receive (medication and/or psycho-
therapy) and stepping treatments aggressively may be 
methods to improve the treatment of depression in 
patients with CHD. In addition, persistently depressed 
patients may be an interesting patient group to select 
for future trials, as usual care has resulted in large reduc-
tions in depressive symptoms in some previous trials but 
not in this study of patients with persistent depression. 

Summary and clinical implications
Each of these four effi cacy trials adds critical informa-
tion to the evidence base. Depressed patients who have 
undergone CABG can be effectively treated in primary 
care settings with integrative care,17 and CBT is also 
extremely effective for these patients.18 Additional stud-
ies of omega-3 supplementation should not be pursued 
at this time, but using a run-in period to better identify 
patients who are prepared to engage in treatment is a 
prudent idea and should be used in future trials in this 
area.19 Patients with CHD and persistent depressive 
symptoms are a promising group to target for depres-
sion therapy, and asking patients to choose their type of 
depression treatment may improve response to therapy 
for both depression and CHD.20 

 D EPRESSION SCREENING, REFERRAL, 
AND TREATMENT IN PATIENTS WITH CVD

We fi nish with the least evidence-based and most con-
troversial issue in the area of depression and CVD. This 
controversy started in 2008 when the American Heart 
Association recommended in an advisory (endorsed by 
the American Psychiatric Association) that “screen-
ing tests for depressive symptoms should be applied to 
identify patients who may require further assessment 
and treatment” if appropriate referral for further depres-
sion assessment and treatment is available.21 Partly in 
response to this advisory, Thombs et al conducted a 
systematic review of the evidence on whether screening 
or treatment improves outcomes of depression or CVD 
in patients with CVD.22 They found no trial that tested 
whether depression screening was benefi cial in patients 
with CVD, and the randomized controlled trials of 
depression treatment provided evidence of only mild 

improvement of depressive symptoms and no improve-
ment in CVD outcome. Therefore, they questioned 
whether routine depression screening was appropriate.22 

In at least eight editorials, letters, and reviews pub-
lished on this subject in 2009, investigators continued 
to debate this issue.23–30 Below we provide a simplifi ed 
list of reasons presented for and against screening and 
subsequent treatment raised in these articles. 

Arguments for depression screening and treatment
The proponents of screening contend that depression is 
highly prevalent in patients with CVD and is clearly a 
risk marker for increased adverse events, reduced qual-
ity of life, and poorer adherence to treatment.24 They 
argue that since there are plausible biologic and behav-
ioral mechanisms for this association, and since SSRI 
use improves depressive symptoms in other patient 
populations and is safe in patients with CVD, health 
care providers should not hesitate to screen and refer 
patients for appropriate depression treatment. At the 
same time, they have cautioned that SSRIs interact with 
anti coagulants and that bleeding should be monitored 
closely in patients with CVD who are taking SSRIs.24 

Whooley28 noted that although there are controver-
sial fi ndings in this area, depression screening provided 
in conjunction with collaborative care depression man-
agement is cost-effective and has a documented positive 
impact on depression, if not on CVD outcomes.17,31 She 
observed that there are some costs to screening, such as 
false-positive fi ndings (resulting in stigma for patients 
incorrectly diagnosed) and diversion of resources from 
other health care needs. However, Whooley suggested 
that primary care providers, rather than cardiologists, 
should conduct depression screening and that patients 
should undergo screening only when an established col-
laborative care treatment protocol exists.28 

Carney et al argued that depression, like age, clearly 
marks CVD risk, and that health care providers should 
aggressively treat readily modifi able CVD risk factors.23 
They added that because of the strong association 
between depression and medication nonadherence,32 
providers should carefully monitor patient adherence to 
life-saving therapies. 

Taking another tack, Shemesh and colleagues advo-
cated the importance of documenting the prevalence 
of suicidal ideation and intent if recommendations to 
screen for depression in CVD patient populations were 
implemented.25 Using a sample of more than 1,000 
patients with CVD, they determined the prevalence of 
suicidal ideation (12.0%) and the number of patients 
who required hospitalization for risk of suicide (0.5%) 
when routine depression screening occurred in a large 
cardiology clinic. They concluded that identifi cation 
and stabilization of imminently suicidal patients would 
be a benefi t of universal screening and that there is a 
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high societal cost to neglecting suicidal ideation, intent, 
and risk in patients with CVD. However, more patients 
would need immediate thorough psychiatric evaluations 
for safety, which would affect resource allocation and 
cost in cardiology clinics.

Arguments against depression screening and treatment
The main argument against screening for and treat-
ing depression in patients with CVD is that there are 
neither randomized controlled trials nor systematic 
evidence-based reviews showing that screening for 
depression and/or referring for additional treatment 
suffi ciently improves outcomes for depression or CVD, 
and that existing evidence does not support the rec-
ommendation to screen all patients with CVD.22,30 
Furthermore, antidepressant use is associated with only 
mild improvement in depressive symptoms, even in 
other patient populations,33 and publication bias (“the 
fi le-drawer problem”) has prevented the publication of 
antidepressant trials with null results, thereby skewing 
the evidence base.34 In addition, considerable health 
care resources would be needed to mount such a large 
screening effort, and these resources would come at the 
expense of other efforts. Finally, the adverse effects of 
medications and the inevitability of some false-positive 
screening results must be weighed against any benefi t 
that might occur with universal screening.35

In addition to the arguments above, Ziegelstein et 
al,29 in commenting on the American Heart Associa-
tion advisory,21 wryly observed that there is far greater 
observational evidence that depressed patients seen in 
mental health settings are at risk for incident and recur-
rent CVD and that there should be universal screening 
and referral for CVD in patients with depression. They 
contended as well that the evidence is insuffi cient to 
recommend that patients with CVD undergo universal 
depression screening and referral.

Summary and clinical implications
Although we were hesitant to raise this tense and often 
emotional issue, we are in favor of routine, algorithm-
based depression screening by all cardiologists, with 
the critical proviso that a nationwide and/or Centers 
for Medicare and Medicaid Services–coordinated ran-
domized controlled trial be conducted to evaluate this 
practice. All patients with pronounced depressive symp-
toms should be referred to the trial, and two depression 
treatments should be evaluated, such as usual referral 
versus telephone-based collaborative care17 or enhanced 
depression care.20 Such a trial would allow us to ensure 
that data are collected on the cost,36 the benefi t, and even 
the possible harms associated with routine depression 
screening for patients with CVD, and we could ascertain 
if there is an acceptable, benefi cial treatment for depres-
sion that can be delivered and defi nitively tested. 
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 ABSTRACT
Recovery of consciousness after severe brain injury 
involves reconstitution of brain arousal mechanisms and 
cerebral integrative function. This review discusses several 
aspects of neuroanatomy and neuropathology relevant to 
the process of recovery. Particular emphasis is placed on 
the role of the anterior forebrain and circuit mechanisms 
linking the frontal lobe, striatum, and central thalamus. 
The article concludes with some observations on the 
heart-brain interface and future research directions in 
the context of recovery from severe brain injury.

 WHY WE NEED TO UNDERSTAND MECHANISMS 
OF RECOVERY AFTER SEVERE BRAIN INJURY

The problem of recovery of consciousness after severe 
brain injury is one that easily captures the imagination of 
both the lay public and the professional. Puzzling reports 
continue to arise of late recovery of speech, language, 
memory, and other higher cognitive functions in rare 
patients, yet a scientifi c framework for the systematic 
assessment of these phenomena has been lacking.1–3 Some 
of these cases provide intriguing hints to the possible role 
of various medications (such as dopaminergic, serotonin-
ergic, and noradrenergic agents) as well as spontaneous 
changes in brain function arising over time. As discussed 
below, the varying levels of recovery following coma seen 
after multifocal traumatic or nontraumatic brain injuries 
may share some common underlying mechanisms at the 
“circuit” level. Severe brain injuries producing coma 
have many causes (see Posner et al4 for a comprehensive 
review), but careful review reveals an overlap of structural 
pathologies and functional disturbances isolated to spe-
cifi c cerebral structures across several clinical syndromes 

grouped under the framework of “disorders of conscious-
ness,”5 with an emphasis on the role of particular sub-
structures. Perhaps most important is a consideration of 
the pathologic, anatomic, and pathophysiologic role of 
the anterior forebrain, particularly the relationships of the 
brainstem and basal forebrain arousal systems, the central 
thalamus, and frontostriatal pathways, as reviewed below.

Figure 1 indexes neurologic disorders of consciousness 
on a two-dimensional grid that highlights the indepen-
dence of the degree of impairment of cognitive function 
and motor function that may be encountered in a patient. 
In the bottom left corner of the fi gure, coma and vegeta-
tive state are both considered unconscious brain states as 
judged by the bedside behavioral examination in the con-
text of appropriate neurologic history. In both coma and 
vegetative state, patients do not demonstrate responses to 
environmental stimuli or initiate goal-directed behaviors. 
Comatose patients also show no state variation and usu-
ally remain close-eyed. In vegetative state, an observable 
cycling of irregular periods of eye opening and eye closure 
is evident, but this cyclical variation in behavioral state 
does not correlate with identifi able electroencephalo-
graphic features of either sleep or normal wakefulness.6 To 
the right of vegetative state in the fi gure is the minimally 
conscious state.7 Patients in minimally conscious state 
show unequivocal but inconsistent evidence of aware-
ness of self or the environment through a wide range of 
behavioral response patterns that can be elicited by bed-
side examination.8 Patients may track objects with their 
eyes, exhibit stereotyped automatic motor behaviors, fol-
low simple commands with small motor movements, or 
intermittently communicate through verbal or gestural 
means. The functional boundary indicating emergence 
from minimally conscious state is the demonstration of 
reliable verbal or gestural communication. Operational-
izing this level of function is a topic of current research, 
as even simple “yes” versus “no” communication can be 
unreliable in brain-injured patients who recover past the 
level of minimally conscious state.9 

The large gray box in Figure 1 indicates the disqui-
etingly high degree of uncertainty in assessing cognitive 
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level in some patients who lack controllable motor out-
put channels. The locked-in state (bottom right corner 
of fi gure) defi nes patients who retain total preservation of 
cognitive function but otherwise may appear no different 
from those in deep coma. Although locked-in state often 
arises in the context of neurologic injuries that selectively 
damage motor output pathways distal from their cortical 
origins or that slowly reduce primary motor neuron func-
tion, this syndrome and closely similar conditions arise in 
patients with complex brain injuries. Such patients likely 
retain full or nearly normal consciousness but unfortu-
nately are unable to produce consistent goal-directed 
movements that allow for communication. In principle, 
such patients could retain signifi cant cognitive capacity 
near the normal range of cognitive function yet be indis-
tinguishable from patients in minimally conscious state. 

 ROLE OF THE CENTRAL THALAMUS 
IN SEVERE BRAIN INJURIES

Recent studies have yielded evidence for common ana-
tomic pathologies following severe injuries associated 
with vegetative state10 and minimally conscious state11 as 
well as pathologies underlying severe to moderate cogni-
tive disability.12 Autopsy studies of patients remaining in 
vegetative state at the time of death have identifi ed wide-
spread neuronal death throughout the thalamus as the 
common fi nding following either anoxia or diffuse axonal 

injury that produces widespread disruption of white mat-
ter connections.10 The severe bilateral thalamic damage 
after either trauma or anoxia seen in permanent vegetative 
state is not, however, invariably associated with diffuse 
neocortical neuronal cell death. This is particularly true 
of traumatic brain injury, in which only approximately 
10% of brains at autopsy show widespread neocortical 
cell death.10 Specifi c subnuclei of the thalamus show the 
greatest neuronal cell loss following global and multifocal 
cerebral injuries produced by traumatic brain injuries.13 
In particular, the central thalamic nuclei (intralaminar 
nuclei and related paralaminar nuclei) demonstrate pro-
gressive neuronal loss following severe traumatic brain 
injuries,13 and there is some evidence that a similar pat-
tern might be identifi ed in hypoxic-ischemic injuries.14 

Progressively severe disability grades with neuronal loss 
along a rostrocaudal axis: the anterior intralaminar and 
surrounding regions initially show volume loss associated 
with moderate disability, while neuronal loss in the ventral 
and lateral nuclei of the central thalamus (posterior intra-
laminar group) appears with worsening disability associ-
ated with minimally conscious state and vegetative state.13 
This progressive and relatively specifi c involvement of 
the nuclei of the central thalamus likely results from the 
unique geometry of these neurons, which have wide point-
to-point connectivity across the cerebral hemisphere.15,16 
The marked neuronal volume loss in these cells is likely 
due to their integration of the effects of neuronal cell 
death across large cerebral territories after diffuse trauma, 
hypoxia, and other nonselective severe brain injuries.

Importantly, however, focal bilateral injuries to these 
regions of the central thalamus are also associated with 
global disorders of consciousness (coma, vegetative 
state, and minimally conscious state).5,17 This observa-
tion indicates that these neurons also play a causal role 
in the production of disorders of consciousness. Abrupt 
injuries of the central thalamus on both sides of the brain 
are associated with acute coma, refl ecting these cells’ key 
contribution to normal mechanisms of arousal regulation 
(reviewed by Schiff18). The central thalamus receives 
ascending projections from the brainstem/basal forebrain 
“arousal systems” that control the activity of many corti-
cal and thalamic neurons during the sleep-wake cycle. 
Importantly, the central thalamus is strongly innervated 
by the cholinergic, serotoninergic, and noradrenergic 
afferents of the brainstem arousal systems (see Schiff18 
for review). These same neurons also are innervated by 
descending projections from frontal cortical regions sup-
porting “executive” functions that underlie goal-directed 
behaviors. Collectively, these ascending and descending 
infl uences on the central thalamus appear to modulate 
the level of arousal associated with generalized alertness 
and variations in cognitive effort, stress, sleep depriva-
tion, and other variables affecting the wakeful state.15,18–22 
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FIGURE 1. Correspondence of cognitive and motor impairment 
across outcomes following severe brain injuries. Impairment ranges 
from coma and vegetative state to minimally conscious state to 
locked-in state, which is not a disorder of consciousness. The gray box 
shows the large region of diagnostic uncertainty in establishing the 
true cognitive level of patients who behaviorally cannot reliably signal 
through controlled goal-directed movements (horizontal dashed line).
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Neuroimaging and electrophysiologic studies offer fur-
ther evidence that the anatomic specializations of the cen-
tral thalamus play an important role in regulating brain acti-
vation during attentive wakefulness. The central thalamus 
shows selective activation in normal subjects performing 
tasks requiring a short-term shift of attention,19,23 sustained 
cognitive demands of high vigilance,22 or memory holds 
over extended time periods.23,24 Central thalamic activa-
tion associated with varying levels of vigilance correlates 
with global cerebral blood fl ow19 and specifi cally covaries 
within the anterior cingulate cortex and pontomesen-
cephalon.22 Brain activity in the anterior cingulate cortex 
grades with increasing cognitive load and is recruited by 
a wide range of cognitive tasks, apparently reciprocally 
increasing activity along with the central thalamus in 
response to increasing demands of cognitive effort.20,22 

 CIRCUIT MECHANISMS UNDERLYING RECOVERY 
AFTER SEVERE BRAIN INJURY 

In addition to the studies reviewed above providing evi-
dence for the role of specifi c disconnection of neurons 
within the central thalamus in disorders of consciousness, 
Figure 2 illustrates a key vulnerability of the anterior 
forebrain in the setting of the widespread deafferentation 
and neuronal cell loss seen with severe brain injuries. 
This vulnerability places the role of the central thala-
mus in a wider context. A “mesocircuit”-level25 model 
has been proposed that suggests that functional altera-
tions across very large connected neuronal populations 
of the anterior forebrain may arise primarily as a result 
of global reductions of excitatory neurotransmission.26,27 
The majority of etiologies associated with coma and 
related disorders of consciousness diagrammed in Figure 
1 effectively produce a broad decrease in background 
synaptic activity and excitatory neurotransmission (eg, 
diffuse axonal injury, anoxia, hypoxia-ischemia, cerebral 
vasospasm with strokes; see Posner et al4 for review). 

In addition to the wide point-to-point connections of 
the central thalamus with the cerebral cortex (predomi-
nantly connections to frontal and prefrontal cortices; see 
Van der Werf et al,15 Groenewegen and Berendse,28 Morel 
et al29), these neurons have important projections to the 
striatum that return via projections from the globus palli-
dus.30 These projections from the central thalamus (both 
central lateral nucleus and parafascicularis nucleus) 
diffusely innervate the striatum and project onto the 
medium spiny neurons (MSNs), the output neuron of 
structure.31 Because the specifi c thalam ostriatal projec-
tions from these central thalamic neurons use glutamate 
transmitters with a high probability of synaptic release,32 
they likely also have a strong role in modulating back-
ground activity in the striatum.

The MSNs represent an important point of vulnera-
bility in this anterior forebrain mesocircuit, as they have 

a key role in maintaining activity in the anterior fore-
brain through their inhibitory projections to the globus 
pallidus interna, which in turn inhibits the central thala-
mus.33 MSNs have instrinsic cell membrane properties 
that keep them below their fi ring threshold unless a high 
level of spontaneous background synaptic activity arising 
from excitatory corticostriatal and thalamo striatal inputs 
is present in concert with suffi cient concentrations of 
the neurotransmitter dopamine.33 In the setting of dif-
fuse deafferentation or neuronal loss following severe 
brain injury of any type, it is expected that background 
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FIGURE 2. Proposed “mesocircuit”25 linking behavioral fl uctuations 
following severe brain injuries and improvements in response to inter-
ventions. The model focuses on the modulatory role of the anterior 
forebrain in overall corticothalamic dynamics. The anterior forebrain 
(frontal/prefrontal cortical-striatopallidal thalamocortical loop 
system) is particularly vulnerable to large-scale dysfunction following 
multifocal brain injuries that produce widespread deafferentation or 
neuronal cell loss. At least two mechanisms related to this mesocircuit 
appear to play a key role after severe injuries: (1) the high demands of 
striatum output neurons for background activity and dopaminergic in-
nervations and (2) the anatomic connections and physiologic special-
izations of the thalamocortical projections from the central thalamus. 
These central thalamic neurons have a potent activating role strongly 
driving both cortical and striatal neurons and wide point-to-point 
connections that make them more sensitive reporters of global neu-
ronal loss than other thalamic nuclei. Withdrawal of thalamocortical 
transmission from the central thalamus is known to associate with 
coma and other disorders of consciousness (see Schiff and Plum5). 
The thalamostriatal projection from the central thalamus contacts the 
medium spiny neurons (MSNs) of the striatum, forming axodendritic 
(centromedian32) or axospinous (central lateral, parafascicular31) 
synapses. The MSNs, in turn, send inhibitory projections to the globus 
pallidus interna (GPi); without MSN output, the GPi tonically inhibits 
the central thalamus.33 Thus, a suppression of MSN output result-
ing from a loss of dopaminergic modulation or marked reduction in 
background synaptic activity can potentially catalyze a shutdown of 
the anterior forebrain. The meso circuit model economically accounts 
for several clinical observations and aspects of normal physiology (see 
text for further discussion). (DBS = deep brain stimulation)

Reproduced from Annals of the New York Academy of Sciences 
(Schiff ND. Central thalamic contributions to arousal regulation and neurological 

disorders of consciousness. Ann N Y Acad Sci 2008; 1129:105–118), Copyright © 2008, 
with permission from John Wiley and Sons. www.interscience.wiley.com
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excitatory synaptic activity is considerably reduced. 
Under these circumstances, a broad withdrawal of direct 
excitatory striatal projections from the central thalamus 
and corticostriatal inputs is likely to cause MSN out-
put to shut down. Observations of regional changes in 
brain metabolism following severe brain injuries, specifi c 
responses to pharmacologic and electrophysiologic inter-
ventions in brain-injured subjects, and normal variations 
in brain state are all consistent with this mesocircuit 
model (see Schiff26 for comprehensive review). Similarly, 
a consistent pattern of selective metabolic downregula-
tion within the anterior forebrain has been shown to 
specifi cally grade with severity of behavioral impair-
ment following diffuse axonal injury,34 and application 
of dopaminergic agents in such patients often will pro-
duce behavioral facilitation.35,36 These medications may 
facilitate the output of the MSNs and directly modulate 
mesial frontal cortical neurons, possibly restoring ante-
rior forebrain activity within the loop connections of the 
frontal cortex, striatum, pallidum, and central thalamus. 

This model provides context for understanding 
another paradoxical observation—ie, the association of 
the sedative zolpidem (Ambien), a nonbenzodiazepine 
hypnotic that potentiates GABAA receptors, with behav-
ioral improvement of alertness and interactive behavior 
in severely brain-injured patients.37–41 Zolpidem’s primary 
direct action in patient responders, as originally proposed 
by Schiff and Posner,27 may be upon on the globus pal-
lidus interna, producing a release of tonic inhibition of 
the central thalamus in the setting of a broad reduction 
in background excitatory neurotransmission (as seen, for 
example, following diffuse hypoxic-ischemic injury) and 
leading to a shutdown of the inhibitory projection of the 
MSNs. The GABAA alpha-1 subunit is expressed in large 
quantity in the globus pallidus interna, and experimental 
studies support this mechanism of action.42

 SINGLE-SUBJECT STUDY OF CENTRAL THALAMIC 
STIMULATION IN MINIMALLY CONSCIOUS STATE

A further implication of the mesocircuit model is that 
direct activation of the central thalamus is expected to be 
the causal step in reactivating a downregulated anterior 
forebrain system, suggesting that direct modulation of the 
central thalamus might facilitate behavioral responsive-
ness in some patients with severe brain injuries. A recent 
study offers evidence that direct electrical stimulation of 
the central thalamus can produce behavioral facilitation. 

In this single-subject study of central thalamic deep 
brain stimulation (DBS), a 38-year-old man remained in 
minimally conscious state for 6 years following a severe 
closed head injury following blunt trauma to the right 
frontal lobe.43 After 3 months in a vegetative state, 
the patient exhibited the fi rst evidence of clear behav-
iors in response to sensory stimulation consistent with 

minimally conscious state and advanced to eventually 
demonstrating a best behavioral response of inconsis-
tent command-following and communication using eye 
movements. This behavioral level remained unchanged 
at the start of the DBS study 4 years later, as confi rmed 
by evaluation with the Coma Recovery Scale–Revised 
(CRS-R), a formal behavioral assessment tool. 

The patient entered into a study of central thalamic 
DBS according to the timeline in Figure 3A. An initial 
4-month quantitative behavioral assessment was com-
pleted prior to placement of the DBS electrodes, which 
were implanted bilaterally in the anterior intralaminar 
thalamic nuclei (central lateral nucleus and adjacent 
paralaminar regions of the thalamus; Figure 3B). Fol-
lowing electrode placement and brief contact-by-contact 
testing of the electrodes, 2 months of behavioral testing 
was conducted with the electrodes remaining off to reas-
sess the patient’s postsurgical behavioral baseline, which 
had not changed as a result of electrode placement. Two 
subsequent phases of the study focused on evaluation 
of DBS effects. A 5-month titration phase focused on 
establishing tolerance of DBS and evaluating several 
combinations of different electrical stimulation param-
eters (contact geometry, frequency, intensity) as well as 
the duration of the stimulation period. Following this 
titration phase, the patient entered a 6-month double-
blind alternating crossover study. Through all phases of 
the study, the patient received standard rehabilitation 
efforts amounting to 3 hours a day, 4 days per week.43

Figure 3C summarizes results of the alternating cross-
over study and compares the prestimulation baseline 
assessments of various behaviors with the “on” versus 
“off” testing of the DBS electrodes during the crossover 
phase. The results demonstrate the overall impact of DBS 
compared with approximately 6 months of ongoing reha-
bilitation efforts in the absence of DBS exposure. Overall 
the fi ndings show marked improvement in behavioral 
responsiveness compared with prestimulation frequencies 
of the highest-level behavioral response across six catego-
ries. The primary outcome assessments were prospectively 
chosen from subscales of the CRS-R, which is a well-
validated psychometric tool used in patients with disorders 
of consciousness. CRS-R subscale items that had shown 
variation during the presurgical baseline assessment were 
chosen prospectively as the primary outcome measures. 
Notably, the CRS-R oral motor subscale was not chosen 
because no variation in this measure had been identifi ed 
during the baseline assessment period. In addition, an 
object-naming scale and two other tailored secondary 
measures were developed later, during the titration phase, 
as the patient’s behavior changed, and were calibrated to 
be tested using these secondary measurement scales. All 
six measures showed marked change from prestimulation 
baseline levels, with fi ve of the six measures showing 
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higher-level behaviors than those seen prior to stimula-
tion, regardless of whether the electrodes were on or off.43 

As shown in Figure 3C, the behaviors captured by 
secondary measures had never occurred before the titra-
tion phase of the study; ie, the patient initially lacked a 
capacity for object naming, oral feeding, and the complex 
controlled goal-directed movements captured in the sec-
ondary limb movement measure, thus setting a prestimu-
lation baseline frequency of 0 for these measures (see 
supplementary material in Schiff et al43). Three outcome 
measures—one primary (CRS-R arousal subscale) and 
two secondary (oral feeding and limb control)—showed 
statistically signifi cant dependence on DBS during the 
6-month period, as indicated by a signifi cantly higher fre-
quency of maximal score rating during “on” versus “off” 
periods (Figure 3C). The continuation of improvements 
during the “off” periods of the crossover trial (relative to 
the prestimulation baseline assessments) showed that the 
DBS effects produced carryover changes that remained 
after the extensive exposure to DBS during the titration 
period (for further analysis of the dynamic of these data, 

see supplementary material in Schiff et al43).
Importantly, these observations are limited to a single 

human subject and do not provide a guide to their gen-
eralizability,44,45 although they are consistent with the 
proposed mesocircuit model reviewed above. While the 
precise mechanism underlying this patient’s improved 
behavioral responsiveness with central thalamic DBS is 
unknown, it is likely that DBS served to partially reverse 
the markedly depressed cerebral global metabolism ear-
lier measured in this patient using fl uorodeoxyglucose 
position emission tomography (FDG-PET)46 and also 
seen in other patients in minimally conscious state.47 The 
depressed cerebral metabolism seen in minimally con-
scious state likely refl ects volume loss of neurons, deaffer-
entation of remaining neurons, and neuronal functional 
impairments. All of these mechanisms may result in low 
fi ring rates of neurons in the neocortex, thalamus, and 
striatum. The mesocircuit model in Figure 2 suggests 
that direct activation of the central thalamus in patients 
with such chronically downregulated background synap-
tic activity may produce excitatory output from central 

FIGURE 3. Overview of a 6-month alternating crossover study of central thalamic deep brain stimulation (DBS) in a patient in minimally 
conscious state following severe traumatic brain injury.43 (A) Study timeline. (B) Electrode lead placements within central thalamus of patient’s 
right (R) and left (L) hemispheres displayed in T1-weighted coronal magnetic resonance image. (C) The patient’s responsiveness on six cogni-
tive and functional measures at presurgical baseline (“Pre”) and during periods when DBS was on (“On”) and off (“Off”) during the crossover 
phase. Responsiveness measures are shown with 95% confi dence intervals (whiskers). Asterisks denote measures for which there were statisti-
cally signifi cant differences between DBS “on” versus “off” periods. Dagger is present after “Oral feeding” to note that oral feeding data were 
not available before titration (hence no “Pre” value for this measure); also, oral feeding scores 1 and 2 are combined for dichotomy. See text for 
further explanation (including explanations of outcome measures). Reprinted from Schiff et al.43
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thalamic neurons that acts to partially normalize fi ring 
rates and possibly fi ring patterns within the cortico-
striatopallidal-thalamocortical system. 

 SPECULATIONS ON THE IMPORTANCE 
OF HEART-BRAIN RESEARCH IN FUTURE STUDIES 
OF RECOVERY OF CONSCIOUSNESS

As this conference is focused on the heart-brain interface, 
it is appropriate to consider the relevance of heart-brain 
research to the general set of problems reviewed above. In 
fact, the linkage is quite natural, and classical physiologic 
psychology research has shown that cerebral arousal regu-
lation is associated with patterned modulation of cardiac 
rhythm and autonomic function linked to the behavioral 
state.48,49 Among the most relevant observations are dem-
onstrations that sustained focused attention is associated 
with several stereotyped cardiac and autonomic changes, 
including anticipatory bradycardia,50,51 pupillary dilata-
tion,52 and others (eg, galvanic skin response). Neurologic 
cases have shown that such couplings of effort to refl ex 
bradycardia, pupillary dilatation, and other autonomic 
markers are altered by focal cerebral lesions in the right 
frontal lobe53 and left anterior cingulate cortex.54 

In the single-subject central thalamic DBS study 
reviewed above,43 there were several unpublished obser-
vations that are potentially relevant to these mecha-
nisms. During initial bedside testing of the individual 
DBS electrode contacts in fi rst 2 postoperative days, 
electrical stimulation above threshold voltages associ-
ated with visible arousal response (for details, see supple-
mentary material in Schiff et al43) consistently produced 
marked changes in heart rate and audible modulations of 
heart rhythm during interactions with the patient. Nota-
bly, the patient’s basal heart rate rose from a stable level 
of approximately 50 to 55 beats per minute to approxi-
mately 70 to 75 beats per minute—a nearly 50% increase. 
While increases in blood pressure and heart rate typically 
accompany arousal, the heart rate change observed here 
may refl ect a marked change in cerebral metabolic rates. 
Earlier quantitative FDG-PET imaging in this patient 
revealed a global metabolic rate across the brain of 
approximately half the normal level.46 Considering that 
the brain consumes approximately 23% of the cardiac 
output,55 the increased heart rate observed in this set-
ting may refl ect an increase in demand in cardiac output, 
possibly as much as 100%. At the same time that these 
changes occurred, there was an audible cardiac decelera-
tion noted when the patient was attentionally engaged 
by the examiner (this occurred without scoreable varia-
tion in most of the quantitative neurobehavioral metrics; 
see supplementary material in Schiff et al43). Of note, 
although the patient had suffered a complex severe brain 
injury, the right ventral frontal lobe showed the largest 
structural lesion46; injuries to the right hemisphere are 

associated with loss of such anticipatory changes in heart 
rate during attentional task performance.53 

These anecdotal observations suggest that future 
studies that include measures to track patterns of heart 
rate variation during recovery of consciousness might 
provide an indirect index of increasing brain demand 
for allocation of cardiac output or emergent neural 
control of mechanisms linking cardiovascular response 
to attentive behavior. Ongoing coupling of electroen-
cephalographic measures to autonomic and basal car-
diac rhythms may be particularly interesting to examine 
during social interactions,56 as it is likely that behavioral 
responsiveness is linked to social stimuli. Emotional 
reactivity has been proposed as an essential component 
of arousal per se,49 and although not formally studied in 
the DBS trial reviewed above, emotional reengagement 
seems to be a clear concomitant of the collection of ges-
tural and verbal behavioral improvements operationally 
tracked using quantitative behavioral scales. Beyond 
tracking heart-brain interactions as an index of brain 
recovery, it is possible that the integrity of heart-brain 
interactions may also be a target for optimization in 
support of recovery of consciousness after nonprogres-
sive brain injury. Moreover, studies of optimization of 
cardiac function in severely brain-injured patients may 
provide insight into the recovery process as well.

Acknowledgments
The author gratefully acknowledges the support of the Charles 
A. Dana Foundation, the National Institute of Neurological Dis-
orders and Stroke, the National Institute of Child Health and 
Human Development, and IntElect Medical, Inc.

 REFERENCES
 1. Blake R. The Day Donny Herbert Woke Up: A True Story. New 

York, NY: Harmony Press; 2007.
 2. Schiff ND, Fins JJ. Hope for “comatose” patients. Cerebrum 2003; 5:7–24.
 3. Smothers R. Injured in ’88, offi cer awakes in ’96. New York Times. 

February 16, 1996. Available at: http://www.nytimes.com/1996/02/16/
us/injured-in-88-offi cer-awakes-in-96.html. Accessed March 16, 2010.

 4. Posner J, Saper C, Schiff N, Plum F. Plum and Posner’s Diagnosis of 
Stupor and Coma. 4th ed. New York: Oxford University Press; 2007.

 5. Schiff ND, Plum F. The role of arousal and ‘gating’ systems in the neu-
rology of impaired consciousness. J Clin Neurophysiol 2000; 17:438–452.

 6. Kobylarz EJ, Schiff ND. Neurophysiological correlates of persistent 
vegetative and minimally conscious states. Neuropsychol Rehabil 
2005; 15:323–332. 

 7. Giacino JT, Ashwal S, Childs N, et al. The minimally conscious 
state: defi nition and diagnostic criteria. Neurology 2002; 58:349–353.

 8. Giacino JT, Whyte J. The vegetative and minimally conscious 
states: current knowledge and remaining questions. J Head Trauma 
Rehabil 2005; 20:30–50.

 9. Nakase-Richardson R, Yablon SA, Sherer M, Nick TG, Evans 
CC. Emergence from minimally conscious state: insights from eval-
uation of posttraumatic confusion. Neurology 2009; 73:1120–1126.

 10. Adams JH, Graham DI, Jennett B. The neuropathology of the 
vegetative state after acute insult. Brain 2000; 123:1327–1338.

 11. Jennett B, Adams JH, Murray LS, Graham DI. Neuropathology in 
vegetative and severely disabled patients after head injury. Neurology 
2001; 56:486–490. 

 12. Adams JH, Graham DI, Jennett B. The structural basis of mod-



CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010    S33

SCHIFF

erate disability after traumatic brain damage. J Neurol Neurosurg 
Psychiatry 2001; 71:521–524. 

 13. Maxwell WL, MacKinnon MA, Smith DH, McIntosh TK, 
Graham DI. Thalamic nuclei after human blunt head injury. J Neu-
ropathol Exp Neurol 2006; 65:478–488.

 14. Kinney HC, Korein J, Panigrahy A, Dikkes P, Goode R. Neuro-
pathological fi ndings in the brain of Karen Ann Quinlan. The role 
of the thalamus in the persistent vegetative state. N Engl J Med 
1994; 330:1469–1475.

 15. Van der Werf YD, Witter MP, Groenewegen HJ. The intralaminar 
and midline nuclei of the thalamus. Anatomical and functional evi-
dence for participation in processes of arousal and awareness. Brain 
Res Brain Res Rev 2002; 39:107–140.

 16. Scannell JW, Burns GA, Hilgetag CC, O’Neil MA, Young MP. 
The connectional organization of the cortico-thalamic system of 
the cat. Cereb Cortex 1999; 9:277–299.

 17. Castaigne P, Lhermitte F, Buge A, Escourolle R, Hauw JJ, Lyon-
Caen O. Paramedian thalamic and midbrain infarct: clinical and 
neuropathological study. Ann Neurol 1981; 10:127–148.

 18. Schiff ND. Central thalamic contributions to arousal regulation 
and neurological disorders of consciousness. Ann N Y Acad Sci 
2008; 1129:105–118.

 19. Kinomura S, Larsson J, Gulyás B, Roland PE. Activation by 
attention of the human reticular formation and thalamic intralami-
nar nuclei. Science 1996; 271:512–515.

 20. Paus T, Koski L, Caramanos Z, Westbury C. Regional differences 
in the effects of task diffi culty and motor output on blood fl ow 
response in the human anterior cingulate cortex: a review of 107 
PET activation studies. Neuroreport 1998; 9:R37–47.

 21. Nagai Y, Critchley HD, Featherstone E, Fenwick PB, Trimble 
MR, Dolan RJ. Brain activity relating to the contingent negative 
variation: an fMRI investigation. Neuroimage 2004; 21:1232–1241.

 22. Paus T, Zatorre RJ, Hofl e N, et al. Time-related changes in neural 
systems underlying attention and arousal during the performance of 
an auditory vigilance task. J Cogn Neurosci 1997; 9:392–408.

 23. Shah SA, Baker JL, Ryou JW, Purpura KP, Schiff ND. Modula-
tion of arousal regulation with central thalamic deep brain stimula-
tion. Conf Proc IEEE Eng Med Biol Soc 2009; 2009:3314–3317. 

 24. Wyder MT, Massoglia DP, Stanford TR. Contextual modulation 
of central thalamic delay-period activity: representation of visual 
and saccadic goals. J Neurophysiol 2004; 91:2628–2648. 

 25. Bohland JW, Wu C, Barbas H, et al. A proposal for a coordinated 
effort for the determination of brainwide neuroanatomical connec-
tivity in model organisms at a mesoscopic scale. PLoS Comput Biol 
2009; 5:e1000334.

 26. Schiff ND. Recovery of consciousness after brain injury: a mesocir-
cuit hypothesis. Trends Neurosci 2010; 33:1–9.

 27. Schiff ND, Posner JP. Another “Awakenings.” Ann Neurol 2007; 62:5–7.
 28. Groenewegen HJ, Berendse HW. The specifi city of the ‘non-

specifi c’ midline and intralaminar thalamic nuclei. Trends Neurosci 
1994; 17:52–57.

 29. Morel A, Liu J, Wannier T, Jeanmonod D, Rouiller EM. Diver-
gence and convergence of thalamocortical projections to premotor 
and supplementary motor cortex: a multiple tracing study in the 
macaque monkey. Eur J Neurosci 2005; 21:1007–1029.

 30. Deschenes M, Bourassa J, Parent A. Striatal and cortical projec-
tions of single neurons from the central lateral thalamic nucleus in 
the rat. Neuroscience 1996; 72:679–687.

 31. Lacey CJ, Bolam JP, Magill PJ. Novel and distinct operational 
principles of intralaminar thalamic neurons and their striatal pro-
jections. J Neurosci 2007; 27:4374–4384.

 32. Smith Y, Raju D, Nanda B, Pare JF, Galvan A, Wichmann T. The 
thalamostriatal systems: anatomical and functional organization in 
normal and parkinsonian states. Brain Res Bull 2009; 78:60–68.

 33. Grillner S, Hellgren J, Ménard A, Saitoh K, Wikström MA. Mech-
anisms for selection of basic motor programs—roles for the striatum 
and pallidum. Trends Neurosci 2005; 28:364–370.

 34. Kato T, Nakayama N, Yasokawa Y, Okumura A, Shinoda J, Iwama T. 
Statistical image analysis of cerebral glucose metabolism in patients 
with cognitive impairment following diffuse traumatic brain injury. J 

Neurotrauma 2007; 24:919–926.
 35. Matsuda W, Matsumura A, Komatsu Y, Yanaka K, Nose T. Awak-

enings from persistent vegetative state: report of three cases with 
parkinsonism and brain stem lesions on MRI. J Neurol Neurosurg 
Psychiatry 2003; 74:1571–1573.

 36. Meythaler JM, Brunner RC, Johnson A, Novack TA. Amanta-
dine to improve neurorecovery in traumatic brain injury–associated 
diffuse axonal injury: a pilot double-blind randomized trial. J Head 
Trauma Rehabil 2002; 17:300–313.

 37. Brefel-Courbon C, Payoux P, Ory F, et al. Clinical and imaging 
evidence of zolpidem effect in hypoxic encephalopathy. Ann Neurol 
2007; 62:102–105.

 38. Whyte J, Myers R. Incidence of clinically signifi cant responses to zol-
pidem among patients with disorders of consciousness: a preliminary 
placebo controlled trial. Am J Phys Med Rehabil 2009; 88:410–418.

 39. Shames JL, Ring H. Transient reversal of anoxic brain injury–
related minimally conscious state after zolpidem administration: 
a case report. Arch Phys Med Rehabil 2008; 89:386–388.

 40. Cohen SI, Duong TT. Increased arousal in a patient with anoxic 
brain injury after administration of zolpidem. Am J Phys Med Rehabil 
2008; 87:229–231.

 41. Williams ST, Conte MM, Kobylarz EJ, Hersh JE, Victor JD, Schiff 
ND. Quantitative neurophysiologic characterization of a paradoxical 
response to zolpidem in a severely brain-injured human subject. Pro-
gram No. 541.6/R9. 2009 Neuroscience Meeting Planner. Chicago, 
IL: Society for Neuroscience, 2009. Online.

 42. Chen L, Savio Chan C, Yung WH. Electrophysiological and behav-
ioral effects of zolpidem in rat globus pallidus. Exp Neurol 2004; 
186:212–220.

 43. Schiff ND, Giacino JT, Kalmar K, et al. Behavioral improve-
ments with thalamic stimulation after severe traumatic brain injury. 
Nature 2007; 448:600–603.

 44. Victor JD, Schiff ND. Meeting rigorous statistical standards in case 
reports. Ann Neurol 2008; 64:592.

 45. Schiff ND, Giacino JT, Fins JJ. Deep brain stimulation, neuro-
ethics, and the minimally conscious state: moving beyond proof of 
principle. Arch Neurol 2009; 66:697–702.

 46. Schiff ND, Rodriguez-Moreno D, Kamal A, et al. fMRI reveals 
large-scale network activation in minimally conscious patients. 
Neurology 2005; 64:514–523.

 47. Laureys S, Owen AM, Schiff ND. Brain function in coma, vegeta-
tive state, and related disorders. Lancet Neurol 2004; 3:537–546.

 48. Obrist PA. Presidential address, 1975. The cardiovascular-behavioral 
interaction—as it appears today. Psychophysiology 1976; 13:95–107.

 49. Pfaff D. Brain Arousal and Information Theory: Neural and Genetic 
Mechanisms. Cambridge, MA: Harvard University Press; 2006.

 50. Lacey BC, Lacey JI. Presidential address, 1979. Cognitive modulation of 
time-dependent primary bradycardia. Psychophysiology 1980; 17:209–221.

 51. Obrist PA, Light KC, Langer AW, Gringnolo A, McCubbin JA. 
Behavioural-cardiac interactions: the psychosomatic hypothesis. 
J Psychosom Res 1978; 22:301–325.

 52. Kahneman D. Attention and Effort. Englewood Cliffs, NJ: 
Prentice-Hall; 1973. 

 53. Yokoyama K, Jennings R, Ackles P, Hood P, Boller F. Lack of 
heart rate changes during an attention-demanding task after right 
hemisphere lesions. Neurology 1987; 37:624–630. 

 54. Naccache L, Dehaene S, Cohen L, et al. Effortless control: execu-
tive attention and conscious feeling of mental effort are dissociable. 
Neuropsychologia 2005; 43:1318–1328. 

 55. Roland P. Brain Activation. New York, NY: Wiley Press; 1997.
 56. Porges SW. The polyvagal theory: new insights into adaptive reac-

tions of the autonomic nervous system. Cleve Clin J Med 2009; 
76(suppl 2):S86–S90.

Correspondence: Nicholas D. Schiff, MD, Associate Professor of 
Neurology and Neuroscience, and Director, Laboratory of Cogni-
tive Neuromodulation, Department of Neurology and Neurosci-
ence, Weill Medical College of Cornell University, New York, NY 
10065; nds2001@med.cornell.edu



S34    CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010

 ABSTRACT
Important recent publications in the area of neuroscience 
and heart-brain medicine center largely around three 
topics: (1) mechanisms of cardiac sympathetic denerva-
tion in Parkinson disease, (2) cytoplasmic monoamine 
metabolites as autotoxins, and (3) the validity of power 
spectral analysis of heart rate variability to indicate 
cardiac sympathetic tone. Findings by Orimo et al support 
a centripetal, retrograde pathogenetic process involving 
alpha-synuclein deposition and degeneration of cardiac 
noradrenergic neurons in Parkinson disease. Several 
studies suggest that processes increasing cytoplasmic 
monoamines lead to neuronal loss from auto-oxidation 
or enzymatic oxidation. Lack of correlation between 
commonly used indices from power spectral analysis of 
heart rate variability and cardiac norepinephrine spillover 
casts doubt on the validity of power spectral analysis to 
indicate cardiac sympathetic tone.

T his review highlights important recent publi-
cations in the area of neuroscience and heart-
brain medicine. Abnormalities of regulation of 
the circulation by catecholamine systems fi gure 

as a general theme of the topics highlighted. These top-
ics, which are reviewed in turn below, are (1) mecha-
nisms of cardiac sympathetic denervation in Parkinson 
disease (PD), (2) cytoplasmic monoamine metabolites 
as autotoxins, and (3) the validity of power spectral 
analysis of heart rate variability to indicate cardiac 
sympathetic tone.

 MECHANISMS OF CARDIAC SYMPATHETIC 
DENERVATION IN PARKINSON DISEASE

The movement disorder component of PD is well recog-
nized as resulting from loss of dopaminergic neurons in 
the nigro striatal system of the brain. The fi nding of low 

myocardial 6-[18F]fl uorodopamine–derived radioactiv-
ity by positron emission tomography provided the fi rst 
neuroimaging evidence for loss of catecholaminergic 
neurons outside the brain in PD.1 Many reports using 
123I-metaiodobenzylguanidine scanning have concurred 
with this fi nding. Beginning in the early 2000s, post-
mortem neuropathologic studies demonstrated virtually 
absent immunoreactivity for tyrosine hydroxylase, the 
rate-limiting enzyme in norepinephrine biosynthesis, in 
epicardial nerves in PD.2,3 These results provided clues 
to the mechanism of autonomic dysfunction in PD, a 
prominent nonmotor manifestation of the disease.

Alpha-synuclein is a key protein in the pathogenesis of 
PD. It is abundant in Lewy bodies and Lewy neurites, and 
mutations or multiplications of the gene that encodes it 
cause rare inherited forms of PD. In 2001 we reported evi-
dence for cardiac sympathetic denervation, neurogenic 
orthostatic hypotension, and barorefl ex failure in familial 
PD from mutation of the gene encoding alpha-synuclein.4 
Subsequently we reported analogous denervation in 
familial PD from triplication of the normal gene.5 This 
past year Orimo’s group in Tokyo provided the fi rst patho-
logical confi rmation of cardiac sympathetic denervation 
in familial PD from inherited alpha-synucleinopathy, 
based on severely decreased epicardial neuronal tyrosine 
hydroxylase immunoreactivity (Figure 1).6 In contrast, 
patients with familial PD from parkin gene mutation, 
which is not thought to be a Lewy body disease, have 
been found to have normal cardiac 123I-metaiodobenzyl-
guanidine–derived radioactivity and normal epicardial 
neuronal tyrosine hydroxylase immunoreactivity.7 These 
fi ndings establish a link between alpha-synucleinopathy 
and cardiac sympathetic denervation.

Some individuals who die without clinical par-
kinsonism have Lewy bodies detected pathologically. 
Growing evidence shows that incidental Lewy body 
disease represents early, presymptomatic PD.8  Orimo’s 
group therefore studied cardiac tissues and paraverte-
bral sympathetic ganglia from patients with incidental 
Lewy body disease.9 Postmortem tissues were likewise 
obtained from comparison subjects with multiple system 
atrophy and from control subjects. Immunohistochemi-
cal analyses were performed using antibodies against 

DAVID S. GOLDSTEIN, MD, PhD
Clinical Neurocardiology Section, Clinical Neurosciences Program, 
Division of Intramural Research, National Institute of Neurological 
Disorders and Stroke, National Institutes of Health, Bethesda, MD

Neuroscience and heart-brain medicine: 
The year in review

Dr. Goldstein reported that he has no fi nancial relationships that pose a poten-
tial confl ict of interest with this article.

Some of the research summarized here was supported by the intramural re-
search program of the National Institutes of Health.

doi:10.3949/ccjm.77.s3.06



CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010    S35

GOLDSTEIN

tyrosine hydroxylase, phosphorylated neurofi lament as 
a marker of axons, and phosphorylated alpha-synuclein 
as a marker of abnormal alpha-synuclein deposits. Key 
fi ndings from this study9 were as follows:

• Alpha-synuclein aggregates in distal epicardial nerve 
fascicles were more abundant in incidental Lewy body dis-
ease with preserved tyrosine hydroxylase–immunoreactive 
(THir) axons than in incidental Lewy body disease with 
decreased THir axons (Figure 2).

• Alpha-synuclein aggregates in the epicardial 
nerve fi bers were closely related to the disappearance of 
THir axons.

• In incidental Lewy body disease with preserved 
THir axons, alpha-synuclein aggregates were consis-
tently more abundant in the epicardial nerves than in 
the paravertebral sympathetic ganglia (Figure 2).

• Distally dominant accumulation of alpha-synu-
clein aggregates was reversed in incidental Lewy body 
disease with decreased THir axons and in PD, because 
both conditions involve fewer alpha-synuclein aggre-
gates in axons and more abundant aggregates in the 
paravertebral sympathetic ganglia (Figure 2).

Thus, accumulation of alpha-synuclein aggregates in 
distal cardiac sympathetic axons precedes aggregation 
in neuronal somata or ganglionic neurites, heralding 
centripetal degeneration of cardiac sympathetic nerves 
in PD. This chronological and dynamic relationship 
between alpha-synuclein aggregation and distally domi-
nant degeneration of cardiac noradrenergic nerves may 
represent the pathological mechanism behind a com-
mon degenerative process in PD.

In conclusion, cardiac noradrenergic denervation in 
Lewy body diseases, even in early stages, accounts for 
reduced cardiac uptake of 123I-metaiodobenzylguanidine 

and 6-[18F]fl uorodopamine in PD. Alpha-synuclein 
aggregation appears to be intimately involved in the car-
diac noradrenergic denervation that attends Lewy body 
diseases. The pathogenetic process seems to proceed in a 
centripetal, retrograde direction.

 CYTOPLASMIC MONOAMINE METABOLITES 
AS AUTOTOXINS

Current concepts about mechanisms of PD emphasize 
pathologic alpha-synuclein accumulation, oxidative 
injury, impaired proteasomal or mitochondrial func-
tions, neuroinfl ammation, or abnormal kinase signal-

FIGURE 2. Concept diagram of the pathogenetic sequence of cardiac 
sympathetic denervation. In incidental Lewy body disease with pre-
served tyrosine hydroxylase–immunoreactive (THir) axons (a), alpha-
synuclein aggregates (black shading) accumulate abundantly in the 
distal axons but sparsely in the paravertebral sympathetic ganglia. 
In contrast, in incidental Lewy body disease with decreased THir 
axons (b), alpha-synuclein aggregates diminish in the distal axons 
but increase in the paravertebral sympathetic ganglia. In Parkin-
son disease, alpha-synuclein aggregates disappear in the distal 
axons and accumulate much more abundantly in the paravertebral 
sympathetic ganglia. In multiple system atrophy, alpha-synuclein 
aggregates are generally not observed (as in controls), with a few 
exceptions. Dotted lines indicate degeneration of THir axons.9

Reprinted from Brain (Orimo S, et al. Axonal �-synuclein aggregates herald 
centripetal degeneration of cardiac sympathetic nerve in Parkinson’s disease. 

Brain 2008; 131:642–650) by permission of Oxford University Press.  

Control

Incidental 
Lewy body 
disease (a)

Parkinson 
disease

Multiple 
system 
atrophy

M
yo

ca
rd

iu
m

Incidental 
Lewy body 
disease (b)

FIGURE 1. Tyrosine hydroxylase immunoreactivity (THir) in 
epicardial nerve from (A) a control subject and (B) a patient with 
familial Parkinson disease due to duplication of the gene encoding 
alpha-synuclein (PARK4).6

With kind permission from Springer Science+Business Media: Acta Neuropathologica, 
“Cardiac sympathetic denervation in Parkinson’s disease linked to SNCA duplication,” 

vol. 116, 2008, 575–577, Orimo S, et al, fi gure 1. © Spring-Verlag 2008.
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To view original, see fi gure 1 
in Orimo et al.6
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ing. These concepts do not explain relatively selective 
nigrostriatal dopaminergic and cardiac noradrenergic 
denervation in PD. 

A potential explanation is that cytoplasmic 
catechol amine metabolites are autotoxins (Figure 3). 
The mechanisms of autotoxicity include spontaneous 
auto-oxidation, to form quinones and chromes leading 
to increased production of reactive oxygen species, and 
enzymatic oxidation.

Catecholamines in the neuronal cytoplasm undergo 
enzymatic oxidative deamination to form catechol-
aldehydes (dihydroxyphenylacetaldehyde [DOPAL] 
from dopamine), which are cytotoxic, as predicted by 
Blaschko more than a half century ago.10 DOPAL is 
detoxifi ed mainly by aldehyde dehydrogenase (ALDH). 
In the substantia nigra, aldehyde dehydrogenase 1A1 
(ALDH1A1) is the main isoform of ALDH, and post-
mortem studies have noted decreased nigral ALDH1A1 
gene expression11,12 and protein content13 in PD patients.  

All neurons express alpha-synuclein. Current con-
cepts about mechanisms also do not explain the rela-
tively selective aggregation of alpha-synuclein in cate-
cholaminergic neurons. Alpha-synuclein appears to play 
a role in the cycling of catecholamines across vesicular 
and cell membranes.14 

In the past year, a few important studies have been 
published related to autotoxicity of cytoplasmic cat-
echolamine metabolites and to pathogenic interactions 
with alpha-synuclein. In 2006, Mosharov et al reported 
that alpha-synuclein overexpression increases cytoplas-
mic dopamine concentrations in rat pheochromocytoma 
PC-12 cells.15 Recently, the same group, using intracel-
lular patch electrochemistry, directly measured cytoplas-
mic dopamine in cultured midbrain neurons and found 
that increases in dopamine and its metabolites are neu-
rotoxic, whereas manipulations that reduce cytoplasmic 

dopamine are neuroprotective (Figure 4).16 Levodopa 
(l-dopa) increased cytoplasmic dopamine more in sub-
stantia nigra neurons than in ventral tegmental neurons, 
suggesting that this difference might help explain the 
greater susceptibility of nigral neurons to the pathoge-
netic process. The greater buildup of cytoplasmic dopa-
mine seemed to depend on dihydropyridine-sensitive 
calcium (Ca2+) channels. Finally, dopaminergic neurons 
lacking alpha-synuclein were resistant to l-dopa–induced 
cell death. These fi ndings led the authors to propose a 
“multiple-hit” model (Figure 5) in which interactions 
between intracellular ionized calcium, cytoplasmic 
dopamine, and alpha-synuclein underlie susceptibility of 
nigral neurons in PD.16 

Burke et al added a potentially important clue, 
demonstrating that DOPAL potently oligomerizes and 
aggregates alpha-synuclein.17 This fi nding introduces 
the possibility of multiple pathogenetic positive feed-
back loops. 

Under resting conditions, most catecholamine turn-
over results from leakage from vesicular stores into the 
cytoplasm and subsequent oxidative deamination by 
monoamine oxidase. Ordinarily, however, catechol-
amines in the cytoplasm are effi ciently recycled back 
into the vesicles via the type 2 vesicular monoamine 
transporter (VMAT-2). Accordingly, interference with 
VMAT functions would be expected to tend to build up 
cytoplasmic catecholamines, with potentially cytotoxic 
consequences. In 2007, Caudle et al reported that mice 
with severely decreased VMAT-2 have aging-associated 
decreases in striatal dopamine that begin in the terminal 
fi elds, alpha-synuclein deposition in substantia nigra 
neurons, and l-dopa–responsive behavioral defi cits.18 
More recently the same group noted nonmotor signs 
associated with PD in VMAT-2–defi cient mice, such 
as anosmia, gastrointestinal hypomotility, sleep distur-

FIGURE 3. According to the monoamine 
aldehyde hypothesis, interference with the 
vesicular recycling of cytoplasmic monoamines 
(dopamine [DA], norepinephrine [NE], and 
serotonin [5-HT]) augments formation of toxic 
aldehydes. For instance, DA that leaks from 
vesicles (V) into the cytoplasm (C) or that is 
taken up via the cell membrane DA transporter 
(DAT) and escapes vesicular reuptake via the 
vesicular monoamine transporter (VMAT) is 
subject to oxidative deamination catalyzed by 
monoamine oxidase (MAO) to form the cate-
cholaldehyde DOPAL, which is toxic. DOPAL is 
detoxifi ed by ALDH to form DOPAC, the major 
metabolic route, or by AR to form DOPET, the 
minor metabolic route. Analogously, NE is 
converted to DOPEGAL, and 5-HT is converted 
to 5-HT-aldehyde (5-HTAld). 

ALDH = aldehyde dehydrogenase; AR = aldose/aldehyde reductase; C = cytoplasm; DA = dopamine; 
DAT = dopamine transporter; DHMA = dihydroxymandelic acid; DHPG = dihydroxyphenylglycol; DOPAC = 
dihydroxyphenylacetic acid; DOPAL = dihydroxyphenylacetaldehyde; DOPEGAL = dihydroxyphenylglycolaldehyde; 
DOPET = dihydroxyphenylethanol; NE = norepinephrine; 5-HIAA = 5-hydroxyindoleacetic acid; 5-HT = serotonin; 
MAO = monoamine oxidase; NET = cell membrane norepinephrine transporter; SERT = cell membrane serotonin 
transporter; V = vesicle; VMAT = vesicular monoamine transporter
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bances, anxiety, and depression.19 Since VMAT-2 serves 
to recycle not only dopamine but also norepinephrine 
and serotonin, this single abnormality could help explain 
loss of all three types of monoaminergic neurons in PD.

Finally, Pena-Silva et al recently tested whether sero-
tonin induces oxidative stress in human heart valves.20 
They showed that in heart valves from explanted 
human hearts not used for transplantation, incubation 
of homogenates of cardiac valves and blood vessels with 
serotonin increased generation of the superoxide free 
radical. Inhibitors of monoamine oxidase prevented 
this effect. Dopamine also increased superoxide levels 
in heart valves, and this effect was also attenuated by 

monoamine oxidase inhibition. These fi ndings fi t with 
the concept that the aldehydes produced by the action 
of monoamine oxidase on cytoplasmic monoamines 
generate toxic free radicals.

 VALIDITY OF POWER SPECTRAL ANALYSIS 
OF HEART RATE VARIABILITY TO INDICATE 
CARDIAC SYMPATHETIC TONE

Power spectral analysis of heart rate variability is simple, 
relatively inexpensive, noninvasive, and widely used to 
indicate cardiac sympathetic “tone” or sympathovagal 
“balance.” Almost 2,000 studies to date have used this 
modality. Relatively increased cardiac sympathetic 
tone, refl ected by low-frequency (LF) power or the ratio 
of LF power to high-frequency (HF) power, is an adverse 
prognostic sign in a variety of conditions. Nevertheless, 
the validity of LF power, or the LF:HF ratio, as an index 
of cardiac sympathetic tone remains unsettled.

In 2007 we assessed the validity of power spectral 
analysis rather directly, by taking advantage of our 
ability to delineate cardiac sympathetic innervation. 
We compared LF power in patients with cardiac sym-
pathetic denervation, indicated by low myocardial 
levels of 6-[18F]fl uorodopamine–derived radioactivity or 
low rates of norepinephrine entry into coronary sinus 
plasma (cardiac norepinephrine spillover), with val-
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FIGURE 4. Cell survival and cytoplasmic dopamine are inversely 
related, according to a murine model by Mosharov et al.16 Graph 
shows the dependence of cell survival under L-dopa–induced stress 
on the cytoplasmic dopamine (DAcyt) dose in mouse neurons. The 
DAcyt dose was estimated as:

[DAcyt] � TExposure = [DAcyt] � Ln([L-dopa]/K0.5)/k,
where [DAcyt] is the concentration of cytosolic DA in cells treated 
with a saturating level (> 50 �M) of L-dopa for 1 hour, where 
[L-dopa] is the initial drug concentration, and where K0.5 = 9.7 �M 
and k = 0.15 hr–1 are the kinetic constants. TExposure approximates 
the time during which extracellular L-dopa remained higher than 
K0.5. The data points are (from left to right): fi lled circles—ventral 
midbrain cultures treated with 25, 100, 250, 500, and 1,000 �M 
L-dopa alone; open circles—ventral midbrain neurons treated with 
250 �M L-dopa in the presence of benserazide, methamphetamine, 
reserpine, pargyline, and pargyline + reserpine; diamonds—ventral 
tegmental area and substantia nigra neurons; triangles—striatal 
and cortical neurons treated with 250 �M L-dopa. Dotted lines and 
shaded boxes represent mean ± SEM in untreated cells. The solid 
line is the linear fi t of all data points, excluding striatal and cortical 
neurons and the two data points indicated by the asterisk. Treat-
ments to the right of this line are neuroprotective, as the same level 
of cell death is achieved with higher DAcyt doses; treatments to the 
left of this line are more susceptible to DAcyt stress.

Reprinted from Neuron (Mosharov EV, et al. Interplay between cytosolic dopamine, 
calcium, and �-synuclein causes selective death of substantia nigra neurons. 

Neuron 2009; 62:218–229), Copyright © 2009, with permission from Elsevier. 
www.sciencedirect.com/science/journal/08966273

FIGURE 5. The “multiple-hit” model of Parkinson disease patho-
genesis,16 which holds that neurotoxicity is a result of multiple 
factors, including the presence of alpha-synuclein (�-syn), elevation 
of cytoplasmic calcium (Ca2+), and buildup of cytoplasmic dopamine 
(DAcyt) and its metabolites. Nonexclusive toxic steps may result from 
(1) mechanisms that require direct interaction between DA or its 
metabolites with �-syn, such as DA-modifi ed stabilization of �-syn 
protofi brils or inhibition of chaperone-mediated autophagy, or 
(2) cumulative damage from multiple independent sources. Reduc-
ing the levels of any of the three players provides neuroprotection. 
(AADC = aromatic L-amino acid decarboxylase; DOPAL = dihydroxy-
phenylacetaldehyde; TH = tyrosine hydroxylase)

Reprinted from Neuron (Mosharov EV, et al. Interplay between cytosolic dopamine, 
calcium, and �-synuclein causes selective death of substantia nigra neurons. 

Neuron 2009; 62:218–229), Copyright © 2009, with permission from Elsevier. 
www.sciencedirect.com/science/journal/08966273  
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ues in patients with intact innervation. LF power was 
unrelated to myocardial 6-[18F]fl uorodopamine–derived 
radioactivity or cardiac norepinephrine spillover, but it 
was related to barorefl ex-cardiovagal gain. Patients with 
a low barorefl ex-cardiovagal gain had low LF power, 
regardless of cardiac innervation. From these fi ndings 
we concluded that LF power refl ects barorefl ex function, 
not cardiac sympathetic innervation.21

Recently Baumert et al also examined the relationship 
between indices from power spectral analysis of heart rate 
variability and cardiac norepinephrine spillover.22 They 
found, as we did, that none of the standard heart rate 
variability parameters was correlated with cardiac norepi-
nephrine spillover (Figure 6). The same group reported a 
positive correlation between the heart rate–corrected QT 
interval and cardiac norepinephrine spillover.23 Among 
patients with major depression, the distribution of car-
diac norepinephrine spillover seemed bimodal. Overall, 
cardiac norepinephrine spillover was not increased, 
although a subgroup had clearly increased spillover.

In congestive heart failure, barorefl ex-cardiovagal 
gain tends to be low and cardiac sympathetic outfl ow 
markedly increased, yet the LF:HF ratio is not increased 
during supine rest.24,25 It therefore appears that power 
spectral analysis of heart rate variability may provide a 
measure of barorefl exive modulation of autonomic out-
fl ows to the heart but not a measure of those outfl ows 
themselves. The search continues for a valid, noninva-
sive means to assess cardiac sympathetic function.
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 ABSTRACT
The nervous system and cardiovascular system have long 
been known to interact. Only more recently, however, 
have the mechanisms driving this interaction become 
more clearly understood. Although many psychological 
disturbances, including depression and anxiety, are known 
to predict poor outcomes in patients with cardiovascular 
disease, other neurologic disturbances, such as migraine 
and stroke, have been connected to poor cardiovascular 
outcomes as well. Although these connections were tra-
ditionally thought to be due to shared risk factors, recent 
research has focused on pathophysiologic mechanisms 
underlying these interactions, including neuroendocrine 
dysregulation, genetic predisposition, and vascular 
dysfunction. 

T he complex interaction between the nervous 
system and cardiovascular (CV) health is well 
recognized. In addition to stroke, migraine, and 
other disorders, the focus has shifted to depres-

sion and related negative-affect states including anxiety, 
chronic stress, posttraumatic stress disorder, and social 
isolation. Although all of these conditions have been 
linked to poor CV health, the mechanisms responsible 
for this brain-cardiovascular interaction have been 
poorly understood until recently. 

At fi rst, it appeared that the link between CV disease 
and such states as depression and anxiety was mediated 
by a clustering of shared risk conditions such as smoking, 
high low-density lipoprotein cholesterol, and obesity. As 
more research uncovered the pathophysiologic mecha-
nisms underlying these negative-affect states, however, 
it became apparent that some of these mechanisms 
overlapped with those leading to vascular dysfunction 
(Figure 1). For instance, regulation of neurotransmitters 
such as serotonin is known to play a key role in mood 

dysfunction as well as in sleep and appetite, but only 
recently has this regulation been identifi ed as an impor-
tant component in moderating platelet function as well. 
Several other common pathways have been identifi ed, 
including the hypothalamic-pituitary-adrenal (HPA) 
axis, endothelial progenitor cell (EPC) regulation, and 
infl ammatory cell dysfunction. The role of genetic pre-
disposition as a common factor leading to psychological 
and vascular dysfunction has been studied as well. In 
addition, research has recently expanded to examine 
other forms of central neurologic dysfunction besides 
mood, including stroke and migraine, and their connec-
tion with CV health. 

This paper reviews a sample of the more recent advances 
in our understanding the pathophysiologic mechanisms 
underlying this complex brain-vascular interaction—
including the roles of genetic predisposition, endothelial 
cell dysfunction, and endocrine dysregulation—and dis-
cusses future directions for research in this area. 

 GENETIC PREDISPOSITION 
Increasing evidence highlights the importance of genetic 
predisposition in both psychological dysfunction and 
CV disease. The importance of common genetic vari-
ability in these two conditions originated from studies 
of twins that established that both depression and coro-
nary artery disease (CAD) tended to run in families. 
However, recent studies focused on identifying specifi c 
genes that may link depression/negative affect and CAD 
through various pathways related to platelet reactivity, 
infl ammation, and autonomic nervous system regula-
tion, among many others. A candidate gene study by 
McCaffery et al1 sought to identify specifi c genes infl u-
encing depressive symptoms in CAD patients. Genes 
were selected based on their role in biologic pathways 
involved in infl ammation, platelet activation, and the 
HPA axis and sympathetic nervous system. Among 
the 59 genes analyzed, the strongest associations were 
between markers involved in endothelial dysfunction 
and platelet aggregation—specifi cally, the involvement 
of von Willebrand factor in platelet recruitment and of 
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vascular cell adhesion molecule–1 in recruitment and 
adhesion of infl ammatory cells to injured endothelium. 
Other recent studies have analyzed the role of various 
genes in mediating neurologic and CV dysfunction. 

Serotonin: A multitude of cardiovascular effects
Serotonin (5-HT) is best known as a neurotransmitter 
involved in mood regulation, but it also directly affects 
endothelial cells and vascular smooth muscle. Human 
brain microvascular endothelial cells have 5-HT2A 
receptors, which are thought to be involved in blood-
brain traffi cking.2 Polymorphisms in this receptor have 
been associated with impaired glucose tolerance and 
type 2 diabetes.3 

However, the role of serotonin within the CV system 
has only recently been realized. Along with its associated 
serotonin transporter (SERT), serotonin has been best 
studied within the CV system for its role in development 
of pulmonary hypertension via vasoconstricton. However, 
serotonin and SERT exhibit other effects on the CV sys-
tem, including regulation of factors involved in vascular 
integrity, such as platelet activity, endothelial dysfunction, 
and smooth muscle cell and endothelial cell mitogenesis. 
Serotonin is stored peripherally in platelets and, when 
released at sites of endothelial damage, promotes platelet 
aggregation. Cardiomyocytes also are a source of serotonin 
within the heart, resulting in positive chronotropy, posi-
tive inotropy, and activation of mitogen activity.4

Serotonin also affects endothelium through effects on 
bone marrow production of EPCs. It has been shown in 
mice to increase the proliferative activity of hematopoi-
etic stem cells in the bone marrow via 5-HT2 receptors.5 
Serotonin is a mitogen for canine and bovine endothe-
lial cells6 and has also been shown to enhance ex vivo 
expansion of CD34+ hematopoietic stem cells in mice.7 
It also seems to have an effect on regulation of infl amma-
tory cytokines by regulating different secretory pathways. 
Activity of several different serotonin receptors, includ-
ing 5-HT2A, 5-HT4, and 5-HT7, inhibits tumor necrosis 
factor production in peripheral cells.8

Insights from genetic analysis of SERT
These areas of recent research continue to highlight the 
importance of serotonin within the CV system, and its 
overlapping role in depression and other forms of psy-
chological dysfunction underscores the importance of 
understanding its regulation. 

The best-studied component of serotonin regulation is 
SERT, a sodium-dependent transporter that removes sero-
tonin from outside the cell, bringing it back into the cell 
for repackaging. It is recognized as the site of action of the 
selective serotonin reuptake inhibitors (SSRIs). 

Analysis of the serotonin transporter gene has tradi-
tionally focused on polymorphisms within the promoter 
region (5-HTTLPR). Two common alleles, the long (L) 

and short (S) variants, are the best characterized. The 
S variant is associated with a lower expression of SERT, 
leading to reduced uptake and release of serotonin. The 
SS genotype of SERT has been linked to major depres-
sive disorder9 and to increased risk of subsequent cardiac 
events after myocardial infarction (MI).10 

A study of the effects of environmental stress and gen-
der on associations between depression and 5-HTTLPR 
found that this link varied according to gender and 
stressful life events.11 Specifi cally, women with the SS 
genotype, which leads to less transcriptional activity of 
5-HTTLPR, tended to be more susceptible to depression 
under stressful life conditions. However, in men the LL 
genotype was associated with increased transcriptional 
activity and the same increased susceptibility to depres-
sion.11 Expression of the LL genotype also resulted in 
upregulation of SERT, leading to higher MI risk.12 

Another study investigated the relationship between 
genetic variability in two serotonin-related gene poly-
morphisms and found that the 5-HTTLPR gene poly-
morphism was associated with adverse cardiac events 
after coronary artery bypass graft surgery in combination 
with depression, specifi cally in patients with the L allele 
compared with SS.13 

Humans who possess the L variant of the SERT 
protein have more rapid platelet serotonin uptake.14 
Inhibitors of SERT have been shown to reduce platelet 
serotonin content, leading to disruption of thrombosis 

FIGURE 1. Neurologic and psychological disorders share some 
overlapping pathophysiologic mechanisms with vascular disorders. 
(5-HTTLPR = serotonin transporter-linked promoter region; EPCs = 
endothelial progenitor cells; HPA = hypothalamic-pituitary-adrenal)
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and increased bleeding due to inhibition of serotonin 
reuptake. A study in middle-aged men also found that 
genetic variability within SERT was associated with 
increased depressive symptoms and elevated levels of 
interleukin-6, a marker of infl ammation.15 This indicates 
a common source of genetic vulnerability accounting for 
both depression and infl ammation, and could help to 
explain the increased risk of CV disease in patients with 
depression.15 

Mental stress–induced myocardial ischemia
The association between mental stress and activation 
of the sympathetic nervous system is well established. 
Stress leads to increases in blood pressure and heart 
rate. In patients with CAD, mental stress–induced 
myocardial ischemia (MSIMI) is a well-characterized 
phenomenon whereby ischemia is provoked by psycho-
logical stress. Sympathetic nervous system activation 
from stressful life events can increase vulnerability to 
CV outcomes such as MI, arrhythmias, and sudden car-
diac death. MSIMI has been identifi ed as a risk factor for 
poor outcomes in patients with known CAD. Proposed 
mechanisms include mismatch of myocardial blood sup-
ply and demand, as well as coronary spasm. 

A recent study by Hassan et al evaluated associations 
of beta1-adrenergic receptor gene (ADBR1) polymor-
phisms with MSIMI in CAD patients.16 The researchers 
found a threefold increase in MSIMI in patients with 
a particular allele of the ADBR1 gene. This is the fi rst 
report to highlight a specifi c genetic predisposition to 
susceptibility to MSIMI; it could help explain why some 
patients are at increased risk and also suggest targeting 
specifi c behavioral or pharmacologic therapies to reduce 
MSIMI. 

 ENDOTHELIAL DYSFUNCTION
Dysfunctional endothelium is important in the link 
between neurologic dysfunction and CV disease. Circu-
lating EPCs have been recognized as playing an impor-
tant role in maintaining vascular health. These cells 
originate in the bone marrow and may be identifi ed by 
their surface markers and various functional character-
istics. They have been shown to be a key part of the pro-
cess involved in repair of biologic risk factor–mediated 
damage to endothelium and are reduced and/or dysfunc-
tional in patients with CV risk factors such as tobacco 
use, diabetes, and hypertension. Low EPC levels have 
also been found in patients with cerebrovascular disease 
and are key in vascular neogenesis after ischemic insult. 

Genetic effects on endothelium in migraine and stroke
A more recent area of interest in brain and cardiovas-
cular health has been the role of EPCs in migraine, 
which is often debilitating. The association between 
migraine and increased risk of depression,17 as well as 

stroke and MI, has been well recognized. A recent study 
by MacClellan et al evaluated whether polymorphisms 
in genes regulating endothelial function and vascular 
tone infl uenced susceptibility to migraine and stroke 
in a large subset of young women.18 Analyzed genes 
included endothelin-1 (EDN), endothelin receptor type 
B (EDNRB), and nitric oxide synthase-3 (NOS3). Sev-
eral polymorphisms within these genes were associated 
with stroke in white women but not in black women. 
However, the study did not show whether the associa-
tion between migraine and stroke was mediated by the 
polymorphisms studied from the candidate genes. Oth-
ers have found no association with EDNRB but found 
that the homozygous minor genotype (present in 5% of 
cases) of the EDNRA SNP rs2048894 showed associa-
tion with migraine with aura (odds ratio [OR] = 1.61, 
95% confi dence interval [CI], 1.12–2.32; P = .010] 
when adjusted for gender and sample origin.19 Early age 
at onset (< 20 years) also was associated with rs2048894 
(OR = 1.69, 95% CI, 1.13–2.54; P = .011) in the pooled 
sample.19 Studies on larger samples will be needed to 
confi rm these fi ndings. 

Depression may alter endothelial homeostasis
One mechanism by which depression may lead to 
increased CV disease risk is through effects on endothe-
lial homeostasis. Several studies have found an associa-
tion between depression and attenuated fl ow-mediated 
vasodilation. However, it has been postulated that this 
effect was mediated by atherosclerosis, as these studies 
were performed in older cohorts. To evaluate this asso-
ciation without the possibility of confounding severe 
atherosclerosis, a recent study evaluated this association 
in adolescent women with no known health problems.20 
Regression analysis demonstrated a signifi cant inverse 
relationship between depression and endothelial func-
tion as measured by pulse-wave amplitude. Most patients 
in this study had evidence of subclinical depression, 
suggesting that even those with mild symptoms can 
have endothelial dysfunction.20 These fi ndings provide 
evidence to suggest that there may be some factors that 
underlie the vascular dysfunction associated with both 
depression and early subclinical atherosclerosis. 

Focus on endothelial progenitor cells
EPCs from bone marrow and likely other sites (eg, 
spleen, perivascular omentum, liver, mesentery) play an 
important role in maintaining vascular integrity. The 
interaction between the bone marrow, nervous system, 
HPA axis, and progenitor cells, together with the effect 
of this interaction on vascular integrity, has become an 
area of increasing research. Specifi cally, the sympathetic 
nervous system has been identifi ed as playing an impor-
tant role in progenitor cell egress from the bone marrow. 
Mice with abnormal nerve conduction produce virtu-



CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010    S43

PARK AND PEPINE

ally no progenitor cells when treated with granulocyte 
colony-stimulating factor.21 

Psychosocial factors infl uence activation of the sym-
pathetic nervous system. An innovative recent study 
examined the effect of psychosocial determinants on 
bone marrow–derived progenitor cells; the psychosocial 
variables and progenitor cell counts were associated 
independently from traditional biological and behav-
ioral risk factors.22 This is one of the fi rst studies to 
examine the effect of psychosocial stressors on progeni-
tor cells and should open the way for further research 
exploring this association and its effects on CV health. 

Another area of interest has been the ability of pro-
genitor cells to aid in repair after neurologic damage 
following vascular insult. Two areas related to progeni-
tor cells have been stroke and migraine, which is a risk 
factor for stroke as well as depression.23 Compared with 
patients with tension headaches, patients with migraines 
(with and without aura) had lower levels of EPCs, with 
the lowest levels observed in migraine patients with 
aura (Figure 2).24 The EPCs in patients with migraine 
with and without aura also showed reduced migratory 
capacity and increased senescence.24 

Another study examined the relationship between 
EPCs and ischemic stroke, fi nding that an increase in 
circulating EPCs after acute ischemic stroke was associ-
ated with better outcomes and reduced infarct growth 
(Figure 3).25 This suggests that EPCs may play an impor-
tant role in neurovascular repair after ischemic insult. 

A different study evaluated EPC levels in individuals 
with age-related white matter changes.26 These white 
matter changes, measured on computed tomography 
or magnetic resonance imaging, correlate with micro-
vascular pathology mainly within the elderly and are 
associated with increased risk of stroke and cognitive 
impairment such as dementia. In the study, circulating 
levels of EPCs were found to be signifi cantly lower in 
patients with severe age-related white matter changes 
(Figure 4).26 This suggests that defects in endothelial 
repair are linked to small-vessel cerebrovascular disease. 

Platelet activity
Platelets play a critical role in endothelial hemostasis. 
Alterations in platelet function have been hypothesized 
as a mechanism by which depression may lead to CV 
disease.27 A recent study analyzed the effects of persistent 
depressive symptoms on platelet activation in a cohort 
of spousal dementia caregivers.28 P-selectin, measured as 
an index of platelet activation, and depression, mainly 
in the subclinical range, were associated with elevated 
platelet reactivity and recovery. This may be one mecha-
nism by which elderly caregivers are at risk of CV disease 
even without evidence of clinical depression. 

Serotonin is also known for its effect on platelet func-
tion and vascular tone and is one of the main targets of 
antidepressant therapy. Several studies have analyzed 
the effect of depression treatment with SSRIs on platelet 
function. An initial analysis from the SADHART trial 
in 2003 found that in depressed patients treated with 
sertraline after acute coronary syndrome, reductions in 
platelet/endothelial activation occurred despite concur-
rent treatment with antiplatelet drugs, including aspirin 
and clopidogrel.29 This suggests that the antiplatelet 
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properties of sertraline differ from those of aspirin and 
other antiplatelet therapies. A study by van Zyl et al30 
yielded similar results with a different SSRI, citalopram, 
along with enhanced production of nitric oxide. 

 HORMONES, NEGATIVE AFFECT, AND CV DISEASE

Patients with CAD have different patterns of cortisol 
excretion compared with controls. A dysfunctional HPA 
axis has been implicated, leading to a failure in contain-
ing infl ammatory activity.31 In healthy older patients 
without known CAD, heightened cortisol reactivity 
is associated with a greater extent of coronary artery 
calcifi cation.32 Cynical hostility is also associated with 
CAD, but the mechanism is unclear. Higher levels of 
cynical hostility were associated with attenuation of the 
decreasing phase of the cortisol awakening response.33 
Another recent study also found a higher cortisol awak-
ening response and a larger ratio of total cholesterol to 
high-density lipoprotein cholesterol in response to stress 
in socially isolated men.34 

Although cortisol is the most studied end product 
of the HPA axis, aldosterone is also released. Recent 
research has focused on the role of aldosterone in CV 
injury through its increase in superoxide generation 
and its upregulation of genes involved in infl ammation, 
fi brosis, and atherosclerosis.35,36 Several studies have 
demonstrated the increased incidence of CV disease, 
including atrial fi brillation, stroke, and MI, among 
patients with primary hyperaldosteronism compared 
with patients with similar blood pressure elevations.37,38 
Continued evidence supports the importance of the 
endocrine pathways in modulation of CV disease, and 
future research should continue to explore the role of 
various hormones in this interaction. 

 DIRECTIONS FOR FUTURE RESEARCH
Although advances have been made in understanding 
the pathophysiologic mechanisms involved in inter-
actions between the nervous system and CV disease, 
many factors have yet to be completely understood. For 
example, the role of gender in the interaction between 
psychological distress and heart disease is an area of 
increasing discussion. CV disease is a signifi cant cause of 
morbidity and mortality among women, who are also at 
increased risk of depression and anxiety as well as stroke 
and migraine. Recent literature supports the concept 
that signifi cant biologic differences exist in the effect of 
stress and depression on men and women. A recent study 
in mice found that a lifelong increase in SERT function 
decreased constitutive cerebral metabolism in a number 
of brain regions, and that this effect was signifi cant only 
in females.39 Gender differences also appear to exist in 
the effi cacy of antidepressant therapy.11 Although these 
differences have been observed, it remains unclear 
whether they primarily are due to obvious hormonal dif-
ferences or to differences in genetic predisposition. 

Stem cell therapy—for stroke and perhaps even for 
migraine and other disorders—is another area of poten-
tial future research. In CV disease, bone marrow–derived 
EPCs have been used in the post-MI setting and for heart 
failure. Injured endothelium presents a similar target 
for endothelial repair with cell therapy in stroke and 
migraine as well. Continued research in these areas will 
provide new insights into this brain-vascular interaction 
and could help provide new directions for treatment in 
the future. 
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 ABSTRACT
New reports have emerged exploring the use of electri-
cal stimulation of peripheral nerves in patients for the 
treatment of depression, heart failure, and hypertension. 
Abolishing renal sympathetic nerve activity in resistant 
hypertension has also been described. Since nerve bundles 
carry a variety of signals to multiple organs, it is necessary 
to develop technologies to stimulate or block targeted 
nerve fi bers selectively. Mathematical modeling is a major 
tool for such development. Purposeful modeling is also 
needed to quantitatively characterize complex heart-brain 
interactions, allowing an improved understanding of physi-
ological and clinical measurements. Automated control of 
therapeutic devices is a possible eventual outcome.

B iomedical engineering is a rapidly growing fi eld, 
as indicated by a recent threefold increase in the 
number of students enrolled in the more than 
80 programs granting biomedical engineering 

degrees.1 The fi eld is known primarily for contribut-
ing to the development of devices that aid diagnosis 
(such as chemical sensors and medical imagers) or help 
to restore lost function (such as pacemakers, cochlear 
implants, and artifi cial limbs). At the same time, bio-
medical engineering has also contributed to the under-
standing of physiology and is now a participant in the 
more recent molecular- and cellular-based discoveries 
and their potential clinical applications.

This article reviews the contributions of biomedical 
engineering to heart-brain medicine and looks ahead 
to where its future contributions may be expected. The 
focus is on the autonomic control of the heart, with spe-
cial emphasis on stimulating or blocking the activity of 
peripheral nerves for therapeutic purposes.

 AUTONOMIC MECHANISMS
One way biomedical engineering has contributed to 
heart-brain medicine is through systems physiology, 
attempting to characterize complex cardiac control 

mechanisms by mathematical models ranging from the 
relatively simple to the very complex.2 In particular, 
investigation of the effect of the baroreceptor refl ex 
(barorefl ex) on heart rate led to recording of efferent 
vagal activity, demonstrating that the respiratory varia-
tions in heart rate are attributable to complete stoppage 
of vagal efferent activity, at least in anesthetized dogs.3 
The results suggested that respiratory sinus arrhythmia 
was a measure of parasympathetic cardiac control.4 
Extensive further work investigated heart rate variabil-
ity in humans, resulting in the generally accepted con-
cept that rapid variations in heart rate are primarily due 
to the parasympathetic nervous system, while slower 
variations are primarily due to sympathetic contribu-
tions.5 It has been amply demonstrated that in a variety 
disease states, a high degree of parasympathetic control 
is correlated with improved outcome.6,7

Heart rate variability: Much is still unknown
Because heart rate variability is derived through analy-
sis of easily recorded single-lead electrocardiograms 
(ECGs), techniques are still being described for deter-
mining the degree of variability.8–10 Measurements may 
be based on heart rate or heart period (interbeat inter-
val); they may be made during spontaneous, deep, or 
timed periodic breathing; and the recordings may last 
for a few minutes or for 24 hours. The results are rarely 
reported for different states, yet variability depends on 
whether the subjects are awake, in quiet sleep, or in 
REM sleep.11

The present incomplete understanding of the physi-
ological basis and clinical signifi cance of heart rate 
variations makes it diffi cult to judge what the optimum 
measurement is. For example, recent publications have 
still debated whether the respiratory variations are pri-
marily of central origin or a result of the barorefl ex.12,13 

The reviewed evidence leaves little doubt that most 
respiratory variations are caused by vagal modulation 
induced by breathing, independently of the barorefl ex. 
On the other hand, breathing affects blood pressure and 
thus must have some infl uence on heart rate through 
the barorefl ex as well. These effects are likely to be 
important when considering low-frequency variations.14 
It also has been suggested that the branch of the vagus 
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that contributes to the slow variations may be different 
from the one responsible for the rapid changes.15 

A role for mathematical modeling
Untangling the above relationships requires at least an 
approximate physiologically based quantitative model 
of the entire system. What is the “entire system”? It 
includes all components that signifi cantly affect the clin-
ical condition or physiological/biological phenomenon 
studied. Developing such models is challenging since 
they can be misleading if they are too simple. However, 
if they are too complex, they may obscure rather than 
illuminate. Even though mathematical modeling has 
been a major component of biomedical engineering for 
decades, there is still great need for physiological and 
clinical studies that are aided by biomedical engineers 
with mathematical skills and a discerning eye toward 
the life sciences.

For example, following numerous previous efforts to 
develop models of cardiorespiratory control systems, a 
model has been developed to describe changes in heart 
rate, stroke volume, and blood pressure caused by disor-
dered breathing during sleep.16 The model was initially 
tested in animals but recently has been evaluated in 
children with obstructive sleep apnea.17 It was found to 
be more effective in identifying and characterizing car-
diac control abnormalities than was spectrum-derived 
variability of heart rate or blood pressure alone. 

To enhance the usefulness of heart rate variability 
as a clinical tool, it is necessary to go beyond observ-
ing that decreased high-frequency heart rate variations 
are ominous in a particular disease state because there 
is an “imbalance” of autonomic control. This gives the 
physician little guidance as to what to do. Should he 
or she treat the brain to get more parasympathetic out-
fl ow? Should attention be concentrated on making the 
heart more tolerant to the imbalance? Or should both 
approaches be tried?

In addition to the building of models, biomedical 
engineers can also contribute to heart-brain medicine 
by developing sensors that can measure appropriate 
physiological variables in animal experiments—and 
eventually in humans. Such variables include neural 
activity and chemical signals controlling the heart, as 
well as neural and chemical signals that arise from the 
heart and are sensed by the brain. These variables must 
be included in any model for a comprehensive charac-
terization of heart-brain interactions.

 NEURAL INTERVENTIONS
A second and complementary way in which bioengineer-
ing can contribute to heart-brain medicine is through the 
development and evaluation of technology that applies 
selective electrical, chemical, or mechanical stimulation 

to the physiological system. External interventions may 
have therapeutic effects even though the underlying 
physiological mechanisms are not fully understood. For 
example, deep brain electrical stimulation is increasingly 
used or explored to treat epilepsy, Parkinson disease, 
and depression.18,19 The development of technology to 
deliver drugs locally is advancing rapidly and is almost 
certain to play a major role in exploring heart-brain 
interactions. The remainder of this paper concentrates 
on interventions applied through peripheral nerves. 

Vagal stimulation
A major recent development is the demonstration that 
vagus nerve stimulation may have benefi cial effects. The 
vagus nerve is large, easily accessible, and well studied. 
Its afferents carry sensory information from the periph-
ery to the brain, while its efferents provide central con-
trol of numerous organs, including the heart (Figure 1). 

FIGURE 1. The vagus nerve innervates numerous organs in addition 
to the heart. 

Table 13.2X, p. 507, from Human Anatomy and Physiology, 
7th ed., by Elaine N. Marieb and Katja Hoehn. Copyright © 2007 

by Pearson Education, Inc. Reprinted by permission. 
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Because of its accessibility, it can be easily stimulated. 
Vagal stimulation is being used to treat epilepsy, 

but now it is also being explored for the treatment of 
drug-resistant depression and chronic migraine.20,21 The 
intensity, frequency, pulse width, and train duration of 
the apparently single-channel stimulation are set tele-
metrically. Preliminary data indicate a long-term success 
rate of about 20% for depression20 and improvement in 
2 of 4 patients with chronic migraine.21 Side effects 
include discomfort caused by the electrical stimulation 
and vocalization impairments.

The modesty of the success in these trials was likely 
due in large part to the method of stimulation. Current 
preferentially stimulates large nerve fi bers as well as those 
closest to the electrode. Yet the vagus contains a variety 
of afferent and efferent nerves that have varying fi ber sizes 
at different distances from the stimulating electrode. The 
complex structure of peripheral nerves such as the vagus 
is schematically illustrated in Figure 2. Simple electrodes 
cannot control the location and function of the nerves 
that are actually stimulated. 

The selective stimulation of nerves has received 
much attention in rehabilitation engineering since elec-
trical activation of peripheral motor fi bers can restore at 
least some function in patents with spinal cord injury. 

The stimulation must be selective: different muscles to 
restore movement need to contract in the appropriate 
sequence and with appropriate intensity. Thus, fascicles 
of motor nerves innervating these muscles must be 
stimulated accordingly.

Electrodes have been developed in a variety of 
confi gurations for selectively activating the desired 
fi bers in a nerve bundle.22 Multiple electrodes around 
the nerve allow targeting of the desired fascicles and 
preferential stimulation of small nerve fi bers.23,24  Gen-
tly compressing the nerve using a fl at electrode sleeve 
enhances selectivity by increasing the surface area of the 
stimulated nerve.25 A tripolar sleeve electrode along the 
nerve (one cathode at the middle and an anode on each 
side) may be used to preferentially stimulate small fi bers 
by “anodal blockade” of the propagation of activity in 
large fi bers.26 Mathematical models of nerve excitation, 
combined with models of the tissue surrounding the 
nerve fi bers, show that positioning the anodes at differ-
ent distances from the cathode can generate unidirec-
tional propagation.27 Mathematical analysis also shows 
that the stimulating pulse should have a slowly decaying 
trailing edge to assure effectiveness of the blockade.27,28

Similar technologies are likely necessary for stimu-
lating the vagus for specifi c purposes. If the goal is to 
induce central effects, appropriate afferents should be 
stimulated. If the goal is to infl uence the heart directly, 
cardiac vagal efferents need to be stimulated without 
confounding the effect by also stimulating afferents. 
Since cardiac efferent fi bers are small and constitute 
only a small portion of vagal trunk,3 their stimulation 
requires special care to reverse the normal “largest fi rst” 
recruitment of stimulated fi bers.

The recently reported fi rst pilot study of vagal 
stimulation in heart failure patients used an electrode 
that seems to partially satisfy such requirements.29,30 

Although the details appear to be proprietary, the 
implantable electrical stimulator has multiple electrodes 
and induces anodal blockade to preferentially stimulate 
efferent rather than afferent nerve fi bers. 

In the pilot study, 8 patients received intermittent 
vagal stimulation (2 to 10 sec “on” and 6 to 30 sec “off”) 
of the right cervical vagus using a pulse delivered 70 
msec after each R wave of the ECG. The stimulating cur-
rent, limited by a threshold or the onset of side effects, 
was adjusted to achieve a heart rate reduction of 5 to 
10 beats/min. Patients were evaluated up to 6 months; 
no permanent side effects were reported. There was a 
modest improvement of cardiac function as judged by a 
reduction in left ventricular volumes, as well as a clear 
improvement in a measure of quality of life. The study 
shows feasibility and suggests further investigations.

The primary task seems to be optimization of 
stimulation parameters. Since natural vagal impulses 
are distributed through the cardiac cycle,3 artifi cial 

FIGURE 2. Schematic structure of a peripheral nerve. 
Figure 13.3b, p. 498, from Human Anatomy and Physiology, 

7th ed., by Elaine N. Marieb and Katja Hoehn. Copyright © 2007 
by Pearson Education, Inc. Reprinted by permission. 
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stimulation might be more effective if it emulated the 
natural fi ring pattern. Since long-term heart rate reduc-
tion was minimal, parameters might be tuned further 
to stimulate small cardiac efferent fi bers that may be 
far from the electrodes. Measurements of heart rate 
variability during controlled conditions may reveal 
the pacemaker’s responsiveness to vagal stimulation. 
Comparison of duty cycles (duration of “on” and “off”) 
may show whether the study’s choice, to some extent 
already mimicking the breathing-induced modulation 
of natural vagal activity, is most effective. Such stud-
ies to optimize effectiveness may be best performed in 
chronically instrumented animals. 

Baroreceptor stimulation
An extensively studied mechanism that modulates the 
autonomic nervous system is the baroreceptor refl ex that 
is known to be depressed in heart failure. Former efforts 
to use this refl ex therapeutically were recently revived 
in both animal experiments and human studies.31 For 
example, bilateral carotid sinus stimulation nearly 
doubled the survival time of dogs with pacing-induced 
heart failure.32 Although measures of left ventricular 
function, obtained while the stimulator was turned off, 
were similar in dogs with stimulated and unstimulated 
carotid sinuses, plasma norepinephrine was lower in the 
animals receiving stimulation. This suggests that carotid 
sinus stimulation led to a general decrease in sympa-
thetic activation. It is noteworthy that the stimulation 
was applied intermittently (9 min “on”, 1 min “off”) to 
avoid the resetting (or adaptation) of baroreceptors, a 
phenomenon that had led to the now-doubted tradi-
tional belief that the barorefl ex regulates only acute 
rather than long-term changes of blood pressure.2

Chronic bilateral baroreceptor stimulation was also 
applied in 21 patients with essential hypertension that 
could not be controlled by medication.33 Measurements 
were taken 1 month after implantation with the stimu-
lator turned off and 3 months after chronic stimulation 
with the stimulator on. Stimulation moderately reduced 
both blood pressure and heart rate; heart rate variability 
suggested an increase in parasympathetic activity and a 
decrease in sympathetic activity. 

Renal sympathetic ablation
Technology-based approaches encompass not only the 
stimulation of nerves but also the abolition of nerve 
activity. In an exploratory study, bilateral sympathetic 
denervation was performed in 45 patients with drug-
resistant hypertension.34 A catheter, introduced through 
the femoral artery, was positioned at the entrance of 
each renal artery. Sympathetic denervation was pro-
duced by radiofrequeny energy applied for a maximum 
of 2 minutes. The details of the technology appear pro-
prietary, complete ablation could not be ascertained, 

and both efferents and afferents are likely to have been 
stimulated. Nevertheless, the procedure appeared safe 
and resulted in a signifi cant reduction in both diastolic 
and systolic pressures over 12 months. In addition to 
lowering blood pressure, catheter-based sympathetic 
denervation might also prove therapeutic in heart fail-
ure and chronic kidney disease.  

 AUTOMATED CONTROL OF PHYSIOLOGIC VARIABLES
These initial experiences with baroreceptor stimulation, 
together with the results obtained by stimulating the 
vagus and ablating renal sympathetic nerves, indicate 
that device-based approaches may be useful additions 
to the treatment of drug-resistant hypertension and 
heart failure. The incorporation of control features that 
automatically respond to the changes in physiological 
states are natural extensions.35 As a recent example, in 
anesthetized dogs with heart failure and paced heart, 
systemic arterial pressure, cardiac output, and left atrial 
pressure were automatically regulated at set levels by a 
model-based infusion of nitroprusside, dobutamine, and 
volume expanders.36 When the heart rate was reduced, 
cardiac energetics (based on a reduction in left ventricu-
lar oxygen consumption) improved while the hemo-
dynamic variables remained constant.

 CONCLUSIONS
Biomedical engineering played a major role in linking 
measures of heart rate variation to sympathetic and 
parasympathetic contributions to cardiac control, as 
well as in demonstrating that the balance of control 
was correlated with a variety of disease states of heart 
and brain. However, much work remains to be done to 
fully realize the fi eld’s potential for aiding clinicians in 
preventing or treating diseases. Further studies, some 
to be performed in chronically prepared animals, are 
needed to quantitatively characterize the many inter-
acting mechanisms that determine cardiac function. 
Such studies would benefi t from recording naturally 
occurring neural activity to and from the brain, and are 
already starting to benefi t from the artifi cial electrical 
stimulation of nerves in both experimental animals and 
preliminary trials in patients.

The appropriate use of mathematical modeling is 
an essential tool for gaining in-depth understanding of 
physiological function. Mathematical modeling is also 
essential for developing stimulators that selectively 
stimulate those nerves that control the function to be 
infl uenced. The determination of stimulation param-
eters, based on understanding rather than on trial and 
error, is highly desirable. The use of “intelligent” stimu-
lators, automatically controlled by appropriate physi-
ological measurements, is an ambitious but achievable 
goal for improving human health. 
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 ABSTRACT
A signifi cant body of literature suggests that sudden 
unexpected death in epilepsy (SUDEP) has a cardiac 
mechanism. Although a correlation has been established 
between freedom from seizures and reduced SUDEP risk, 
the exact relationship between seizure outcomes fol-
lowing epilepsy surgery and SUDEP is still being studied. 
Emerging evidence suggests that seizure outcomes fol-
lowing epilepsy surgery and risk for SUDEP may both be 
governed by a common underlying biologic process linked 
to cardiac changes and autonomic dysregulation.

S udden unexpected death in epilepsy (SUDEP) 
is most often defi ned as the sudden, unexpected, 
nontraumatic, and nondrowning death of 
patients with epilepsy. The death may be either 

witnessed or unwitnessed, and may occur with or with-
out evidence of a seizure, excluding documented status 
epilepticus. In cases of defi nite SUDEP, postmortem 
examination does not reveal a structural or toxicologic 
cause of death.1 

The reported incidence of SUDEP ranges from 0.7 
to 1.3 cases per 1,000 patient-years in large cohorts of 
epilepsy patients2,3 and from 3.5 to 9.3 cases per 1,000 
patient-years in antiepileptic drug registries, medi-
cal device registries, and epilepsy surgery programs.4–6 
SUDEP is currently accepted as the most important 
epilepsy-related mode of death5,7 and is associated with 
standardized mortality ratios in patients with ongoing 
seizures as high as 24 to 40 times those of the general 
population.8 The exact mechanism or mechanisms lead-
ing to SUDEP remain unknown,1,5,9,10 and despite the 
identifi cation of several potential risk factors, elimina-
tion of seizures still represents the main intervention 
correlating with risk reduction.5,11

This review will fi rst discuss evidence for a cardiac 
mechanism of SUDEP, then review data traditionally 
used to support freedom from seizures following epi-
lepsy surgery as a method for reducing SUDEP risk, and 

fi nally examine recent evidence suggesting that both 
SUDEP and seizure outcomes following epilepsy surgery 
are governed by a common pathway with certain cardiac 
manifestations.

 CENTRAL AUTONOMIC NETWORK
A tightly interconnected neuronal network controls 
various elements of the cardiovascular autonomic sys-
tem. Consideration of a cardiac pathophysiology of 
SUDEP requires a fundamental understanding of this 
network (Figure 1).7,12,13 The insula, the anterior cin-
gulate gyrus, and the ventromedial prefrontal cortex are 
key to central cortical control of autonomic function. 
The insula represents the primary viscerosensory cor-
tex, whereas the cingulate gyrus and prefrontal cortices 
constitute the premotor autonomic region. At the sub-
cortical level, the hypothalamus provides an interface 
with endocrine stimuli and triggers autonomic responses 
to maintain homeostasis. The amygdala, which is an 
integral component of the limbic system that links the 
previously mentioned cortical and subcortical centers, 
mediates the autonomic response to emotions. Beyond 
their centrality to autonomic control, the insula, 
amygdala, cingulate gyrus, and prefrontal cortex also 
represent the most common foci of partial epilepsy, a 
fi nding that might explain the frequent observation of 
autonomic changes in relation to epileptic seizures.14

 EVIDENCE FOR A CARDIAC MECHANISM OF SUDEP
The most signifi cant and broadly discussed cardiac 
mechanism of SUDEP is cardiac arrhythmia brought 
about by seizure discharges acting through the auto-
nomic nervous system.5,7,15,16

Clinical evidence
A wide spectrum of cardiac arrhythmias—from ictal asys-
tole to atrial fi brillation to repolarization abnormalities 
to bundle branch blocks—has been reported during sei-
zures.14–19 In one study, ictal cardiac arrhythmias occurred 
in 42% of hospitalized epilepsy patients, the most com-
mon being an irregular series of abrupt rate changes near 
the end of the electroencephalographic (EEG) seizure 
discharge.17 In another study, R-R interval analysis dur-
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ing the fi rst 10-second period of EEG discharge showed 
a signifi cant early heart rate increase in 49% of seizures 
and an early heart rate reduction in 25.5%.18 

Certain clinical seizure characteristics have been cor-
related with the occurrence of ictal electrocardiographic 
(ECG) abnormalities. One study found that mean seizure 
duration was longer in patients with ECG abnormalities 

than in those without such changes.16 Others observed 
that ictal ECG abnormalities occurred more often and 
were more severe in generalized tonic-clonic seizures 
than in complex partial seizures.15,16,19 These same clini-
cal seizure characteristics were correlated with a higher 
risk of SUDEP,20 which suggests an interrelation among 
seizure semiology, ECG abnormalities, and SUDEP.

Afferent pathways Efferent pathways

Sympathetic ganglia

Anterior cingulate cortex

Thalamus

Insular cortex

Paraventricular nucleus

Lateral hypothalamic area

Amygdala

Periaqueductal gray matter

Parabrachial region

Nucleus tractus solitarius

Nucleus ambiguus

Ventrolateral medulla

Spinal medulla

Intermediolateral cell column

Carotid receptors

Arterial receptors

Atrioventricular node

Sinus node

CN X

CN IX

FIGURE 1. The cardiovascular autonomic system. Afferent pathways (violet tracings): The afferent loop of the cardiac autonomic system receives 
input from chemo- and baroreceptors in the carotid sinus (cranial nerve [CN] IX) and the aortic arch (CN X). Incoming visceral sensations are pro-
jected via lamina I of the spinal cord to the nucleus tractus solitarius and, from there, via the parabrachial region to the primary viscerosensitive 
cortex located in the insula. Efferent pathways (red tracings): The anterior cingulate and orbitofrontal cortex send projections to the hypothalamus 
and amygdala, but also to the autonomic centers within the brainstem: the periaqueductal gray matter, parabrachial nucleus, nucleus tractus solitar-
ius, nucleus ambiguus, and rostral ventrolateral medulla. Parasympathetic infl uence on the heart arises primarily from the nucleus ambiguus. Sympa-
thetic output receives tonic excitation from the ventrolateral medulla and projects from the intermediolateral cell columns to the cardiac conduction 
system and ventricle. Integrated response to emotion and stress (green arrows): The amygdala has reciprocal connections with the cerebral cortex 
and mediates autonomic response to emotions via projections to the hypothalamus and brainstem. The paraventricular nucleus of the hypothalamus 
controls internal homeostasis and innervates the autonomic relay centers in the rostral ventrolateral medulla, nucleus tractus solitarius, parabrachial 
nucleus, and preganglionic vagal and sympathetic neurons. Reprinted from Schuele et al,12 which was modifi ed from Britton and Benarroch.13  
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Additionally, direct evidence of seizure-related cardiac 
changes occurring specifi cally in SUDEP victims has come 
from a study that compared EEG and ECG data between 
21 SUDEP patients and 43 clinically similar historical 
controls with refractory partial epilepsy.15 The patients 
who eventually succumbed to SUDEP had a higher ictal 
maximal heart rate, a greater increase in heart rate with 
seizures arising from sleep, and a higher incidence of ictal 
cardiac repolarization and rhythm abnormalities.15

Experimental evidence
Electrical brain stimulation of the limbic system and 
insular cortex has repeatedly been shown to provoke 
heart rate changes, including bradycardia, tachycardia, 
and asystole.14 Some studies have even suggested a lat-
eralized infl uence of the insulae on cardiovascular auto-
nomic control, with intraoperative stimulation of the left 
posterior insula eliciting a cardioinhibitory response and 
hypotension, and with stimulation of the right anterior 
insula eliciting tachycardia and hypertension.7 Other 
studies have suggested that the limbic system has a local-
ization-related infl uence on cardiovascular responses, 
with stimulation of the amygdala alone being insuffi cient 
to produce the ictal tachycardia so commonly seen in 
epileptic seizures, which suggests that cortical involve-
ment is essential for the increase in heart rate.21 Such 
cortical stimulation–induced heart rate changes may 
explain how massive seizure-related discharges can affect 
cardiac rhythm during the seizure itself. 

There is also, however, evidence of a baseline epi-
lepsy-related autonomic dysfunction. Abnormalities in 
cardiac uptake of meta-iodobenzylguanidine (MIBG) 
have been demonstrated interictally in patients with 
chronic temporal lobe epilepsy relative to controls.22 A 
recent study specifi cally showed a pronounced reduction 
in cardiac MIBG uptake in patients who had ictal asys-
tole compared with other epileptic patients and nonepi-
leptic controls, a fi nding that suggests a postganglionic 
cardiac catecholamine disturbance in patients with 
epilepsy.23 The authors proposed that epilepsy-related 
impairment of sympathetic cardiac innervation limits 
adjustment and heart rate modulation, and may thus 
increase the risk of asystole and, ultimately, SUDEP.23 

 EPILEPSY SURGERY AND SUDEP RISK
The above fi ndings make it reasonable to postulate that 
recurrent uncontrolled seizures may lead to signifi cant 
cardiac changes—namely, arrhythmias—which may 
then lead to a higher risk of SUDEP. Successful epilepsy 
surgery, the treatment of choice for uncontrolled partial 
epilepsy, would eliminate seizures and would thus be 
expected to reduce SUDEP risk. 

Several studies support this hypothesis. Reductions in 
all-cause mortality and in SUDEP following successful 
epilepsy surgery have been observed when patients who 

became seizure-free after surgery were compared either 
with patients who had ongoing postoperative seizures 
or with patients with intractable epilepsy who did not 
undergo epilepsy surgery.11,24 In one study with a mean 
follow-up of 3.82 years, no deaths occurred among 199 
patients who were seizure-free following epilepsy sur-
gery, whereas there were 11 deaths—including 6 cases 
of SUDEP—among 194 patients who had persistent sei-
zures following epilepsy surgery.11 A separate study com-
pared 202 patients who underwent epilepsy surgery with 
46 patients with medically treated intractable epilepsy 
over a mean follow-up period of greater than 5.7 years.24 
In this study, death occurred in only 7% of the surgical 
patients compared with 20% of the medically treated 
patients, which suggests that epilepsy surgery (or lack 
thereof) may be an independent predictor of mortality. 
Favorable outcome was linked closely to seizure control, 
as 81% of the patients who died had 2 or more seizures 
per year at last follow-up, compared with only 47% of 
survivors in the overall cohort.24

Complete seizure resolution—not just reduction— 
seems necessary for SUDEP risk reduction
In our experience at the Cleveland Clinic Epilepsy 
Center, we have found that a reduction in seizure fre-
quency following epilepsy surgery is not enough to 
eliminate SUDEP risk—complete freedom from sei-
zures is required. Of 37 SUDEP cases identifi ed so far 
in a cohort of 3,481 patients evaluated in our epilepsy 
monitoring unit between 1990 and 2005 (Jehi et al, in 
preparation), 7 patients had undergone epilepsy surgery. 
None of these 7 patients was seizure-free at the time of 
death; four had a greater than 50% reduction in seizure 
frequency. No cases of SUDEP occurred in patients who 
were seizure-free after surgery. 

Our fi ndings mirror earlier results reported by Sper-
ling et al,11 who also found that epilepsy surgery improves 
mortality only when seizures resolve completely, 
not when they merely “improve.” It seems plausible, 
therefore, that elimination of seizures postoperatively 
eliminates the risk for the several seizure-related cardiac 
arrhythmogenic changes discussed above, thereby elimi-
nating the risk for the series of events that eventually 
leads to SUDEP. 

A role for stabilized baseline autonomic control?
Alternatively, some data suggest that the “autonomic” 
impacts of epilepsy surgery may extend beyond the 
immediate seizure-related manifestations to the baseline 
interictal period in epilepsy patients. One study found 
that surgery for temporal lobe epilepsy is followed by 
a reduction of sympathetic cardiovascular modulation 
and barorefl ex sensitivity.25 The authors proposed that 
this fi nding may be attributable to decreased infl uences 
of interictal epileptogenic discharges on brain areas 
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involved in cardiovascular autonomic control. These 
researchers continue to postulate that surgery for tem-
poral lobe epilepsy seems to stabilize cardiovascular 
control in epilepsy patients by reducing the risk of sym-
pathetically mediated tachyarrhythmias and excessive 
bradycardiac counterregulation, potentially lowering 
SUDEP risk.25 

 CARDIAC FINDINGS, SUDEP, AND SEIZURE OUTCOMES
Whether it is the elimination of seizure-related cardiac 
arrhythmias achieved by rendering patients seizure-free 
after surgery, or whether it is the stabilization of baseline 
autonomic cardiac control by reducing interictal epilep-
tiform discharges, this line of thought assumes that the 
autonomic dysfunction contributing to SUDEP is caused 
by epilepsy and that freedom from seizures following epi-
lepsy surgery should therefore be responsible for reduc-
ing the risk of death. An alternative hypothesis for the 
infrequent occurrence of SUDEP in seizure-free patients 
may be that seizure outcomes following epilepsy surgery 
and SUDEP risk are actually both governed by the same 
underlying biologic process. This would suggest that the 
same patient cohort is at a higher baseline mortality risk 
and in a prognostically poorer seizure outcome group fol-
lowing epilepsy surgery. 

This idea is supported by a recent prospective study 
among 21 consecutive candidates for temporal lobe 
epilepsy surgery in which spectral analysis of heart rate 
variability performed preoperatively was correlated with 
seizure control 1 year after surgery.26 The study found 
that patients with poor seizure outcomes (Engel class 
II to IV, signifying ongoing postoperative seizures) had 
signifi cantly lower power in all domains of heart rate 
variability than did patients with favorable seizure 
outcomes.26 

In another study, heart rate was recorded in 16 
patients before and after temporal lobe epilepsy surgery, 
and sympathetic and parasympathetic cardiac modula-
tion was determined as powers of low-frequency (LF, 
0.04–0.15 Hz) and high-frequency (HF, 0.15–0.5 Hz) 
heart rate oscillations.27 The LF/HF ratio was calculated 
as an index of sympathovagal balance. Cardiac MIBG 
uptake was measured with MIBG single-photon emis-
sion computed tomography and compared with control 
data. Baseline sympathetic LF power and LF/HF ratio 
were higher in patients who eventually had persistent 
seizures than in those who became seizure-free. Following 
surgery, both measures decreased in seizure-free patients 
but increased in patients with persistent seizures. MIBG 
uptake was lower in patients than in controls and even 
lower yet in patients who had persistent seizures. In this 
subgroup, MIBG uptake declined further after surgery. 

Essentially, both of the above studies26,27 demon-
strate fi ndings of autonomic cardiac abnormalities that 

predated epilepsy surgery and reliably predicted the 
eventual surgical outcome in terms of seizure continu-
ance. This suggests that “poor candidates” for epilepsy 
surgery—ie, those with lower chances of achieving sei-
zure freedom with surgery—may a priori have a higher 
SUDEP risk. A possible explanation for these fi ndings 
may be epileptogenic zones, including the insula and 
other components of the central autonomic network, 
or molecular/genetic diffuse abnormalities that extend 
beyond a limited surgically removable seizure focus and 
involve the heart, increasing the risk for cardiac con-
duction abnormalities.

 CONCLUSIONS
SUDEP is the most common cause of death in epilepsy 
patients. A signifi cant body of literature suggests that 
a cardiac mechanism contributes to its occurrence. 
Although the exact relationship between seizure out-
comes following epilepsy surgery and SUDEP risk is still 
being investigated, it is accepted that seizure control 
correlates with reduced mortality. Cardiac changes and 
autonomic dysregulation seem to be at the “heart” of 
the problem.
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 ABSTRACT
Biofeedback training can be used to reduce activation of 
the sympathetic nervous system (SNS) and increase acti-
vation of the parasympathetic nervous system (PNS). It is 
well established that hyperactivation of the SNS contrib-
utes to disease progression in chronic heart failure. It has 
been postulated that underactivation of the PNS may also 
play a role in heart failure pathophysiology. In addition to 
autonomic imbalance, a chronic infl ammatory process is 
now recognized as being involved in heart failure progres-
sion, and recent work has established that activation of 
the infl ammatory process may be attenuated by vagal 
nerve stimulation. By interfering with both autonomic 
imbalance and the infl ammatory process, biofeedback-
assisted stress management may be an effective treat-
ment for patients with heart failure by improving clinical 
status and quality of life. Recent studies have suggested 
that biofeedback and stress management have a positive 
impact in patients with chronic heart failure, and patients 
with higher perceived control over their disease have 
been shown to have better quality of life. Our ongoing 
study of biofeedback-assisted stress management in the 
treatment of end-stage heart failure will also examine 
biologic end points in treated patients at the time of heart 
transplant, in order to assess the effects of biofeedback 
training on the cellular and molecular components of the 
failing heart. We hypothesize that the effects of biofeed-
back training will extend to remodeling the failing human 
heart, in addition to improving quality of life.

 BIOFEEDBACK: AN OVERVIEW
Biofeedback is a self-regulation therapy that aims to teach 
individuals the skills that will allow them to change their 
physiology in healthy directions.1–3 Biofeedback involves 
a client, a trained biofeedback coach, and appropriate 
instrumentation. Sensors are connected to the client, 
and various physiologic parameters (such as heart rate, 
blood pressure, and digital peripheral temperature) are 
displayed on a computer screen. The client is guided 
through a brief mental stress test and a relaxation exercise 

to learn to recognize differences between hyperarousal 
and a more relaxed physiology. Biofeedback training 
involves a series of sessions in which the goal is to help 
the client gain control of his or her own physiology by 
learning relaxation techniques such as deep breathing, 
progressive muscle relaxation, and guided imagery.1,3,4 
Although biofeedback can be used solely as operant 
conditioning, it is more commonly and more effectively 
combined with techniques of stress management. 

Biofeedback training is commonly (although not 
exclusively) used to decrease activation of the sympathetic 
branch of the autonomic nervous system (the “fi ght or 
fl ight” response). The reduction in sympathetic nervous 
system (SNS) activity is manifest as an increase in digital 
peripheral temperature and decreases in skin conduc-
tance, heart rate, and blood pressure, as well as changes in 
the frequency distribution of heart rate variability. While 
the SNS is becoming less activated, the parasympathetic 
portion of the autonomic nervous system (“rest and 
digest”) is becoming more involved in regulating body 
functions. More parasympathetic nervous system (PNS) 
activation and less SNS activation produces a healthier 
physiologic state, and thus biofeedback can be used to 
move the body in the direction of health and wellness.1–4 

 HEART FAILURE: 
BIOLOGIC MECHANISMS OF INJURY

Heart failure is the end result of most untreated cardio-
vascular diseases. Heart failure involves inadequate 
cardiac pump function, such that appropriate perfusion 
of end organs does not occur. The process of developing 
heart failure is a gradual one that begins with compensa-
tory processes. In response to an injury or insult, such as 
chronic high blood pressure or long-standing coronary 
artery blockage, the heart compensates by activating vari-
ous neurohormonal pathways in an attempt to preserve 
cardiac function and end-organ perfusion.5 When these 
pathways are activated, they initially help the heart to 
compensate for the ongoing challenge of increased pres-
sure or decreased tissue oxygenation and allow the car-
diovascular system to pump suffi cient blood. Over time, 
however, these compensatory processes become maladap-
tive. Cellular signaling pathways, which were activated 
in order to help the heart compensate, actually become 
as much of a problem as the decreased cardiac function.5 
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Hyperactivation of the SNS
Chief among these pathways is the SNS, which is the 
most powerful means by which cardiac function can 
be augmented.5 In response to decreased cardiac func-
tion, cardiac sympathetic nerves are activated, releas-
ing norepinephrine locally, and both norepinephrine 
and epinephrine increase in the circulating blood. 
Beta-adrenergic receptors on cardiac myocytes and on 
vascular smooth muscle cells are stimulated, and the 
resulting augmentation of cardiac contraction helps 
the heart to overcome an immediate challenge. If the 
insult or injury to the heart is acute and time-limited, 
this system compensates and the situation is resolved. 
However, chronic activation of the SNS creates more 
problems than it solves for the failing heart,5,6 including 
the following:

•  Myocardial cells are challenged by the need for 
increased energy production to support the chronic 
stimulation

• Oxidative stress ensues
• Receptors are downregulated
•  Pathways that result in necrosis and apoptosis are 

activated
•  Myofi lament proteins respond to chronically 

elevated intracellular calcium.
As a result, the heart begins to spiral more quickly into 
a decompensated state. The toxicity of SNS overacti-
vation is the reason for the success of beta-adrenergic 
blocking drugs in treating heart failure, but this situ-
ation is complicated further by adrenergic receptor 
polymorphisms and nonhomogeneous responses to 
beta-blocking agents.6 It is safe to say that the goal of 
much heart failure therapy is inactivation of the once-
compensatory SNS and its resulting biologic effects. 

Hypoactivation of the PNS
In addition to hyperactivation of the SNS, heart failure 
is also accompanied by a decrease in the role of the PNS. 
Under normal resting conditions, the human heart is 
governed more by the PNS than the SNS, with the SNS 
becoming a major source of cardiac control only during 
periods of decreased cardiac function. In heart failure, 
however, this relationship is reversed, with the SNS 
taking over the governing role and PNS input becoming 
less signifi cant. Studies have suggested that the lack of 
contribution of the PNS to cardiac regulation in heart 
failure may be as deleterious as overactivation of the 
SNS.7 Most recently, stimulation of the vagal nerve has 
been shown to be benefi cial in both animal models8 and 
humans with heart failure,9 confi rming that augment-
ing PNS activity may be as important as inhibiting SNS 
activity. Although vagal nerve stimulation may be the 
fi rst heart failure therapy aimed specifi cally at the PNS, 
it is likely that the future will hold more therapies with 
this goal.

PNS as regulator of infl ammation of the failing heart?
It has recently been suggested that beyond its role in 
regulating cardiac function under baseline conditions, 
the PNS may participate in regulating the infl ammatory 
state of the failing heart. It has been established since 
the observations of Packer and colleagues in the early 
1990s10 that proinfl ammatory cytokines such as tumor 
necrosis factor–alpha, interleukin-6, and interleukin-1 
are elevated in the circulation of heart failure patients, 
that these cytokines are correlated with clinical prog-
nosis, and that they play a role in the activation of 
deleterious cardiac signaling pathways.11,12 Trials of anti-
infl ammatory therapies in heart failure have been less 
than successful, but this may be because the complexity 
of the activation has been underestimated.11 In elegant 
work reported several years ago, Kevin Tracey’s group 
showed that stimulation of the vagus nerve could inhibit 
infl ammatory processes associated with sepsis.13,14 Since 
that time, the refl ex activation and inactivation of 
infl ammatory processes by the PNS have become more 
widely accepted. Although it has not yet been directly 
demonstrated, it is possible that part of the benefi t of 
vagal nerve stimulation in heart failure will prove to 
be due to its ability to reduce the chronic infl ammatory 
state of the failing heart.

 BIOFEEDBACK IN HEART FAILURE: RATIONALE
The failing heart is characterized by autonomic imbal-
ance (hyperactivation of the SNS and hypoactivation 
of the PNS) and by a chronic infl ammatory state. It 
has been hypothesized both directly and indirectly that 
these two major pathophysiologic processes may be 
intertwined.13–15 Biofeedback-assisted stress manage-
ment is a therapy that has the potential to interfere with 
both processes. If the patient with heart failure can be 
trained to reduce activation of the SNS and to increase 
control by the PNS, it is likely that the negative con-
sequences of autonomic imbalance will be decreased or 
possibly even reversed. Whether these effects are lim-
ited to quality of life and clinical status, or whether they 
extend to an effect on myocardial remodeling processes, 
remains to be established. Since the chronic infl amma-
tory state can also be affected by increasing PNS control 
of the cardiovascular system, we further hypothesize 
that biofeedback training may have a direct effect on 
the infl ammatory processes involved in the downward 
spiral of heart failure.

 BIOFEEDBACK IN HEART FAILURE: STUDIES
We are certainly not the fi rst group to hypothesize that 
self-regulation may have a role in the treatment of car-
diovascular diseases in general or heart failure in partic-
ular. It has been shown that patients with heart failure 
manage their disease better and experience less emo-
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tional distress when they have a greater sense of control 
over their condition.16 In addition to giving patients a 
greater sense of control, some mind-body therapies have 
been shown to be benefi cial in those with heart failure. 
Pischke et al showed as part of the Multicenter Lifestyle 
Demonstration Project that patients with left ventricu-
lar ejection fractions in the range associated with heart 
failure (≤ 40%) were able to learn and benefi t from stress 
management techniques equally as well as those with 
more normal cardiac function.17 Both relaxation train-
ing18,19 and meditation20 have been shown to improve 
quality of life in heart failure patients, but meditation 
also reduced circulating norepinephrine, a marker 
of SNS activation.20 Mindfulness training improved 
clinical symptoms of heart failure and also reduced both 
anxiety and depression in patients with heart failure.21 
Training heart failure patients to breathe more slowly 
is an intervention that is normally part of biofeedback 
training, but even when used alone it has resulted in 
decreased dyspnea,22 increased oxygen saturation,23 and 
improved exercise tolerance.22,23 

To our knowledge, three studies to date have spe-
cifi cally used biofeedback training in patients with 
documented heart failure. As early as 1997, Moser and 
colleagues showed that heart failure patients were able to 
raise their fi nger temperature in spite of disease-related 
vascular changes, and that a single session of fi nger 
temperature biofeedback resulted in meaningful clinical 
improvement.24 Luskin et al randomized 33 heart failure 
patients to either biofeedback-assisted stress manage-
ment or a control group, and showed improvement with 
the intervention in perceived stress, emotional distress, 
exercise tolerance, and depression.25 Most recently, 
Swanson and colleagues demonstrated improved exercise 
tolerance after cardiorespiratory biofeedback in patients 
with higher left ventricular ejection fractions (≥ 31%), 
although improvement could not be accomplished in 
those with ejection fractions below 30%.26 

 ONGOING STUDY IN END-STAGE HEART FAILURE 
AND FUTURE DIRECTIONS

We are currently involved at Cleveland Clinic in a 
study of end-stage heart failure patients who are await-
ing cardiac transplantation. Each patient is provided 
with eight sessions of biofeedback training, including 
respiratory rate, digital peripheral temperature, muscle 
tension, and heart rate variability. Clinical status, 
quality of life, and heart failure–specifi c symptoms are 
being monitored throughout the training period. Suc-
cess with biofeedback training is being analyzed, and we 
are testing the hypothesis that the degree of success in 
learning self-regulation will predict change in clinical 
status, quality of life, and the biology of the heart. What 
is unique to our study is that we will obtain the heart 

tissue at explant, when the patient receives a cardiac 
transplant, and we will conduct experiments to deter-
mine whether the cellular and molecular phenotype 
of the heart have been changed by the intervention, 
particularly components of the SNS, PNS, and infl am-
matory pathways. 

We have been studying human heart failure for many 
years, and we have previously shown the changes in 
receptors and signaling pathways that occur in the fail-
ing human heart.27–30 We were also among the fi rst to 
demonstrate that the cellular and molecular changes 
that occur in the failing human heart are not actually 
irreversible but can be changed by interventions such as 
a left ventricular assist device.31–33 Thus we hypothesize 
that biofeedback training, by interfering with overacti-
vation of the SNS and by allowing the PNS to more 
adequately contribute to cardiac regulation, will have 
a meaningful effect on the biology of the failing human 
heart in addition to improving clinical status and qual-
ity of life. We hope to be among the fi rst to demonstrate 
that effect.
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 ABSTRACT
This review traces the application of electroencephalo-
graphic (EEG) operant conditioning, or biofeedback, 
from animal research to its emergence as an alternative 
treatment for the major types of seizure disorder. Initial 
animal studies focusing on brain mechanisms that 
mediate learned behavioral inhibition revealed a uniquely 
correlated 12- to 15-Hz EEG rhythm localized to senso-
rimotor cortex. We labeled this the sensorimotor rhythm, 
or SMR. The similarity of the SMR to the known EEG 
spindle pattern during quiet sleep led to the novel idea 
of attempting to increase the SMR using EEG operant 
conditioning. The hypothesis was that this might produce 
a corresponding increase in sleep spindle activity, thus 
establishing a common EEG marker for the state of motor 
inhibition. Results supported this hypothesis but led also 
to the accidental discovery of an anticonvulsant effect on 
drug-induced seizures in cats and monkeys. Continuing 
animal studies identifi ed a pattern of neurophysiologic 
responses correlated with the SMR in primary motor path-
ways. These and other fi ndings were indicative of reduced 
motor excitability. Simultaneously, we undertook studies 
in human epileptic subjects that documented a signifi cant 
reduction in seizure incidence and severity, together with 
EEG pattern normalization. This work expanded interna-
tionally, resulting in numerous well-controlled group and 
single-case studies summarized in recent meta-analyses. 
Exciting new fi ndings in functional neuroimaging/EEG 
correlation studies provide a rational model for the basis 
of these clinical effects. In recognition of the diversity of 
clinical applications of EEG biofeedback and the complex-
ity of seizure disorders, this review also details specifi c 
methods used in our EEG biofeedback program.

T he attempt to alter electroencephalographic 
(EEG) frequency/amplitude patterns and their 
underlying brain mechanisms using contingent 
operant conditioning methods is today referred 

to variously as EEG biofeedback, neurofeedback, or neu-

rotherapy. This article traces the history of the clinical 
application of EEG operant conditioning from empirical 
animal investigations to its emergence as a treatment 
option for major seizure types. In light of the diversity of 
the clinical applications of this method in general, and 
the complexity of seizure disorders in particular, I also 
present an overview of specifi c methods used in our EEG 
biofeedback program.

 INITIAL APPLICATION IN HUMANS
This application was offi cially added to the broader fi eld 
of biofeedback with the publication of a 1972 paper by 
Sterman and Friar titled, “Suppression of seizures in an 
epileptic following sensorimotor EEG feedback train-
ing.”1 In this paper we documented a sustained and pro-
gressive reduction of generalized nocturnal tonic-clonic 
seizures in a 23-year-old female epileptic with a 7-year 
history of frequent and medically refractory seizures of 
unknown origin. The patient’s clinical EEG showed left 
sensorimotor cortex spikes and slow 5- to 7-Hz activity. 
Seizure reduction occurred in response to an experi-
mental course of EEG operant conditioning aimed at 
increasing 12- to 15-Hz EEG activity in the left sensori-
motor cortex while suppressing slower activity at this 
same site. The 12- to 15-Hz EEG rhythm was discov-
ered in animal research and labeled as the sensorimotor 
rhythm (SMR). Although the patient had previously 
been worked up and treated unsuccessfully with anti-
convulsant medications at several prestigious medical 
institutions, over the course of 2.5 years of twice-weekly 
EEG feedback training sessions she became essentially 
seizure free (Figure 1)2 and was ultimately issued a Cali-
fornia driver’s license.  

 BACKDROP TO THE CLINICAL APPLICATION: 
KEY ANIMAL STUDIES

The above landmark study was predicated on the obser-
vation of a discrete 11- to 19-Hz EEG rhythmic pattern 
in cats, which occurred intermittently over the sensori-
motor cortex during behavioral quiescence. When ani-
mals were trained to suppress a learned bar-press response 
for food if a tone was sounded in the chamber, a 12- to 
15-Hz version of this EEG pattern always accompanied 
inhibition of the bar-press response. If animals later fell 
asleep, a similar rhythmic EEG pattern, known as the 
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sleep spindle, was localized to the same cortical area at 
the same frequency (Figure 2).3 Our interest at the time 
was in the neurophysiological control of sleep. Because 
both of these patterns occurred uniquely in the absence 
of movement, we sought to determine if the underlying 
neural mechanisms were related.

To accomplish this, we attempted to facilitate the 
SMR during wakefulness using an operant condition-
ing paradigm with a liquid food reward, and then study 
any resulting changes in sleep spindle activity and sleep 
structure. Necessary quality controls included alternate 
training to suppress this rhythm and a counterbal-
anced design employing two separate groups of cats. 
Six weeks of three training sessions per week to satia-
tion led to profound and differential changes in sleep 
EEG and sleep architecture. SMR training, whether it 
preceded or followed suppression training, led to a sig-
nifi cant increase in EEG sleep spindle density, as well 
as a signifi cant reduction in sleep period fragmentation 
due to arousals. No changes occurred in the control 
condition.3

A more profound fi nding in the cat
As interesting as this fi nding was, the most profound 
outcome of the study emerged later. A different cat study 
under way in our laboratory, funded by the US Air Force, 
was seeking to determine the effects on behavior of low-
dose exposure to monomethyl hydrazine (MMH).4 This 
compound is a highly toxic component of the liquid 
rocket fuel used for launching virtually all space vehicles. 
Signifi cant MMH exposure via any route causes pro-
found nausea and gradual onset of convulsions, which 
are lethal at adequate doses. The mechanism for this 
effect was ultimately determined to be a disruption of 
the synthesis of gamma-aminobutyric acid, the primary 
inhibitory neurotransmitter in the central nervous sys-
tem. We were investigating the effects of low-dose expo-
sure to determine the possible disruption of cognitive 
functions such exposure might cause in fl ight crews. Our 
fi rst objective for studies in cats was to establish the dose-
response curve for convulsive effects in that species. We 
had succeeded in determining a curve showing that 9 mg/
kg of MMH was the threshold dose for reliably producing 

FIGURE 1. A carefully documented 6-year seizure data log from an adult female subject (aged 23 years at the start of the log) with nocturnal 
tonic-clonic seizures, often with incontinence.2 The log starts 1 year before initiation of electroencephalographic (EEG) feedback training (“Pre-
SMR”), continues through 2.5 years of twice-weekly EEG training sessions (“Post-SMR”), and continues through 2.5 years after withdrawal from 
this training (“Withdrawal”). Training consisted of auditory and visual reward for increased 12- to 15-Hz EEG activity over the left sensorimotor 
cortex, which has been labeled the sensorimotor rhythm (SMR). Medications were held constant during training and adjusted downward after 
withdrawal from training. In 1977 this patient was issued a California driver’s license.  

Reproduced from Sterman MB, “Effects of sensorimotor EEG feedback training on sleep and clinical manifestations of epilepsy.” In: Beatty J, Legewie H, eds. 
Biofeedback and Behavior; 1977:176 (fi gure 7). © 1977 Plenum Press. With kind permission of Springer Science and Business Media.

Permission not granted for online reproduction of this fi gure. 
To view original, see fi gure 7 in Sterman.2
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nonlethal convulsions after a prodrome of approximately 
40 to 67 minutes. This prodrome consisted of a sequence 
of reliable autonomic and behavioral events. When data 
from animals provided with SMR operant conditioning 
as the fi nal training procedure were added to this curve, 
the same prodrome was observed but there were no 
seizures at 60 minutes. Instead, the latency to seizures 
was delayed to a range of 80 to 220 minutes, and several 
animals failed to seize at all.4 A subsequent systematic 
study of this effect with animals as their own controls in 
a counterbalanced design confi rmed this effect (Figure 
3).5 This fi nding then led to the test in the human epi-
leptic subject described above.1 

Platform for a dual research approach
These two studies provided several interesting conclu-
sions that directed our subsequent scientifi c efforts. First, 
in the cat study we observed a common prodrome in 
both SMR-trained and control animals even though the 
SMR-trained animals had acquired protection against 
seizures. This suggested a direct effect on the seizure 
process and not on MMH toxicity in general. Second, 
in our human epileptic patient, the seizures that were 
suppressed arose out of the unconscious state of sleep, 
a fact that eliminated the possibility of any voluntary 
countermeasure and again indicated a direct effect on 
the seizure mechanism. Accordingly, we undertook a 
dual approach to understanding the basis of this effect, 
involving both additional animal electrophysiologic 
and human clinical studies.

Animal studies evaluated motor behavior, motor 
refl exes, motor and thalamic unit fi ring, and somato-
sensory pathway correlates of the SMR response. Clini-
cal studies, as reviewed in the following section, sought 
to further document the anticonvulsant effects of SMR 
operant conditioning and examine this effect on vari-
ous seizure types. Possible alternative explanations, such 
as altered medication compliance and placebo effects, 

were also addressed in several comprehensive studies. 
Additionally, by this time other laboratories were begin-
ning to add to the research literature in this new fi eld.

Neurophysiologic studies in cats revealed a conver-
gent pattern of changes that were directly correlated 
with the SMR pattern in the EEG and clearly indicated 
reduced motor excitability. These included a specifi c 
attenuation of cellular activity and refl ex excitability 
in the motor pathway, a reduction in muscle tone and 
associated motor unit fi ring, and cessation of behavioral 
movements. Further, unit studies in afferent nuclei 
of the somatosensory pathway revealed evidence of 
reduced somatic afferent fi ring and the onset of recip-
rocal burst oscillation between the thalamic reticular 
nucleus and the adjacent ventrobasal relay nucleus. 
This oscillation provides the thalamic source of the 
cortical SMR pattern. These fi ndings are summarized in 
Figure 4.6 Details of the studies and resulting publica-
tions are provided in recent review articles.7–9 They rep-
resent empirical evidence for signifi cant reorganization 
of neuronal function when SMR activity appears in the 
sensorimotor EEG. 

 CLINICAL STUDIES
A series of human studies followed our initial clinical 
report, including group studies involving crossover and 
placebo-controlled designs. These studies consistently 
reported signifi cant seizure reductions in epileptic 

FIGURE 2. Bipolar electroencephalographic (EEG) samples from 
sensorimotor and parietal cortex in the cat during quiet (motionless) 
wakefulness (left) and quiet (non-REM) sleep (right). Both states 
are associated with bursts of 12- to 15-Hz EEG rhythmic activity in 
sensorimotor cortex. During sleep these bursts are higher in ampli-
tude and associated with slower rhythmic patterns in parietal cortex. 
Figure reprinted from Sterman et al (Science 1970; 167:1146–1148).3
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FIGURE 3. The sequence of prodromal events preceding generalized 
convulsions in two groups of 10 cats, all of which were injected intra-
abdominally with 9 mg/kg of GABA-depleting monomethyl hydrazine. 
One group (dashed tracing) had received 6 weeks of electroencepha-
lographic feedback training for sensorimotor rhythm (SMR) enhance-
ment with food reward (see text). The two groups did not differ 
statistically in the latency to prodromal symptoms. All control animals 
seized reliably at approximately 60 minutes, as had been previously 
documented. In contrast, the SMR-trained group had a signifi cantly 
prolonged mean latency to seizures (130 minutes), and several did not 
seize within the 4-hour test period. Figure modifi ed from Sterman.5
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patients in response to reward for increasing sensori-
motor EEG rhythmic activity. 

Two independent meta-analyses of the peer-reviewed 
papers in this literature have appeared in the last 
decade.8,10 In a review of 24 studies involving 243 patients 
with predominantly partial complex seizures provided 
with central cortical SMR feedback training, Sterman 
determined that 82% of these subjects registered seizure 
reductions greater than 50%.8 More recently, Tan and 
colleagues evaluated data from 63 studies and selected 
for comprehensive analysis 10 studies that met stringent 
criteria for controls and population and seizure details.10 
They reported that 79% of the patients treated with 
SMR feedback training experienced a statistically sig-
nifi cant reduction in seizure frequency despite a collec-
tive history of failed medication therapy.

Data from one of the studies11 evaluated in both of 
these systematic reviews are summarized in Figure 5. 
In this study, 24 subjects with complex partial seizures, 
many with seizure foci confi rmed through depth record-
ings, were randomly assigned to three experimental 
treatment groups:

• One group simply tabulated their seizure experi-
ences for 6 weeks using a comprehensive logging method.

• The second group received EEG feedback train-
ing for 1 hour three times a week for 6 weeks; however, 

the EEG signal responsible for reward was previously 
recorded from a different individual. This noncontin-
gent feedback constituted a “yoked control” group. 

• The third group received 6 weeks of contingent 
training for increasing SMR activity in somatosensory 
cortex while simultaneously suppressing slower 4- to 
8-Hz activity. 

After the initial 6 weeks, all 24 subjects were 
combined into one group that received 6 more weeks 
of contingent training only. This was followed by a 
4-week period of gradual withdrawal from training 
and then by a fi nal tabulation of seizure incidence 
during a 6-week period after training was terminated. 
As can be seen in Figure 5, the seizure tabulation 
control was associated with an increased seizure 
count and the “yoked control” noncontingent SMR 
training was associated with no signifi cant change in 
seizure incidence, whereas contingent SMR training 
was associated with a statistically signifi cant reduc-
tion in seizures. The statistical signifi cance of this 
reduction increased progressively as subjects from 
the other two groups were added to a second 6-week 
period of contingent training, and after an additional 
6 weeks following withdrawal from training. In addi-
tion to this exclusive seizure reduction after SMR 
contingent training, pre-/post-training neuropsycho-

FIGURE 4. Trained sensorimotor rhythm (SMR) responses are as-
sociated with changes in both afferent and efferent pathways of the 
sensorimotor system. These include decreased red nucleus (RN) activ-
ity, stretch refl ex excitability, and muscle tone. These changes pro-
duce reduced somatic afferent (SA) discharge and lead to thalamic 
hyperpolarization and reciprocal oscillatory burst activity between 
the ventrobasal (vPL) and reticular (nRt) nuclei of the thalamus. This 
burst activity is propagated to sensorimotor cortex (S1) and initiates 
corresponding bursts of SMR activity.6

Reproduced, with permission of the American Academy of Sleep Medicine, 
from Sleep (Sterman MB, Bowersox SS. Sensorimotor electroencephalogram 
rhythmic activity: a functional gate mechanism. Sleep 1981; 4(4):408–422); 

permission conveyed through Copyright Clearance Center, Inc.
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FIGURE 5. Reported seizure rates in three experimental groups 
of randomly assigned patients with medication-refractory complex 
partial seizures.11 Each group of 8 subjects received 6 weeks of treat-
ment consisting of either (1) detailed tabulation of seizures, (2) non-
contingent sensorimotor rhythm (SMR) training (“yoked control”), or 
(3) contingent SMR training. Following this initial 6-week period, all 
24 subjects were combined into one contingent SMR training group 
for 6 additional weeks and then gradually withdrawn from training. 
A fi nal 6-week follow-up seizure tabulation period completed the 
analysis. Data are plotted against group baselines. A signifi cant 
reduction in seizures was registered after contingent training only, 
and this effect increased progressively across subsequent conditions. 
Data are from Lantz and Sterman.11 
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logical testing showed that responding SMR-trained 
subjects also improved signifi cantly in performance of 
tasks specifi c to the hemisphere contralateral to their 
frontotemporal lesion, indicating a reduced corrosive 
disturbance from the seizure focus.11 

 EEG BIOFEEDBACK IN PRACTICE: 
PROFILE OF THE AUTHOR’S PROGRAM

EEG operant conditioning methods for biofeedback 
training have diversifi ed as various hardware and soft-
ware products have emerged and as individuals with 
differing backgrounds and credentials have entered the 
fi eld. A lack of methodologic standards and professional 
regulations has contributed to an undesirable inconsis-
tency in the competence and effectiveness of therapeu-
tic applications. Nevertheless, abundant peer-reviewed 
research by qualifi ed investigators has proven the worth 
of this method as a viable alternative treatment for sei-
zure disorders, so I will attempt to provide some idea of a 
systematic and evidence-guided approach to treatment 
as used in our program. 

Patients are subjected to a quantitative multi-
channel EEG evaluation (QEEG) using hardware and 
software complying with both technical and learning-
theory principles critical to valid data collection and 
operant conditioning applications. Data obtained from 
this study are combined with medical reports from other 
studies and information gained in a comprehensive 

intake interview. QEEG and background information 
guide the design of an empirical protocol, often with 
several training components, that is used consistently 
throughout the treatment period, which consists of one 
or two 60- to 90-minute treatment sessions per week for 
at least 20 weeks. Subjects are seated in front of a large-
monitor screen and instructed on the requirements for 
reward. Reinforcement consists of visual images and 
tones, as well as a numeric display of scores achieved 
and the time remaining in a trial. On rare occasion a 
committed parent may be seated next to a more chal-
lenged patient and provide additional reinforcement in 
the form of earned treats, such as raisins and pieces of 
candy (Figure 6).

The display that subjects see can varies within lim-
its but must always be as simple as possible and must 
provide information exclusively relevant to achieving 
the desired EEG changes. One such display is shown 
in Figure 7. It consists of a series of four rectangular 
boxes, each with a segment of band-passed EEG data 
for selected frequency bands and enclosed by reward 
threshold guidelines. If the objective is to increase the 
amplitude and/or incidence of a particular frequency 
band, the band-pass display must exceed the upper 
threshold guideline. If the objective is to suppress that 
frequency band, the display must drop below the thresh-
old line. The duration of the required response can be 
adjusted and is typically 0.25 to 0.5 seconds. When the 
desired response is achieved a small horizontal bar at 
the upper right of each band-pass display turns from red 
to green, and a large blue ball appears above, together 
with a chime or other tone. The display is frozen for 2 
seconds and then becomes active again, thus providing 
for discrete trials. A yellow score bar at the bottom of 
the screen advances by one unit. The timing of each 
performance set (typically 3 minutes) is indicated by a 
moving blue bar at the bottom of the screen.

With each box monitoring the same electrode site and 
each frequency tuned to the same band, thresholds can 
be set to promote facilitation or suppression through “suc-
cessive approximation,” or sequencing from left to right 
with sequentially more diffi cult thresholds. Numerous 
other confi gurations are possible. In the case shown in 
Figure 7, the band-pass at the far left is set at 12 to 15 Hz 
(SMR) for the C3 electrode site, and the remaining three 
bands to the right are set to 3 to 5 Hz at the left medial 
frontal location Fz, with successively lower thresholds to 
promote suppression of this band at this site. 

Performance outcome is measured systematically by 
tracking the scoring rate per trial, together with asso-
ciated EEG patterns. Data from the 12-year-old female 
subject described above provide an example. The top 
of Figure 8 shows a plot of reward rate across four suc-
cessive 3-minute EEG feedback trials. The patient was 
rewarded for simultaneously increasing 12- to 15-Hz 

FIGURE 6. This 12-year-old girl has suffered since early childhood 
from frequent multiple seizure types and myoclonic jerks that are 
unresponsive to pharmacologic treatments. She currently functions 
at about third-grade level but is aware and behaviorally compliant. 
Here she is responding to visual feedback in the context of sensori-
motor rhythm training. Her mother assists by providing raisin and 
candy rewards when certain response criteria are achieved. Her 
seizures have declined in frequency and severity.
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SMR activity at C3 and reducing 3- to 5-Hz activity 
at Fz, as described above. Smoothed EEG plots for the 
targeted frequency bands are shown below these reward 
curves, starting with the C3 12- to 15-Hz channel. 
Activity in this band became increasingly stable across 
trials. Data from three frontal recording sites are also 
shown, with the targeted Fz 3- to 5-Hz band output at 
the bottom. Amplitudes decreased progressively at all 
frontal sites but most markedly at the bottom Fz loca-
tion. Thus, SMR stabilization and simultaneously sup-

pressed frontal slow activity resulted in a progressive 
pattern of incremental reward both within trials and 
across the session. The resulting profi les are indicative 
of learning. 

 A RATIONAL MODEL FROM RECENT 
NEUROIMAGING STUDIES

While it is diffi cult to evaluate neurophysiologic changes 
in human subjects to a degree similar to that in animals, 
certain parallels can be drawn. Further, new imaging 

FIGURE 7. Primary display 
used in our sensorimotor 
rhythm biofeedback program. 
The display conforms strictly to 
operant conditioning principles 
while still promoting cognitive 
engagement in the human 
subject. Reward here is for 
two different EEG frequencies 
at two different cortical sites. 
The far left “green” site shows 
reinforced 12- to 15-Hz band-
pass activity at the C3 electrode 
site. Low-frequency suppression 
of abnormal 3- to 5-Hz slow 
activity at Fz is addressed here 
through “successive approxi-
mation” and consumes the 
fi nal three display units from 
left to right. See text for more 
details. Display results are for 
the subject depicted in Figure 6.

FIGURE 8. Performance plot 
from the patient represented 
in Figures 6 and 7. The plot 
registers the scoring rate per 
3-minute trial at top, along 
with corresponding smoothed 
amplitude output in the 
band-passed frequencies set 
for each electrode placement. 
In this case the patient was 
rewarded for increasing 12- 
to 15-Hz sensorimotor rhythm 
(SMR) activity (top EEG trace) 
and decreasing 3- to 5-Hz 
slow activity at Fz (bottom 
EEG trace) The subject showed 
response acquisition both 
within and across 3-minute 
feedback trials, together with 
a stabilization of the SMR 
frequency and a reduction in 
frontal slow activity.
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methods allow for assessment of localized metabolic 
changes in the human brain during and after EEG 
feedback training. Behaviorally, during successful SMR 
training, human subjects become behaviorally quiet and 
direct their attention to the task. It is safe to presume that 
the SMR response develops as a result of reduced motor 
excitation and resulting intrathalamic ventrobasal oscil-
lations, since this mechanism is well established as a basis 
for mammalian sensorimotor EEG rhythm generation.12 
These changes, as well as others documented in our ani-
mal studies, set the stage for the development of SMR 
activity and are likely collectively initiated by altered 
input from some other executive system. 

Several recent studies have suggested a specifi c pat-
tern of motor inhibition output from the striatum of the 
basal ganglia as the source of these changes. Birbaumer 
observed increased striatal metabolic activity with func-
tional magnetic resonance imaging (fMRI) analysis in 
subjects producing SMR activity (personal communica-
tion, 2005). Further, Lévesque and colleagues studied 
pre-/post-fMRI blood oxygenation level–dependent 
response patterns in learning-disabled children trained 
to increase SMR activity and found a specifi c increase 
in the metabolic activity of the striatum and substantia 
nigra (Figure 9).13 The SMR-trained subjects showed 
signifi cant academic improvement as well.13

These facts provide a rational model for a threshold-
altering process that could affect seizure discharge prop-
agation to motor networks. Although there are many 
different neurotransmitters used within the basal gan-

glia (principally acetylcholine, gamma-aminobutyric 
acid, and dopamine), the overall effect on thalamus and 
premotor networks in the mesencephalic tegmentum 
and superior colliculus is inhibitory.14–16 If activation 
of these inhibitory basal ganglia networks can become 
labeled by the SMR through contingent feedback train-
ing, and if responsible circuits can be potentiated by 
this association, motor inhibitory regulation would be 
generally facilitated.

 CONCLUSIONS
Despite the encouraging fi ndings and concepts reviewed 
here, there are signifi cant issues at virtually every step of 
the thinking and practice behind this new therapy. This 
method depends on a comprehensive understanding of 
the EEG signal and the technical requirements of valid 
quantitative analysis and feedback applications. This 
includes a basic knowledge of the principles essential 
for effective operant conditioning.Further, in light of 
the complexity of seizure disorders, accurate history and 
seizure classifi cation must be evaluated and understood. 

Alternative explanations for therapeutic results 
include such considerations as short-lasting expectation 
effects and changes in patient behavior. However, it must 
again be noted that the prolonged anticonvulsant effect 
documented in our animal studies, as well as in relation 
to nocturnal seizures arising out of sleep in a human 
subject, would seem to rule out placebo or nonspecifi c 
effects. This conclusion is supported further by the fi nd-
ing of improved neuropsychological performance after 
SMR training in tasks mediated by the hemisphere con-
tralateral to disrupting localized epileptogenic lesions. 
Additionally, an alternative explanation for improved 
seizure control based on increased medication compli-
ance has been rejected through studies that carefully 
monitored blood levels of prescribed anticonvulsant 
drugs before, during, and after training. 

Finally, the epileptic patients who have demonstrated 
clinical improvement in EEG biofeedback research 
studies, along with many who seek this treatment 
today, represent unquestionable failures of anticon-
vulsant drug therapy. Notably, positive outcomes have 
frequently been achieved in patients with complex-
partial seizures, an extremely diffi cult-to-treat seizure 
type. It is therefore unfortunate that some professionals 
still criticize neurofeedback therapy for a lack of more 
consistent or successful outcomes. On the contrary, 
as noted here, evidence has shown that most of these 
diffi cult-to-treat patients benefi t beyond any chance or 
placebo outcome, in some cases dramatically so. In light 
of the frequent adverse effects and costs associated with 
lifelong pharmacotherapy, we view EEG biofeedback 
therapy not as a “last resort” option to be restricted 
solely to pharmacotherapy-resistant cases but rather as a 

FIGURE 9. Functional magnetic resonance images before (left) and 
after (right) sensorimotor rhythm (SMR) feedback training in a study 
of the effect of SMR training in learning-disabled children.13 The 
images are sagittal sections for the data averaged across subjects, 
who either received SMR feedback training (experimental group) or 
did not (control group). In the pretraining condition, signifi cant loci 
of activation were noted in the left superior parietal lobe for both 
groups. In the posttraining condition, activations were again seen 
in this cortical region for both groups. In addition, the experimen-
tal group also showed stronger and statistically signifi cant loci of 
activation in the left striatum and substantia nigra. 

Reprinted from Neuroscience Letters (Lévesque J, et al. Effect of neurofeedback 
training on the neural substrates of selective attention in children with attention-

defi cit/hyperactivity disorder: a functional magnetic resonance imaging study. 
Neurosci Lett 2006; 394:216–221), Copyright © 2006, with permission from Elsevier. 

www.sciencedirect.com/science/journal/03043940

Pre Post
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generally viable consideration for any patient suffering 
from seizures. Moreover, in contrast to drug-dependent 
management approaches, the altered modulation of 
striatal and thalamocortical inhibition that is possible 
through neurofeedback training may suffi ciently raise 
seizure thresholds to greatly increase the prospects for 
the long-term nondependent management of epilepsy.
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 ABSTRACT
The metabolic syndrome is likely to develop in patients 
in whom genetic predisposition, chronic stress, negative 
emotion, and unhealthy lifestyle habits converge. In light 
of the psychophysiologic aspect of most of these factors, 
biofeedback, relaxation, and other psychophysiologic 
interventions have been studied and used in patients with 
elements of the metabolic syndrome, particularly diabetes 
and hypertension. This article reviews the rationale and 
evidence for biofeedback for the treatment of diabetes 
and hypertension, which has been shown to effectively 
lower blood glucose and blood pressure in numerous 
studies. Patients with prehypertension may be a particu-
larly appropriate target population for biofeedback for 
blood pressure reduction. Further research is needed to 
guide identifi cation of the best candidates for psycho-
physiologic intervention for these conditions, although 
patient readiness for change is a clear prerequisite. 

T ype 2 diabetes, essential hypertension, obesity, 
and hyperlipidemia are the major components 
of the metabolic syndrome. Understanding 
the psychophysiologic basis of the metabolic 

syndrome is important since its prevalence has been 
increasing dramatically over the last decade. In the 
past, type 2 diabetes was diagnosed almost exclusively 
in persons in their 40s or older. Health care providers 
are now reporting emergence of type 2 diabetes and the 
metabolic syndrome in individuals in their 30s and even 
their late 20s.1,2 

This article outlines the psychophysiologic bases for 
components of the metabolic syndrome and reviews the 
application of biofeedback and other psychophysiologic 
interventions on the two components for which such 
interventions have been most studied—diabetes and 
essential hypertension.

 ETIOLOGY OF METABOLIC SYNDROME: 
THE INTERSECTION OF BIOLOGY, LIFESTYLE, STRESS

The disorders that constitute the metabolic syndrome 
share several etiologic factors. First, genetic predis-
position increases the risk for diabetes, hypertension, 
hyperlipidemia, and obesity.3,4 Second, patients’ own 
behaviors—their choice of activity or inactivity, their 
food preferences, and their appetite—lead to gradual 
loss of control over body weight, blood glucose, blood 
pressure, and lipid levels. Third, chronic stress and its 
coincident psychological burden contribute to the etiol-
ogy of various components of the metabolic syndrome.5 
As life events accumulate and individuals lose their 
ability to cope, the stress response system maintains a 
higher than optimal level of activation.5–8

Chronic stress affects multiple organ systems, includ-
ing the two master systems—nervous and endocrine. 
The biologic effects of stress include disordered breath-
ing, increased activation of the renin-angiotension sys-
tem, vascular constriction, tachycardia, decreased heart 
rate variability, infl ammation, and sleep disruption.9 
The mechanisms involved in acute stress responses are 
purpose-driven and adaptive. In contrast, chronically 
activated stress response systems involving increased 
sympathetic activity, decreased parasympathetic activ-
ity, and release of stress hormones have serious deleteri-
ous effects.10 Psychobiologic systems fail to adapt, delay 
recovery, or become exhausted.11 

Role of psychological factors
As summarized in a review by Goldbacher and Mat-
thews,12 psychological factors have been related to 
increased risk for the metabolic syndrome. Depression 
has probably been most studied in the settings of car-
diovascular disease and diabetes, whereas the psycho-
logical states of anger, hostility, and anxiety have been 
identifi ed as salient etiologic factors in hypertension. In 
particular, depressed mood has been linked to decreased 
heart rate variability during the stress response.13 Anxi-
ety affects blood pressure and blood glucose in normal 
individuals as part of the adaptive stress response, and 
the effects of anxiety are exacerbated in persons with 
the metabolic syndrome.14
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Importance of sleep
Sleep disruption is often ignored in discussions of the 
mind-body interface in hypertension and diabetes. How-
ever, Knutson and Van Cauter15 suggested that sleep qual-
ity and sleep length have important effects on leptin levels 
and risk for diabetes. Very short sleepers have stronger 
appetites, as a result of lower leptin concentrations, and are 
much more likely to be obese compared with long sleepers 
(≥ 10 hours). This indicates that sleep length and quality 
affect metabolism. With regard to hypertension, a very 
important reduction of blood pressure occurs during the 
night, and a lack of nighttime blood pressure “dipping” is 
one of the markers for sustained blood pressure elevation.16 

Factors overlap and begin to affect self-care
In addition to the effects of stress on mood and anxiety, 
repeated necessary demands for adaptation have marked 
effects on self-care behavior. Patients who suffer from 
anxiety are less effi cient in managing their time and may 
be distracted from monitoring blood glucose and blood 
pressure. Anxious people often turn to the use of high-
calorie comfort foods to soothe themselves during stress-
ful times. Alcohol may be chosen as a means of reducing 
worry and tension. Depressed people lack the energy 
needed to maintain medical regimens and tend to be 
poor adherents to treatment recommendations. They 
also may choose comfort foods and addictive substances 
instead of nutritious, high-quality food and drink.17 

Both anxiety and depression affect sleep routines 
and effi ciency. Anxious people have trouble getting to 
sleep and may wake up often during the night, while 
depressed individuals frequently wake up early and can-
not get back to sleep. Additionally, psychological dis-
tress infl uences social behaviors. Overt depressive and 
anxious symptoms tend not to foster social interactions 
with family and friends. Lack of social support and a 
scarcity of personal resources eventually contribute to 
the risk for diabetes and hypertension.18,19 

In short, the metabolic syndrome is most likely to 
emerge when there is a combination of genetic factors, 
chronic stress, negative emotion, and unhealthy habits. 
The application of psychophysiologic interventions to 
diabetes and hypertension is based on our understand-
ing of the etiology of these disorders, particularly the 
roles of psychological distress and behavior on blood 
glucose and blood pressure.

 BIOFEEDBACK IN TYPE 2 DIABETES
Diabetes is characterized by elevated blood glucose and 
resistance of cell membranes to insulin, such that glucose 
is impeded from crossing from the blood into the cells. 
Standard treatment consists of oral antihyperglycemic 
agents, exogenous insulin, diet, and exercise.20 Type 2 
diabetes may be the most behaviorally demanding of all 
chronic illnesses because patients must take an active 

role in daily management. Typical requirements are to 
measure blood glucose and take oral medicine, perhaps 
along with insulin, as well as to exercise, monitor diet, 
and adjust calories depending on activity level. 

Therapy goals and a sampling of evidence
The goal of psychophysiologic therapy is not to replace 
standard treatment with relaxation training or biofeedback 
but rather to use biofeedback-assisted relaxation therapy 
to improve control of blood glucose. For example, McGin-
nis and colleagues compared the effects of 10 sessions of 
biofeedback (both surface electromyography and thermal 
feedback) and relaxation therapy versus three sessions of 
education in a sample of 30 patients with type 2 diabetes.21 
No medicines were changed unless medically necessary. 
Patients kept daily logs of blood glucose, and had their 
hemoglobin A1c measured before and after treatment. Sig-
nifi cant between-group differences in hemoglobin A1c and 
average blood glucose emerged in favor of the biofeedback 
group.21 However, patients with high scores on the Beck 
Depression Inventory22 (indicating more severe depressive 
symptoms) tended to drop out of the study or did not do as 
well as patients who were not symptomatic. 

Another application of biofeedback in type 2 diabetes 
has been demonstrated by Rice and Schindler23 and Fiero 
et al.24 These investigators showed that patients with 
peripheral neuropathy, a common long-term complica-
tion of diabetes, were able to warm their hands and feet 
with the use of thermal biofeedback. Increased peripheral 
blood fl ow mediated the decrease in neuropathic pain. 

Possible mechanisms of biofeedback in diabetes
Several explanations can be suggested to account for the 
results of biofeedback on blood glucose levels. Forehead 
muscle tension feedback (surface electromyography) 
helps patients to reduce facial tension and relax skeletal 
muscles, while increased fi nger temperature is an indica-
tor of general relaxation. In the patients who completed 
the above study by McGinnis et al,21 both depression 
and anxiety scores decreased, which suggests a psycho-
logical mechanism for blood glucose reduction. Patients 
also reported improved sleep duration and quality with 
the use of relaxation therapy at bedtime. 

 BIOFEEDBACK IN ESSENTIAL HYPERTENSION
Biofeedback-assisted relaxation therapy has also been 
applied to control essential hypertension. The defi ni-
tion of hypertension, according to the Seventh Report 
of the Joint National Committee on Prevention, Detec-
tion, Evaluation, and Treatment of High Blood Pressure 
(JNC7),25 is systolic blood pressure greater than 139 mm 
Hg and diastolic blood pressure greater than  90 mm Hg. 
Prehypertension refers to systolic blood pressures between 
130 and 139 mm Hg and diastolic pressures between 
80 and 89 mm Hg. Standard treatment for established 
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hypertension is antihypertensive medications, diet, and 
exercise. For patients in the prehypertensive blood pres-
sure range, lifestyle changes are the primary interven-
tion, unless the patient has multiple risk factors.25 

Representative clinical evidence
Linden et al reported on the effects of 10 weeks of indi-
vidualized psychophysiologic treatment on ambulatory 
blood pressure in patients with essential hypertension.26 
Patients were initially screened for anxiety, depression, 
and anger, after which a program was designed for each 
patient based on his or her psychological risk factors. All 
patients received some form of relaxation therapy, and 
some received biofeedback. Over time signifi cant reduc-
tions in ambulatory systolic and diastolic blood pressure 
were observed.26 In a separate study, Yucha et al provided a 
multimodal training program to hypertensive individuals 
and also reported signifi cant decreases in blood pressure.27

Elliott et al trained hypertensive patients to use the 
RESPeRATE™ device to achieve the slow, deep breath-
ing associated with the “relaxation response” sought in 
relaxation training.28 After initial training, patients were 
instructed to practice this device-guided breathing tech-
nique at home. Signifi cant reductions in systolic blood pres-
sure were observed over 8 weeks in the patients who used 
the device compared with controls who simply monitored 
their blood pressure at home. A maximum mean systolic 
blood pressure reduction of 15 mm Hg was achieved in 
the group of patients who practiced device-guided breath-
ing for the greatest number of minutes during the 8-week 
study. Similar results with device-guided breathing using 
this device have been reported in two separate studies.29,30

More general stress reduction programs have also 
achieved success when offered to patients with essential 
hypertension in the clinic or the workplace. Studies of 
programs focusing on meditation and repeated practicing 
of centered breathing and relaxation responses, without 
use of biofeedback, have reported reductions of approxi-
mately 10.7 mm Hg in systolic pressure and 6.4 mm Hg in 
diastolic pressure.31,32 McCraty and colleagues provided a 
stress management program to hypertensive individuals at 
their place of work,33 based on the premise that individu-
als’ work demands are a source of chronic stress and thus 
create an ideal setting for the application of new coping 
skills. In this study, stress reduction training was associated 
with signifi cant reductions both in blood pressure and in 
global measures of distress.33 

Prehypertensive patients: An ideal target population
Although meta-analyses demonstrate that there is sup-
port for the effi cacy of biofeedback in patients with 
essential hypertension,34,35 the fi eld has been handi-
capped by the reality that most patients with hyperten-
sion are already being treated pharmacologically, which 
means that their blood pressure levels when starting 

biofeedback treatment are often low,36 limiting the 
potential effects of the intervention. The new category 
of patients with prehypertension may thus be the ideal 
population for stress management therapies, since their 
blood pressure is elevated, but not elevated enough to 
have prompted medication prescriptions in most cases. 
Lifestyle modifi cations, which could certainly include 
stress management, are the recommended fi rst-line 
therapies for these prehypertensive patients.25

Possible mechanisms of biofeedback in hypertension
One can hypothesize on the mechanisms of action of 
relaxation-based therapies in hypertension. Relaxing the 
muscles of the face via electromyography biofeedback 
and increasing fi nger temperature facilitates whole-body 
relaxation and decreased sympathetic adrenergic activ-
ity. Parasympathetic dominance is facilitated by the 
use of breathing techniques to increase heart rate vari-
ability.37,38 The improved deep sleep that results from 
relaxation may also reduce blood pressure by restoration 
of nighttime blood pressure dipping.16

 IDENTIFYING THE BEST CANDIDATES IS NOT EASY
Some individuals are excellent candidates for biofeedback, 
while others do not benefi t despite their best efforts.39,40 
The likelihood of response is generally associated with 
adherence to medical recommendations and willingness 
and ability to follow instructions for home practice of 
relaxation. Nevertheless, some patients who attend ses-
sions and practice still do not succeed, perhaps because 
they have few signs of overarousal in the system, such as a 
high degree of sympathetic activation, muscle tension, or 
low heart rate variability. Further, patients must be able to 
demonstrate that they learned the skill that was trained, 
such as consistent warming of the hands. If the training 
was for heart rate variability, the patient should be in 
the optimal range of heart rate variability and be able to 
demonstrate high-frequency waves.34 Patients with spe-
cifi c characteristics, such as stress sensitivity, may benefi t 
more than those whose blood pressure and blood glucose 
are chronically elevated with few fl uctuations. 

 CONCLUSIONS
The etiology of the metabolic syndrome is complex and 
multifactorial. Psychophysiologic interventions such 
as biofeedback and relaxation training are sometimes 
warranted for multiple aspects of metabolic syndrome, 
and they target several specifi c associated disruptions, 
particularly chronic stress, negative mood, and behav-
ior. Initial patient evaluation should aim to assess the 
patient’s readiness for change, which must be present to 
a suffi cient degree before continuing with biofeedback 
or relaxation techniques. Use of motivational interview-
ing techniques is recommended to increase patients’ 



CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010    S71

McGRADY

preparedness for change.41 Understanding patients’ 
characteristic responses to stress will guide decisions 
on the type of biofeedback and relaxation therapies to 
use and whether or not psychotherapy will be necessary. 
Specifi c modalities of biofeedback or particular types of 
relaxation do not appear to be as critical as the total 
package of individualized psychophysiologic therapy. 
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 ABSTRACT
Biofeedback-related approaches to headache therapy fall 
into two broad categories: general biofeedback techniques 
(often augmented by relaxation-based strategies) and 
methods linked more directly to the pathophysiology under-
lying headache. The use of general biofeedback-assisted 
relaxation techniques for headache has been evaluated 
extensively by expert panels and meta-analyses. Taken 
together, these reviews indicate that (1) various forms of 
biofeedback are effective for migraine and tension-type 
headache; (2) outcomes with biofeedback rival outcomes 
with medication therapy; (3) combining biofeedback 
with medication can enhance outcomes; and (4) despite 
effi cacy in many patients, biofeedback fails to bring 
signifi cant relief to a sizeable number of headache patients. 
Biofeedback methods that more directly target headache 
pathophysiology have focused chiefl y on migraine. These 
headache-specifi c approaches include blood volume pulse 
biofeedback, which has considerable supportive evidence, 
and electroencephalographic feedback.

B iofeedback has long been employed for helping 
ameliorate symptoms of recurrent headache; 
seminal work was performed in the late 1960s 
and fi rst reported in the early 1970s.1,2 This early 

work focused mainly on electromyography (EMG) or 
muscle tension and hand temperature. Today a greater 
array of approaches are available, and they fall within 
two broad categories: (1) biofeedback-assisted relaxation 
and (2) specifi c or more specialized approaches.3 

The fi rst category employs the two types of biofeed-
back mentioned earlier (EMG and thermal feedback), as 
well as feedback on sweat gland activity, to counteract 
the sympathetic nervous arousal that occurs in response 
to stress for a host of disorders, not just headache. These 
types of biofeedback are commonly augmented with 
a variety of allied relaxation-based strategies (guided 
imagery, diaphragmatic or paced breathing, autogenic 

training, meditation, etc) as well as training in cogni-
tive and behavioral stress coping. The second category 
takes a different approach, applying techniques that seek 
more directly to target the aberrant physiology under-
lying specifi c headache types. This latter category has 
focused chiefl y on migraine headache and its variants.

This article reviews the supportive evidence for each 
category of biofeedback approaches to headache therapy 
and identifi es select areas for future research attention. 

 EVIDENCE BASE FOR GENERAL BIOFEEDBACK 
TECHNIQUES IN HEADACHE

Biofeedback-assisted relaxation approaches for headache 
have been evaluated extensively over the past several 
decades. These evaluations have consisted of two basic 
types—comprehensive reviews by expert panels, and 
meta-analytic statistical analyses—as detailed below.

Expert panel reviews
A wide variety of groups have assessed biofeedback and 
related relaxation-based procedures by reviewing all 
relevant published studies according to rigorous pre-
determined criteria. These groups include the National 
Institutes of Health, the Canadian Headache Society, 
the American Psychological Association, the Society 
of Pediatric Psychology, the Association for Applied 
Psycho physiology and Biofeedback, and the US Head-
ache Consortium. 

The 2000 evidence review by the latter group, the 
US Headache Consortium,4 merits particular mention, 
for several reasons. First, their review was sponsored by 
diverse medical societies—namely, the American Acad-
emy of Family Physicians, American Academy of Neu-
rology, American Headache Society, American College 
of Emergency Physicians, American College of Physi-
cians–American Society of Internal Medicine, Ameri-
can Osteopathic Association, and National Headache 
Foundation. Second, this review panel applied objec-
tive criteria, grading the evidence quality as A, B, or C 
(see Table 1 for details). Third, the panelists examined 
a diverse array of behavioral and physical treatments 
(acupuncture, transcutaneous electrical nerve stimula-
tion, occlusal adjustment, cervical manipulation, and 
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hyperbaric oxygen) previously identifi ed in a technical 
review prepared for the Agency for Health Care Policy 
and Research,5 a review that included detailed meta-
analyses as well. Fourth, the panel’s main objective was 
to provide scientifi cally sound and clinically relevant 
practice guidelines for use in primary care settings.

Table 1 summarizes the consortium’s resulting treat-
ment recommendations on behavioral and physical 
treatments for migraine.4 The consortium also prepared a 
list of special indicators for behavioral treatment, which 
are summarized in Table 2.4 Thus, strong support was 
garnered for thermal and EMG biofeedback for migraine, 
and this support is consistent with fi ndings from many 
meta-analyses addressing not only migraine but also 
tension-type headache (see next section). The panelists 
noted that there was insuffi cient information for recom-
mending which type of treatments to pursue for specifi c 
patients, a conclusion that holds true to the present.

Meta-analytic reviews
The other major type of evaluation applied to bio-
feedback for headache is more quantitative in nature, 
applying meta-analytical statistical analyses to avail-
able studies to determine the range and mean level of 
clinical effects across pooled studies. Biofeedback and 
related approaches to headache have been subject to an 
extensive number of quantitative reviews, the fi rst being 
published in 1980.6 Since then, approximately 15 other 
quantitative reviews have compared behavioral treat-
ments with one another, with various placebo conditions, 

or with various prophylactic medications for migraine 
and tension-type headaches in adults and in children 
and adolescents.7 The most recent meta-analysis, by 
Nestoriuc et al,8 focused extensively on biofeedback and 
will be discussed in detail here.

Nestoriuc et al identifi ed and screened 150 clinical 
trials, including randomized controlled trials and quasi-
experimental designs.8 Ninety-four of these trials met 
predefi ned inclusion criteria (headache diagnostic crite-
ria specifi ed, biofeedback evaluated as treatment alone 
or in combination with behavior therapy, outcome 
assessed using a structured headache diary, 5 or more 
patients per condition, and suffi cient data to permit 
calculation of effect sizes). It was possible to include a 
suffi cient number of studies to permit comparisons with 
two types of control groups: waiting list and placebo. 

For migraine, biofeedback treatment yielded small to 
medium effects overall compared with waiting-list con-
trol and placebo, although these effects failed to reach 
statistical signifi cance. For tension-type headache, 
biofeedback treatment yielded a medium to large effect 
compared with waiting-list control and a medium effect 
compared with placebo, both of which were statistically 
signifi cant.8 

The accompanying fi gures provide a more detailed 
snapshot of results from the meta-analysis by Nestoriuc 
et al. Figure 1 shows effect sizes in terms of headache 
pain for various biofeedback treatments for migraine. 
Figure 2A shows effect sizes for all biofeedback treat-
ments combined for migraine, while Figure 2B shows 
effect sizes for EMG biofeedback alone for tension-type 
headache (this was the only type of biofeedback with 
a suffi cient number of studies in tension-type headache 
to permit analysis). Both panels of Figure 2 show effect 
sizes on the four main pain outcome measures used in 

TABLE 2
Patient characteristics for which behavioral treatments 
for migraine may be particularly well suited*

Preference for a nondrug approach

Intolerance of, or medical contraindication to, drug treatment

Absent or minimal response to drug treatment

Pregnancy, plans to become pregnant, or current nursing status

History of long-term, frequent, or excessive use of analgesic or 
other acute medications that aggravate headache symptoms 
or are reducing medication effectiveness

Presence of signifi cant life stress or lack of adequate stress-
coping skills

*From US Headache Consortium evidence-based guidelines.4 

TABLE 1
Treatment recommendations on behavioral and 
physical treatments for migraine from US Headache 
Consortium evidence-based guidelines4

Relaxation training, thermal biofeedback combined with 
relaxation training, electromyographic biofeedback, and 
cognitive-behavioral therapy may be considered as treatment 
options for prevention of migraine (Grade A evidence*)

Behavioral therapy (ie, biofeedback, relaxation) may be 
combined with preventive drug therapy to achieve additional 
clinical improvement for migraine relief (Grade B evidence*)

Evidence-based recommendations are not yet possible on the 
use of hypnosis, acupuncture, transcutaneous electrical nerve 
stimulation, cervical manipulation, occlusal adjustments, or 
hyperbaric oxygen as preventive or acute therapy for migraine 
(Grade C evidence*)

* Grade A: Multiple well-designed randomized controlled trials (RCTs) revealing 
a consistent pattern of positive fi ndings. Grade B: Some supportive evidence 
from RCTs, but not optimal support (often because RCTs were few or fi ndings 
were judged to be inconsistent). Grade C: Consensus on the recommendation 
achieved among consortium members in the absence of acceptable RCTs. 
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headache research, along with reductions in medica-
tion (considered a behavior motivated by pain). Figure 
3 shows effect sizes from biofeedback on the secondary 
outcome measures of anxiety, depression, and self-
effi cacy, again for all biofeedback procedures for migraine 
and for EMG biofeedback alone for tension-type head-
ache. These latter results show that biofeedback has the 
added advantage of favorably affecting cognitive and 
emotional functioning.8 

Additionally, Holroyd and colleagues have con-
ducted a number of meta-analyses and randomized con-
trolled trials that compare behavioral and prophylactic 
pharmacologic treatments, as well as their combina-
tion.9–13 These reviews and studies have consistently 
shown that outcomes for the individual treatments are 
similar in magnitude and that the combination of both 
behavioral and pharmacologic treatment leads to even 
greater effects—a conclusion tentatively offered by the 
US Headache Consortium back in 2000.4 

Interim conclusions
Consideration of the fi ndings from individual studies 
and reviews discussed, plus those not singled out here, 
leads to the following conclusions: 

1)  Various forms of biofeedback are effective for 
migraine and tension-type headache. 

2)  Outcomes with these forms of biofeedback rival 
outcomes with medication alone. 

3)  Combining biofeedback with medication can 
enhance outcomes. 

4)  Outcomes from biofeedback are similar to those 
obtained with other behavioral approaches. 
Whether biofeedback has a unique advantage over 
other similar approaches is not known, but at least 

one investigation suggests that biofeedback may 
be of particular value to a subset of patients.14 

5)  Although not reviewed here, the outcome effects 
from biofeedback seem to endure for extended 
periods,15 whether booster treatments are provided 
or not.16 

6)  Although biofeedback has been shown to be effec-
tive for a number of patients, a sizeable number of 
patients do not achieve signifi cant relief. 

Remaining questions and challenges
Unfortunately, little attention has been devoted to iden-
tifying variables predictive of outcome. Certain head-
ache types—chronic forms of headache (presence of pain 
≥ 15 days per month), headaches associated with the 
menstrual cycle, headaches accompanied by medication 
overuse (of ergotamine, triptans, analgesics, or opioids), 
posttraumatic headaches, and cluster headaches—have 
shown minimal response to biofeedback alone. 

Headaches complicated by medication overuse are 
particularly diffi cult to treat. The fi rst order in treatment 
is to have the patient withdrawn from the offending 
agents, which often requires a brief hospitalization, after 
which a more appropriate course of treatment is begun. 
Unfortunately, relapse is high. Mindful of this, we con-
ducted an investigation that assigned 61 consecutive 
patients who had undergone a course of inpatient with-
drawal to either medication alone or medication plus 
biofeedback-assisted relaxation training to determine if 
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FIGURE 1. Mean weighted effect sizes (and 95% confi dence 
intervals) for migraine pain for various biofeedback methods from a 
meta-analysis of studies of biofeedback treatment for migraine.8 
(k = number of independent effect sizes entered into the calculation)

With kind permission from Springer Science+Business Media: 
Applied Psychophysiology and Biofeedback, “Biofeedback treatment 

for headache disorders: a comprehensive effi cacy review,” volume 33, 
2008, p. 131, Nestoriuc Y, Martin A, Rief W, Andrasik F, fi gure 1. 

BVP-FB = blood volume pulse feedback; EEG-FB = electroencephalographic feedback; 
EMG-FB = electromyographic feedback; RT = relaxation training; TEMP-FB = peripheral 
skin temperature feedback 
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FIGURE 2. Mean weighted effect sizes (with 95% confi dence inter-
vals) for various headache outcome measures from a meta-analysis 
of studies of biofeedback treatment for headache.8 Results are for 
all biofeedback procedures combined in the treatment of migraine 
(A) and for electromyo graphic biofeedback alone in the treatment of 
tension-type headache (B). (k = number of independent effect sizes 
entered into the calculation)

With kind permission from Springer Science+Business Media: 
Applied Psychophysiology and Biofeedback, “Biofeedback treatment 

for headache disorders: a comprehensive effi cacy review,” volume 33, 
2008, p. 131, Nestoriuc Y, Martin A, Rief W, Andrasik F, fi gure 2. 

B

A



CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010    S75

ANDRASIK

such training could enhance outcome.17 At 1-year fol-
low-up evaluation, the two patient groups showed simi-
lar levels of improvement. However, at 3-year follow-up, 
patients receiving biofeedback showed more sustained 
improvements and, most importantly, had lower rates 
of relapse back to analgesic overuse (Figure 4). Thus, 
biofeedback seemed to help these patients cope more 
effectively over the long term. Unfortunately, we did 
not collect suffi cient data over the intervening 2 years, 
so we could not determine with precision what medi-
ated this differential outcome.

 EVIDENCE BASE FOR HEADACHE-SPECIFIC 
BIOFEEDBACK APPROACHES

As noted above, a number of biofeedback approaches 
have been suggested that are tied more directly to the 
underlying physiology of headache. 

Blood volume pulse biofeedback
One of these approaches, blood volume pulse (BVP) bio-
feedback, has undergone a suffi cient number of trials to 
be included in the recent meta-analysis by Nestoriuc et 
al8 mentioned earlier. This approach involves monitoring 
blood fl ow in the temporal artery and providing feedback 
to patients to enable them to decrease or constrict blood 
fl ow. This approach, when fi rst envisioned,18 was viewed 
as the nondrug counterpart to the abortive agent ergota-
mine. Although BVP biofeedback is not very common 
in clinical practice, the meta-analysis by Nestoriuc et al8 
found it to produce the greatest effect size of the biofeed-
back methods assessed for migraine relief (Figure 1).

EEG-based methods
The next most investigated approach involves electro-
encephalographic (EEG) biofeedback, of which there 
are two types. The fi rst derives from research investi-
gating links between certain EEG frequency bands and 
the experience of pain.19 This research suggests that the 
experience of pain is associated with lower amplitudes 
of slow brain wave activity (delta, theta, and alpha) and 
higher amplitudes of faster brain wave activity (beta). 
Several uncontrolled series suggest that EEG biofeedback 
may be of value, but more well-controlled investigations 
are needed before further statements can be made.

The second line of EEG research takes a differ-
ent approach, focusing on the contingent negative 
variation response (CNV). The CNV is a slow corti-
cal event-related potential that examines EEG activity 
occurring between presentation of a warning stimulus 
and an imperative stimulus (in this case 3 seconds 
later), a stimulus requiring a response by the individual. 
This potential is related to the level of excitability upon 
activation in the striato thalamocortical loop, refl ecting 
different stages of information processing.20 Studies in 
child and adult migraineurs reveal that these patients 
have a heightened response to novel stimuli and do 
not habituate as readily over repeated trials as do non-
migraineur controls.21 The CNV is believed to refl ect 
anticipation of a migraine attack because its amplitude 
and habituation patterns change during the headache-
free interval. Abnormalities gradually increase in the 
days before a migraine attack, with the most pronounced 
changes occurring just prior to the attack.22

On the basis of these etiopathologic fi ndings, Sini-
atchkin et al conducted an initial test to determine 
whether child migraineurs could learn, via biofeedback, 
to change their CNV activity and whether such learning 
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FIGURE 3. Mean weighted effect sizes (with 95% confi dence 
intervals) for secondary outcome measures related to cognitive and 
emotional function from a meta-analysis of studies of biofeedback 
treatment for headache.8 Results are for all biofeedback procedures 
combined in the treatment of migraine (A) and for electromyo graphic 
biofeedback alone in the treatment of tension-type headache (B). 
(k = number of independent effect sizes entered into the calculation)

With kind permission from Springer Science+Business Media: 
Applied Psychophysiology and Biofeedback, “Biofeedback treatment 

for headache disorders: a comprehensive effi cacy review,” volume 33, 
2008, p. 131, Nestoriuc Y, Martin A, Rief W, Andrasik F, fi gure 2. 
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FIGURE 4. Percentage of migraine patients who relapsed to 
analgesic overuse at 3-year follow-up after being assigned to either 
medication therapy alone or medication therapy combined with 
biofeedback-assisted relaxation to combat initial analgesic overuse. 
Data are from a study by Grazzi et al.17  
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would alter the subsequent course of migraine attacks.23 
Ten child migraineurs without aura each received 10 
sessions of CNV biofeedback. They were taught how to 
increase and decrease EEG negativity (as bidirectional 
control of a physiologic response is assumed to refl ect a 
greater level of self-regulation). By the end of training, 
the children could indeed regulate their CNV activity 
when feedback was provided, but they were unable to do 
so when the feedback was removed. 

The number of training sessions administered was low, 
as most treatment investigations using EEG biofeedback 
typically use 20 to 40 sessions. A greater number of ses-
sions may have led to greater response generalization. 
Interestingly, baseline or tonic levels of EEG negativity 
changed over the course of treatment, so much so that the 
child migraineurs were no longer distinguishable from a 
matched sample of healthy controls, which suggests that 
the migraineurs’ level of cortical excitability may have 
diminished. CNV biofeedback led to improvements on 
most measures of headache activity relative to a second 
group of child migraineurs who comprised a waiting-list 
control group.23 These preliminary fi ndings add to those 
briefl y mentioned for other EEG biofeedback approaches, 
suggesting that further investigations are warranted.
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 ABSTRACT

Deep brain stimulation has emerged as an experimental 
treatment option for the sizeable proportion of patients 
with major depression that is refractory to multiple 
medications and psychotherapy. Chronic stimulation of 
the ventral internal capsule/ventral striatum has been 
shown to improve function and mood in patients with 
severe obsessive-compulsive disorder, and has likewise 
been applied to patients with treatment-resistant depres-
sion. Multicenter experience with chronic deep brain 
stimulation of the ventral capsule/ventral striatum in 17 
patients with severe treatment-resistant depression has 
demonstrated sustained improvements across multiple 
scales of depression, anxiety, and global function. Further 
research on deep brain stimulation in larger populations 
of patients with treatment-refractory depression is under 
way. While such research should benefi t from the recent 
US Food and Drug Administration approval of deep brain 
stimulation for severe obsessive-compulsive disorder, it 
must adhere to strict principles for appropriate patient 
selection.

D eep brain stimulation (DBS) for severe, treat-
ment-refractory depression has evolved out of 
both the troubled history of psychosurgery in 
the middle of the 20th century and the recent 

promising application of DBS for movement disorders 
and other neurologic and psychiatric conditions. This 
review describes the context in which DBS has emerged 
as an experimental therapy for refractory depression, 
explains the rationale for targeting stimulation to the 
ventral capsule/ventral striatum, and reviews promis-
ing results of preliminary clinical studies of DBS for 
depression.

 PSYCHOSURGERY: 
A CLOUDED HISTORICAL BACKDROP

The use of DBS for depression is best understood within 
the context of the problematic history of neurosurgery 
for psychiatric conditions (psychosurgery), which dates 
back to the development of frontal leucotomy (ie, frontal 
lobotomy) by Egas Moniz and Pedro Lima in 1935. Wal-
ter Freeman, an American neurologist and psychiatrist 
without surgical training, performed the fi rst prefrontal 
lobotomy in the United States in 1936. In 1945 Freeman 
pioneered the transorbital (“ice pick”) lobotomy, which 
accessed the frontal lobes through the eye sockets rather 
than by holes drilled in the skull. Freeman’s advocacy of 
lobotomy as an expedient therapy for psychiatric condi-
tions helped fuel the procedure’s midcentury popular-
ity, as more than 20,000 psychosurgery procedures were 
performed in the United States for various indications 
between 1936 and 1955.

Although some symptomatic improvement was 
seen with these psychosurgery procedures, they quickly 
became controversial because of their adverse effects, 
which included personality changes, as well as their 
perceived barbaric nature and their indiscriminate 
use by some practitioners. Moreover, little systematic 
research of these procedures was done, with most studies 
being poorly designed with little attention to long-term 
outcomes. 

By the 1960s psychosurgery was in decline, largely 
because of the advent of effective psychopharmacology. 

 FROM BRAIN LESIONING TO BRAIN STIMULATION
Despite this decline, research on neurosurgery for the 
treatment of psychiatric conditions continued with 
small-scale studies of procedures involving smaller 
brain lesions, such as anterior capsulotomy and anterior 
cingulotomy using radiofrequency lesioning or gamma 
knife irradiation. Some of these studies demonstrated 
signifi cant improvements, particularly in patients with 
severe obsessive-compulsive disorder (OCD).

These results prompted consideration of DBS for 
treatment of patients with severe psychiatric illness, 
especially since DBS offered several potential advan-
tages relative to lesioning:
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• Reversibility
•  The ability to perform double-blind crossover 

studies
• The ability to vary stimulation sites and parameters.
Briefl y, DBS for psychiatric applications involves 

bilateral implantation of electrodes in the anterior 
limb of the ventral internal capsule extending into the 
ventral striatum. Each electrode has four individually 
programmable contacts. The neurostimulator is placed 
in a pocket created in the subclavicular area. The leads 
are connected to each neurostimulator by tunneling 
under the scalp and the skin of the neck to the pocket, 
permitting noninvasive adjustment of the electrical 
stimulation.

 EXPERIENCE WITH STIMULATION 
IN OBSESSIVE-COMPULSIVE DISORDER

Greenberg et al reported outcomes of the use of DBS in 
26 patients with severe and highly treatment-resistant 
OCD treated at four collaborating centers from 2000 
to 2005.1 The target for stimulation was the ventral 
internal capsule/ventral striatum (VC/VS); this target 
evolved slightly over the course of the study as it became 
evident that outcomes were superior with targets that 
were more posterior. Concomitant pharmacotherapy 
was permitted throughout the study. 

At 3 to 6 months after initiation of chronic DBS, 
scores on the Yale-Brown Obsessive Compulsive Scale, 
a measure of OCD severity, improved by an average 
of nearly 50% in these patients with severe refractory 
disease,1 which is notably better than the 35% improve-
ment often used as the threshold for response in OCD 
trials. Improvement in mood was a benefi cial side effect 
of DBS in the study, and in patients with comorbid 
depression, mood improved to a greater degree than did 
symptoms of anxiety and OCD. 

In the wake of the initial release of this study by 
Greenberg et al (published online in May 2008) and 
similar fi ndings, the US Food and Drug Administration 
(FDA) in February 2009 approved DBS for use in refrac-
tory OCD under a humanitarian device exemption. 
Such exemptions are granted to facilitate the develop-
ment of devices for rare conditions, and the exemption 
was applicable in light of the rarity of severe, treatment-
resistant, disabling OCD.

 RATIONALE FOR BRAIN STIMULATION 
IN DEPRESSION

A large refractory and disabled population
In contrast to OCD, treatment-refractory depression is 
rather common, as approximately 20% of patients with 
depression—roughly 4.4 million US patients—have dis-
ease that is resistant to the mainstay treatment options 
of antidepressant medications and psychotherapy.2 The 

fact that electroconvulsive therapy is performed more 
than 100,000 times annually in the United States 
is another testament to how widespread treatment-
resistant depression remains. Even if only some of these 
patients with severely disabling and refractory depres-
sion may be candidates for DBS, they represent a con-
siderable potential patient population.

A pathophysiologic role for the VC/VS 
The target for stimulation in OCD—the VC/VS—also 
has a known anatomic and physiologic role in depres-
sion, which makes it an appropriate surgical target 
for treatment of depression as well. Signifi cantly less 
VS response to positive stimuli has been observed in 
depressed patients compared with controls.3 Moreover, 
the subgenual cingulate region is known to be metaboli-
cally hyperactive in patients with major depressive disor-
der, and positron emission tomography studies of OCD 
patients who underwent DBS of the VC/VS showed a 
reduction in subgenual cingulate activity over time.4

White matter tracts in the area 25 region adjacent 
to the subgenual cingulate cortex represent another 
target for stimulation. In a pilot study by Mayberg et al, 
DBS electrodes implanted bilaterally in the subgenual 
cingulate cortices of 6 patients with treatment-resistant 
depression resulted in sustained remission of depression 
in 4 patients at 6 months.5 The benefi t of stimulation 
continued for up to 4 weeks after stimulation ended. 

 MULTICENTER STUDY OF STIMULATION 
FOR HIGHLY REFRACTORY DEPRESSION

Our team at Cleveland Clinic partnered with colleagues 
from Brown Medical School and Massachusetts Gen-
eral Hospital to build on these pilot study fi ndings and 
evaluate DBS of the VC/VS in patients with chronic, 
severe refractory depression in a multicenter investiga-
tion. The results from the fi rst 15 patients in this series 
were published in early 2009;6 results from an additional 
2 patients, for a total sample of 17, are now available 
and summarized below. 

Patients and study design
Patients had at least a 5-year history of chronic or recur-
rent depression that was refractory to at least fi ve courses 
of medication, an adequate trial of psychotherapy, and 
at least one trial of bilateral electroconvulsive therapy. 
Exclusion criteria included signifi cant substance abuse, 
severe personality disorder that could potentially affect 
safety or compliance, and psychotic depression. 

Outcome measures included the Hamilton Depres-
sion Rating Scale (HDRS), the Montgomery-Asberg 
Depression Rating Scale (MADRS), and the Global 
Assessment of Function Scale (GAF). Assessments were 
performed at baseline, postoperatively, and monthly 
thereafter. A detailed neuropsychological battery was 
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performed at baseline and again at 6 months.
At the time of electrode implantation, mean patient 

age was 46.3 years and mean duration of illness was 21.0 
years. In their current depressive episode, patients had 
had an average of 6.1 antidepressant trials and 6.1 tri-
als of augmentation or combination of antidepressant 
medi cations. The average number of lifetime elec-
troconvulsive therapy treatments was 30.5; of the 17 
patients, 15 had an adequate trial of electroconvulsive 
therapy in their current depressive episode.

Electrodes were implanted bilaterally in the VC/
VS. Following a postoperative recovery phase of 2 to 4 
weeks, stimulation parameters were titrated over several 
days on an outpatient basis. The stimulation parameters 
were selected on the basis of positive mood benefi t and 
absence of adverse effects. Stimulation was at a fre-
quency of 100 to 130 Hz and an amplitude of 2.5 to 8 
V. These stimulation amplitudes are higher than those 
used for treatment of movement disorders, refl ecting the 
different targets (white matter vs gray matter) for the 
different conditions.

The two ventral contacts (referred to as contact 0 
and contact 1) tend to be the most active, providing 
the best response. Contact 0 is the most distal contact, 
at the VS below the level of the anterior commissure. 
Contact 1 is near the junction of the VS and VC.

The time to battery replacement (due to depletion) 
ranged from 10 to 18 months. 

Outcomes
Patients’ mean baseline MADRS score was 34.7, indi-
cating very severe depression. The mean MADRS score 
improved to 20.6 by 1 month, and declined further to 
16.0 at 3 months. This benefi t has been maintained to 
the most recent follow-up (average, 37.4 months; range, 
14–67 months). Similar improvements from baseline to 
most recent follow-up were observed in the HDRS and 
GAF scores. Additionally, a substantial reduction in 
suicidality (as measured by mean MADRS suicide sub-
scale score) was observed by 1 month (P = .01) and was 
maintained through 12 months of follow-up (P < .001).7 

A clinical response—defi ned as a 50% or greater 
decrease in MADRS score—was achieved by 53% of 
the patients at 3 months, which increased to 71% by 
the most recent follow-up (Table 1).8 Perhaps the most 
impressive fi nding is that 35% of these highly treatment-
refactory patients remained in remission (MADRS score 
≤ 10) at the most recent follow-up.

Adverse effects
Adverse effects of DBS were observed on occasion and 
can generally be divided into those related to surgical 
implantation and those related to stimulation itself.

Effects related to surgical implantation have included 
infection from lead or battery implantation, adverse cos-

metic effects (from placement of the battery-operated 
neurostimulators into the chest), and repeat surgeries 
for neurostimulator replacements. A rechargeable bat-
tery has recently become available and should enhance 
tolerability and acceptability by reducing the frequency 
of replacement surgeries.

Stimulation-induced acute adverse events have 
included paresthesias, anxiety, mood changes, and auto-
nomic effects. All were reversible with adjustment of 
stimulation parameters.

 DIRECTION AND GUIDANCE FOR FUTURE RESEARCH
A number of recent developments have enhanced the 
prospects for better understanding of the use of DBS in 
treatment-refractory depression:

•  The recent FDA approval of DBS for severe, 
refractory OCD should broaden the base of experi-
ence with DBS for psychiatric disorders.

•  Two large studies of DBS of the VC/VS and the 
area 25/subgenual cingulate region in depressed 
patients are currently under way. 

•  The aforementioned recent development of a 
rechargeable stimulator battery should improve 
patient acceptance of DBS therapy.

•  Neuroimaging studies using functional magnetic 
resonance imaging and positron emission tomog-
raphy may help to elucidate neuroanatomic path-
ways in depression and other psychiatric disorders.

•  Ongoing studies of DBS for Tourette syndrome 
will broaden the experience base with DBS and 
perhaps yield insights for depression.

As investigation of DBS for depression moves for-
ward, it must be conducted in keeping with some basic 
principles for patient selection and fundamental ethical 
guidelines, especially in light of the troubled early his-
tory of psychosurgery. From the individual patient per-
spective, patients should be selected only if they meet 
the following criteria:

TABLE 1
Categorical response rates to deep brain stimulation 
in our 17-patient study8

Time point Response rate* Remission rate

3 months 53% 35%
6 months 47% 29%
12 months 53% 41%
Last follow-up† 71% 35%

*  Response defi ned as ≥ 50% decrease from baseline in Montgomery-Asberg 
Depression Rating Scale (MADRS) score. 

† Last follow-up ranged from 14 to 67 months (average, 37.4 months).
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•  Accurate diagnosis. This may seem obvious, yet 
inaccurate diagnoses in the psychiatric realm are 
far more widespread than is appreciated but clearly 
must be avoided when embarking on an interven-
tion as signifi cant as DBS. 

• Ability to provide informed consent
• Suffi cient severity of illness
•  Nonresponse to less-invasive options (ie, reasonable 

trials of both pharmacotherapy and psychotherapy).
From the ethical and procedural perspective, research 

of DBS for psychiatric disease must ensure the involve-
ment of expert and dedicated psychiatric neurosurgery 
teams, led by psychiatrists, as well as full ethical review 
(by institutional review boards) and method-safety 
review (in keeping with FDA policy). Additionally, 
expert centers must be prepared to make the long-term 
commitment necessary to follow these diffi cult-to-treat 
patients. Centers and investigators must also ensure that 
DBS be used only to alleviate suffering and improve 
patients’ lives, and never to “augment” normal function 
or for social or political reasons.9 
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 Abstract 1

Potential Role of the Cardiac Protease Corin 
in Energy Metabolism

Jingjing Jiang,1 Yujie Cui,1 Wei Wang,1 Qingyu Wu1,2

1Department of Molecular Cardiology and 2Department of Nephrology and Hypertension, 
Lerner Research Institute, Cleveland Clinic, Cleveland, OH

The melanocortin-mediated pathway plays an important role in 
energy homeostasis. In the brain, the binding of �-melanocyte 
stimulating hormone (�-MSH) to melanocortin 4 receptor 
(MC4r) inhibits appetite, thereby reducing food intake and body 
weight. Agouti and agouti-related protein block �-MSH binding 
to MC4r and increase appetite and food intake. In mouse skin, 
agouti also blocks �-MSH binding to melanocortin 1 receptor, 
promoting yellow pigment formation. Naturally occurring muta-
tions in lethal yellow (AY) mice increase agouti protein expres-
sion, causing obesity, hypertension, and diabetes.

Corin is a heart enzyme that converts inactive pro-atrial 
natriuretic peptide (pro-ANP) to active ANP, a cardiac hormone 
that regulates blood pressure and cardiac function. In mice, 
lack of corin blocks ANP production and causes hypertension. 
In humans, corin gene variants are linked to hypertension and 
cardiac hypertrophy in African Americans. In functional studies, 

we found that the corin variants impaired biological activities in 
vitro and in vivo, suggesting that corin defects may contribute to 
hypertension and heart disease in patients.

Corin is made primarily in the heart. Unexpectedly, corin 
expression also was detected in the brain and hair follicle. Corin 
null mice had a more yellowish coat color than that of controls. 
This effect was agouti gene-dependent. It appears that lack of 
corin enhances the agouti pathway in mice. We performed cell-
based experiments to examine the effect of corin on the expres-
sion of a selected set of peptide hormones that are involved in 
energy metabolism. In HEK 293 cells, co-transfection of a corin 
plasmid reduced the expression of recombinant agouti and agouti-
related protein. In similar experiments, co-transfection of the 
corin plasmid also reduced the expression of urocortin III but not 
urocortin I and II. The observed effect of corin on these peptides 
depended on its catalytic activity, as corin active site mutant had 
no such an effect in these experiments. 

Our results suggest that corin may participate in energy 
metabolism by down-regulating peptide hormones that control 
appetite. Currently, we are testing this hypothesis in additional 
biochemical studies. We also have made corin transgenic mice to 
examine the effect of corin expression levels on body weight and 
food intake. These studies should help to identify a potential role 
of corin in regulating energy metabolism.
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 Abstract 2

Anxiety and Type D Personality in ICD Patients: 
Impact of Shocks

Mina K. Chung, MD; Melanie Panko, RN; Tina Gupta; Scott Bea, PhD; 
Karen Broer, PhD; Diana Bauer; Denise Kosty-Sweeney, RN; 
Betty Ching, RN; Suzanne Pedersen, PhD; Sam Sears, PhD; 
and Leo Pozuelo, MD
Cleveland Clinic, Cleveland, OH 

Quality of life in patients with implantable cardioverter-defi bril-
lators (ICDs) may be impacted by the occurrence of ICD shocks. 
Although shocks may be life-saving, approximately one-third 
of patients with ICDs may experience inappropriate shocks. In 
an observational study of ICD patients, we are testing levels of 
anxiety and performing a randomized trial of cognitive behavior 
therapy in patients with moderate-high anxiety. We report here 
results of an interim analysis of anxiety levels in the fi rst sub-
jects enrolled in this study, testing the hypothesis that anxiety is 
higher in subjects with non-life-saving ICD shocks.

Methods: Consenting patients presenting to an outpatient 
ICD clinic completed Beck Anxiety Inventory (BAI) and Type 
D personality scale (DS14) questionnaires. Type D personality 
was defi ned as scoring � 10 on both negative affectivity (NA) 
and social inhibition (SI) components of the DS14 scale. Clini-
cal data were collected, including arrhythmia, ICD, and shock 
data. Data were analyzed using standard parametric and non-
parametric statistics.

Results: Among 263 subjects (mean age 62.0 ± 15.1 yrs, 73% 
male, LVEF 31.9 ± 14.0%), 10% had ICDs implanted for second-
ary and 89% for primary prevention indications, and 52.7% had 

CAD. With average time since fi rst ICD implant averaging 4.4 
± 7.6 years, 24.5% perceived having experienced ICD therapies 
that were life-saving and 16.7% ICD shocks that were non-life-
saving (4.5% had shocks for sinus tachycardia and 9.4% for atrial 
fi brillation). The average total number of shocks experienced was 
2.6 ± 7.6 (range 0–71); appropriate shocks averaged 1.4 ± 6.0 
(range 0–70), and inappropriate shocks 0.97 ± 4.2 (range 0–50). 
Recent shocks (within the 4 weeks prior to enrollment) had been 
experienced in 3.7%. Malfunctioning of the ICD system had been 
experienced by 3.3%. History of anxiety was reported in 18.8% 
(10.6% reported current anxiety), and 19.6% had a family history 
of anxiety. ICD indication was not associated with signifi cant dif-
ferences in BAI or DS14 scores. Patients who had experienced 
life-saving ICD shocks were less socially inhibited (SI scores 5.40 
± 5.62 vs 7.80 ± 6.10, P = 0.015) but showed no signifi cant dif-
ference in NA or BAI scores. Non-life-saving shocks were associ-
ated with a trend toward higher BAI scores (8.94 ± 8.48 vs 6.51 ± 
7.05, P = 0.082). The number of inappropriate shocks correlated 
with BAI, NA, and SI scores (Pearson correlation coeffi cients 
0.148, 0.179, and 0.214, and P values 0.022, 0.006, and 0.001, 
respectively). History of ICD malfunction was associated with a 
trend toward higher BAI scores (14.00 ± 7.26 vs 6.96 ± 7.32, P 
= 0.086). A shock within the past 4 weeks was associated with 
signifi cantly higher SI (14.00 ± 6.54 vs 6.93 ± 5.96, P = 0.005) 
and BAI (13.17 ± 9.02 vs 6.66 ± 7.12, P = 0.03) scores.

Conclusions: ICD function signifi cantly impacts anxiety and 
Type D personality (negative affectivity and social inhibition) 
scores. Recent or inappropriate shocks, as well as ICD malfunc-
tion, may affect quality of life in ICD patients due to anxiety. In 
contrast, life-saving shocks are associated with less social inhibi-
tion. These observations may guide clinicians in better screening 
for and treatment of comorbid anxiety in ICD patients.

* BHBI = Bakken Heart-Brain Institute
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 Abstract 3

Microglia Activation and Neuroprotection 
During CNS Preconditioning

Walid Jalabi, Ranjan Dutta, Yongming Jin, Gerson Criste, Xinghua Yin, 
Grahame J. Kidd, and Bruce D. Trapp
Department of Neurosciences, Lerner Research Institute, Cleveland Clinic, Cleveland, OH

Preconditioning is a phenomenon in which low doses of noxious 
stimuli shield the brain from future insults. Preconditioning can 
be induced by a number of stimuli, including hypoxia, ischemia, 
heat shock, and IP injections of lipopolysaccharide (LPS). While 
global preconditioning with LPS provides protection against 
injurious focal ischemia in the brain, the cellular mechanisms 
involved in LPS neuroprotection are incompletely understood.

In this study, C57BL/6 mice were preconditioned by four daily 
LPS injections. One day post-LPS treatment, cortical microglia 
expressed activation markers and directly apposed neuronal cell 
bodies and proximal dendrites. A 27% reduction in the neuronal 
circumference occupied by inhibitory GABAergic synapses was 

observed in preconditioned cortex, and major GABA recep-
tor subunit mRNA and proteins were signifi cantly reduced. In 
addition, animals preconditioned with LPS showed a signifi cant 
reduction in the size of cortical induced cryoinjury and the 
number of apoptotic cells. Cortical mRNA and protein levels of 
several anti-apoptotic members of the Bcl-2 and the inhibitor of 
apoptosis (IAPs) families were upregulated and the pro-apoptotic 
protein BAD was inhibited. Furthermore, the transcription factor 
cAMP-response-element-binding-protein (CREB) and its regu-
lated neurotrophin brain derived neurotrophic factor (BDNF) 
were signifi cantly upregulated by LPS preconditioning.

These data support microglia activation as part of a CNS 
neuroprotective response that involves preferential reductions 
in GABAergic axosomatic synapses and the activation of anti-
apoptotic pathways in cortical neurons through CREB. Reduc-
tions in inhibitory innervation may transiently favor neuro-
trophic activity through synaptic NMDA receptor activation and 
the subsequent induction of anti-apoptotic pathways in neurons.

This investigation was supported by a grant from the Bakken Heart-Brain Institute 
and a postdoctoral fellowship (to W.J.) from the National Multiple Sclerosis Society.
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Abstract 4

Brain MRI Correlates of Atrial Fibrillation

Stephen E. Jones, MD, PhD;1 Thomas Callahan, MD;2 Kamal Chémali, MD;3 
Michael Phillips, MD;1 David Van Wagoner, PhD;2 and Walid Saliba, MD2

1Department of Neuroradiology, 2Department of Cardiovascular Medicine, and 
3Department of Neurology, Cleveland Clinic, Cleveland, OH

While the infl uence of the central nervous system on cardiac 
rhythm and function is well accepted, the mechanisms of this 
control are poorly understood. A preponderance of data impli-
cates the autonomic nervous system in the development of many 
cases of atrial fi brillation (AF), for which new therapies are 
needed since both surgical and minimally invasive ablative tech-
niques have substantial failure rates and complications. Efforts to 
better understand the role of the central nervous system in AF 
may lead to new treatment strategies that improve outcomes and 
reduce complications associated with available therapies. 

Recently developed functional magnetic resonance imaging 
(fMRI) techniques make it possible to simultaneously image brain 

anatomy and assess patterns of regional activation and function. 
By using specifi c tasks to cause autonomic activation in subjects 
and recording heart rate variation, blood pressure variation, and 
galvanic skin response as independent measures of autonomic 
arousal, studies have compared these measures to fMRI to deter-
mine regions of the brain that are active during sympathetic or 
parasympathetic arousal (Figure 1, previous page). These studies 
have identifi ed activation within the anterior cingulate region 
and insular cortex during sympathetic activation, and in the insu-
lar cortex during parasympathetic activation. 

Our long-range goal is to determine the relationship between 
levels of autonomic activation and the development of AF. The 
central hypothesis of this study is that patients with AF will have 
diminished central autonomic activation as assessed by fMRI and 
pupillometry that will persist despite cardioversion to sinus rhythm. 

The techniques to measure autonomic tone on subjects while 
acquiring fMRI data are diffi cult and subject to patient move-
ments, paradigm selection, and noise pickups. We will present 
initial results from these techniques on healthy subjects, prior to 
initiating imaging on AF patients both before and after ablation.

FIGURE 1. (A) Examples of functional magnetic resonance imaging (fMRI) 
activation obtained in a healthy subject performing fi ve task paradigms 
designed to alter autonomic tone. (B) Example of noninvasive autonomic 
recordings obtained from a healthy subject while performing a handgrip task 
during MRI. Measures are heart rate, systolic blood pressure surrogate, and 
galvanic skin response. B

A

Working memory Valsalva Handgrip

Gambling Paced breathing
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 Abstract 5

Identifi cation and Characterization of Autonomic Dysfunction 
in Migraineurs With and Without Auras: Phase I

Mark Stillman, MD
Neurological Center for Pain, Cleveland Clinic, Cleveland, OH

Objectives: To identify and characterize the presence, if any, of 
autonomic dysfunction among migraineurs suffering from ortho-
static intolerance (postural dizziness, presyncope, and syncope) 
and to simultaneously compare neurocardiac physiological param-
eters with morphometrics of sudomotor innervation on skin biopsy.

Methods: In this phase of the study, 30 male and female 
adults (ages 18–75) who suffered from migraines without and 
with auras, as defi ned by the International Headache Society, 
and who complained of orthostatic intolerance, underwent the 
following studies: passive upright tilt table testing, clinical auto-
nomic refl ex testing, quantitative sudomotor axon refl ex testing 
(QSART), and punch biopsy for evaluation of sudomotor nerve 
fi ber density. The results of clinical autonomic testing were then 
compared with the morphometric fi ndings supporting small fi ber 
neuropathy involving sweat gland innervation on skin biopsy.

In phase II, the same studies will be performed on age-matched 
patients suffering from migraines without and with auras but who 
do not complain of postural instability or intolerance, includ-
ing presyncope and syncope. The two populations will then be 
compared.

Results: Among 30 consecutive migraine patients seen in an 
active neurology practice between January 2008 and June 2009, 
there were 27 females and 3 males with a median age of 33 (range 
18–71). Fifty-seven percent (17 patients) had migraines with and 
without auras, 33% (10 patients) had basilar-type migraines, 7% 
(2 patients) had migraines with auras only, and 3% (1 patient) 
had migraine without aura. 

Seventeen of 30 skin biopsies (57%) exhibited small fi ber 
sensory neuropathies (SFSN) by accepted morphometric stan-
dards, and 8 of these (47%) demonstrated reduced sweat gland 
(sudomotor) innervation in addition to reduced innervation to 
somatic structures. Eleven of 17 biopsies (65%) qualifying as 
SFSN were classifi ed as length dependent and 6 (35%) as non-
length dependent. Among the SFSN group, 5 (29%) exhibited 
normal QSART results and 12 (71%) had abnormal QSART 
results. Of the remaining 13 normal skin biopsies, which demon-

strated normal nerve fi ber densities to both somatic or sudomotor 
dermal structures, 10 were from patients who had accompanying 
QSART studies available for comparison; 3 of these (30%) were 
abnormal while 7 (70%) were normal.

Of 26 available QSART studies, twelve (46%) were normal 
and 14 (54%) were abnormal (reduced). Three of 12 normal 
QSARTs (25%) showed sudomotor involvement on skin biopsy 
while 9 (75%) had no such morphometric abnormality. Among 
the 14 patients with abnormal QSARTs, only 5 (36%) had biopsy 
evidence of sudomotor nerve involvement while the remaining 9 
(64%) had normal biopsies. 

There was a strong association between an abnormal tilt table 
response in patients with biopsy-proven SFSN; 17/17 (100%) 
had either orthostatic hypotension with or without a vasovagal 
syncopal response, postural tachycardia with or without a vaso-
vagal syncopal response, or both. Among the 13 SFSN-negative 
patients with migraines and orthostatic intolerance, 12 (92%) 
had abnormal passive head upright tilt table responses.

Among the entire population, one-third had had either 
head trauma or a craniotomy within 6 months of the onset of 
symptoms. 

Conclusions: In this, the fi rst phase of our study of autonomic 
dysfunction in migraine sufferers complaining of orthostatic 
intolerance, we measured clinical neurocardiac parameters of 
autonomic function—the response to passive head upright tilt 
table testing, standard autonomic refl ex testing, and QSART—
and compared the results with morphometric analysis of small 
fi bers, including sudomotor fi bers, on skin biopsy. Skin biopsy 
nerve fi ber analysis is presently considered to be the gold standard 
for diagnosis of SFSN. 

In this predominantly female population, all but one patient 
had migraines with auras and one-third met criteria for basilar-
type migraines. While a normal QSART result was able to predict 
normal sudomotor innervation on biopsy, an abnormal QSART 
result failed to predict a defi ciency of sudomotor fi ber innervation 
of sweat glands. In this symptomatic population, tilt table testing 
was abnormal and revealed either postural tachycardia or ortho-
static hypotension in 29 of 30 patients regardless of biopsy results, 
suggesting that neurocardiac abnormalities may result not only 
from peripheral neuropathic autonomic defects but also from 
central autonomic mechanisms. This may be related to either the 
migrainous diathesis or another unexplained condition, such as 
head trauma or surgery.
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Abstract 6

 Sudden Unexpected Death in Epilepsy: 
Finding the Missing Cardiac Links

Lara Jehi, MD; Kanjana Unnongswe, MD; Thomas Callahan, MD; 
Liang Li, PhD; and Imad Najm, MD
Cleveland Clinic, Cleveland, OH

Sudden unexpected death in epilepsy (SUDEP) is a signifi cant 
cause of mortality in patients with refractory epilepsy, accounting 
for up to 17% of all deaths in epilepsy and exceeding the expected 
rate of sudden death in the general population by nearly 24 times. 
Most of the identifi ed SUDEP risk factors are unavoidable, and 
patients with refractory epilepsy currently face a lifelong SUDEP 
risk as high as 1% per year. Elucidating the mechanisms of this 
devastating condition might offer an opportunity for preventa-
tive measures, and therefore could have signifi cant implications 
for reducing mortality in this patient population. One commonly 
postulated mechanism is cardiac arrhythmia precipitated by sei-
zure discharges acting via the autonomic nervous system.

The specifi c aims of our pilot study are as follows: 
1. To evaluate the interictal (between seizures) and ictal 

(during seizures) cardiac rhythm characteristics of patients with 
SUDEP, as compared to the general population and to other 
patients with epilepsy 

2. To study the cardiac and neurological clinical characteris-
tics of patients with SUDEP, as compared to the general popula-
tion and to other patients with epilepsy 

3. To evaluate the interictal and ictal EEG characteristics of 
patients with SUDEP in relation to any identifi ed interictal and 
ictal cardiac rate/rhythm changes.

The long-range goal is to defi ne better the electrophysiologi-
cal characteristics of patients at risk for SUDEP. The study is a 
case-control comparison of SUDEP cases identifi ed through 
death certifi cate review of mortalities queried from the Social 

Security Death Index registry with alive matched controls (who 
have nonepileptic seizures or medically controlled epilepsy).

307 mortalities were identifi ed out of 3,842 patients monitored 
in our Epilepsy Monitoring Unit during the years 1990–2005. Of 
those, 237 (77%) had epilepsy (86 had temporal lobe epilepsy, 27 
had frontal lobe epilepsy, 14 had parieto-occipital lobe epilepsy, 
7 had multifocal epilepsy, 20 had hemispheric epilepsy, 17 had 
nonlocalizable focal epilepsy, and 36 had generalized epilepsy), 41 
(13%) had nonepileptic seizures, and 29 (9%) had both recorded. 
Mean age at death was 49.9 years (range 18.6–99.6), with a stan-
dard deviation (SD) of 17.9 years. Mean epilepsy duration was 
16.1 years (range 2 weeks–66 years) (SD = 15.3). Mean over-
all seizure frequency was 70 seizures per month (median 14 per 
month), with a mean monthly generalized tonic-clonic seizure 
frequency of 5.3 (median 1). The cause of death was identifi ed in 
211 of the total (including 158 of the 237 patients with epilepsy, 
28 of the 41 patients with nonepileptic seizures, and 22 of the 29 
patients with both); death certifi cates need to be obtained for the 
remainder.

SUDEP accounted for 21% of the deaths in our cohort with 
epilepsy. Signifi cant differences between SUDEP cases and con-
trols were observed in mean epilepsy duration (22.9 years [± 2.3] 
in SUDEP cases vs 13.7 years [± 1.5] in controls; P = 0.005) and 
in mean monthly seizure frequency (31.3 seizures per month 
[± 16.9] in SUDEP cases vs 1.4 [± 0.7] in controls; P = 0.005). 
Patients with SUDEP were more likely to have been discharged 
on valproic acid (VPA) from the Epilepsy Monitoring Unit. 
(VPA was only used in controls on admission. In SUDEP cases, it 
was used 50% of the time on admission only, 33% of the time on 
admission and discharge, and 17% of the time on discharge only 
[P = 0.01].) The risk for SUDEP was independent of epilepsy type 
or localization.

Our current data-collection efforts are focused on obtaining 
the cardiac data elements and obtaining the remaining death 
certifi cates to identify the rest of the SUDEP cases. 

BHBI-Funded Research*

* BHBI = Bakken Heart-Brain Institute



S84a    CLEVELAND CLINIC JOURNAL OF MEDICINE         VOLUME 77 • SUPPLEMENT 3         JULY 2010

 Abstract 7

Cardiomyopathy After Subarachnoid Hemorrhage 
Is Mediated by Neutrophils

J. Javier Provencio, Shari Moore, and Saksith Smithason
Cleveland Clinic Lerner Research Institute, Neuroinfl ammation Research Center, 
Cleveland Clinic, Cleveland, OH 

Background: Patients with subarachnoid hemorrhage (SAH) 
from the rupture of a cerebral aneurysm often experience severe 
acute cardiomyopathy. The prevailing theory is that this cardio-
myopathy is caused by catecholamine release during the stress of 
the SAH. Although stress catecholamine release is clearly associ-
ated with cardiomyopathy, the rapidity and severity of the onset 
make it unlikely that this is the only mechanism of injury. There 
is a great deal of research on the “neuroinfl ammatory refl ex” that 
suggests that there is direct cerebral control of some aspects of 
infl ammation.  

Hypothesis: We hypothesize that infl ammation due to cat-
echolamine surges and an unchecked vagal response leads to 
infl ammation of the myocardium after SAH.  

Methods: C57B/6 mice were separated into three groups: 
sham surgery, SAH, and SAH with prior neutrophil depletion. 
Sham surgery was accomplished by visualization of the dura 
mater over the occiput of the mouse and injection of 50 �L of 
saline. SAH was done similarly except that a subarachnoid vein 
was sectioned instead of saline injection. Neutrophil depletion 
was accomplished by IP injection of the neutrophil-depleting 
Ly6G/C antibody RB6-8C5 24 hours prior to SAH. Animals 
then underwent echocardiography 24 and 48 hours after SAH. 
Ejection fraction (EF), heart rate, and fractional shortening (FS) 
were recorded. After the fi nal echocardiogram, the mice were 
sacrifi ced and the heart was sectioned and stained with antibod-
ies for neutrophils (7/4) and the myocardial cell death marker 
(annexin V).  

Results: SAH animals had decreased echocardiographic EF 
and FS compared to controls. Neutrophil depletion ameliorated 
the cardiomyopathy. Histology showed less myocardial cell 
death after neutrophil depletion and fewer neutrophils in the 
myocardium.  

Conclusions: Neutrophils appear to play a role in the cardio-
myopathy of SAH.
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Abstract 8

Mindfulness, Yoga, and Cardiovascular Disease

Didier Allexandre, Emily Fox, Mladen Golubic, Tom Morledge,
and Joan E.B. Fox
Cleveland Clinic, Cleveland, OH

Introduction: There is increasing evidence that reactions to the 
stressors of daily life are major contributors to the development 
and progression of coronary artery disease (CAD). Practices such 
as yoga and meditation are becoming increasingly popular as 
means to reduce stress and improve the sense of well-being. There 
is some evidence that they can benefi cially modulate some of the 
potential pathways linking psychological stress and CAD, such as 
autonomic nervous system (ANS) activity and stress hormones. 
However, studies providing insights into whether such changes 
are associated with decreases in downstream cardiovascular risk 
factors, including infl ammatory markers, are lacking.  

Primary objectives: To evaluate the effectiveness of a regular 
practice of yoga or mindfulness, a meditative practice originating 
in Buddhism, in (1) improving mood and (2) modulating ANS 
activity, cardiovascular reactivity to a lab stressor, and infl amma-
tory molecules, compared with conventional relaxation. Secondary 
objectives: To determine whether there is an association between 
any of the physiological outcomes measured and (1) any indicators 
of stress or well-being and (2) reactivity to a lab stressor.

Design and Method: This study was designed as a three-arm 
randomized controlled trial among individuals with moderate 
cardiovascular risk including stress and anxiety. The intervention 
included 1.5-hour weekly sessions and daily home practice for 12 
weeks followed by another 12 weeks of home practice, allowing 
a follow-up assessment at 24 weeks. Of the 62 participants who 
enrolled, 16 in the mindfulness group, 17 in the yoga group, and 
15 in the conventional relaxation group completed the 12-week 
intervention and 13, 14, and 11, respectively, completed the 
24-week intervention. Self-reported mood, psychological stress, 
and spiritual and emotional well-being were assessed using psy-
chometric instruments. ANS activity was assessed by blood pres-
sure, heart rate, heart rate variability measurements, and plasma 

catecholamine level. All of these outcomes were measured at 
baseline and at 6, 12, and 24 weeks. Blood was collected at base-
line and at 12 weeks to measure the infl ammatory markers IL-1�, 
IL-6, and IL-10. 

Preliminary Results: We have completed the study and a pre-
liminary analysis of the inventories and of the infl ammatory marker 
IL-6 has been performed. Results are summarized in Table 1. 

Conclusions: The results of this study indicate that the practice 
of mindfulness, yoga, or health education, relaxation, and light 
exercise may lead not only to an overall decrease in negative emo-
tions but also to an increase in well-being in individuals with risk 
factors for CAD. Moreover, these changes were associated with a 
25% increase in IL-6. Upon completion of our analysis, we will 
be able to see whether these psychological changes translate into 
similar changes for the other physiological outcomes measured. 

TABLE 1
P VALUES FOR 12 WEEKS VS BASELINE WITHIN-GROUP 
AND BETWEEN-GROUP COMPARISONS 

 Control (C) Yoga (Y) Mindfulness (M)
 (N = 15) (N = 17) (N = 15) Y vs C M vs C

Decrease in negative measures
DASS-21–Depression NS NS 0.03 NS NS
DASS-21–Anxiety NS NS 0.02 NS 0.05
DASS-21–Stress 0.01 0.001 0.02 NS (0.08)
PSS (0.11) 0.001 0.003 (0.08) 0.05
POMS–Fatigue (0.13) (0.06) 0.001 NS 0.05

Increase in well-being
SWB–Existential (0.08) 0.004 0.02 NS NS
MASS (0.06) 0.001 0.03 (0.10) NS

Decrease in infl ammatory marker
Interleukin-6 NS NS 0.05 NS (0.20)

Results computed using paired t-test with signifi cance level set at P = 0.05. 
DASS-21 = Depression, Anxiety, and Stress Scale; PSS = Perceived Stress Scale; 
POMS = Profi le of Mood State; SWB = Spiritual Well-Being; MASS = Mindful Attention 
Awareness Scale; NS = nonsignifi cant

BHBI-Funded Research*

* BHBI = Bakken Heart-Brain Institute
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Abstract 9

Multidisciplinary Research in Biofeedback

Christine S. Moravec, PhD; Michael G. McKee, PhD; James B. Young, 
MD; Betul Hatipoglu, MD; Leopoldo Pozuelo, MD; Leslie Cho, MD; 
Gordon Blackburn, MD; Francois Bethoux, MD; Mary Rensel, MD; 
Katherine Hoercher, RN; J. Javier Provencio, MD; and Marc S. Penn, MD
Departments of Cardiovascular Medicine, Psychiatry and Psychology, Endocrinology, 
and Neurology, and Bakken Heart-Brain Institute, Cleveland Clinic, Cleveland, OH

Biofeedback is gaining acceptance as a therapeutic modality that 
provides added value for patients with many medical conditions 
and has been shown to aid in recovery from some of those condi-
tions. The Association for Applied Psychophysiology and Bio-
feedback (AAPB) has recently completed an analysis of research 
in biofeedback, and the resulting report concludes that there is 
suffi cient data to label biofeedback as effi cacious and specifi c in 
certain medical conditions, such as female urinary incontinence, 
while it is rated effi cacious in diseases such as anxiety, headache, 
chronic pain, and epilepsy, only possibly effi cacious in depression, 
coronary artery disease, and asthma, and not well justifi ed in 
eating disorders or spinal cord injury. There are many prevalent 
disease states in which biofeedback has not been tested or has 
been studied only in very small and specifi c patient cohorts where 
no far-reaching conclusions can be drawn. 

Biofeedback training can be used to regulate activity of the 
sympathetic and parasympathetic nervous systems, both of which 

are increasingly recognized to be involved in many diseases. 
Down-regulation of the sympathetic nervous system has been 
shown to be advantageous in many conditions and is the reason 
for the success of beta-blocking drugs. Up-regulation of the para-
sympathetic nervous system has only recently been shown to be 
anti-infl ammatory, and is the rationale for trials of vagal nerve 
stimulation in several disease states. 

We hypothesize that biofeedback should be an effi cacious 
adjunct to conventional therapy in conditions such as coro-
nary artery disease, diabetes, and multiple sclerosis, where the 
autonomic nervous system is involved in disease progression 
or symptom generation. For this reason, we are undertaking 
a study of patients at the Cleveland Clinic with documented 
coronary artery disease, diabetes, or multiple sclerosis. Within 
each disease population, patients will be randomized into two 
groups. One group will receive eight sessions of biofeedback 
training while the other group receives a valid sham treatment. 
Measures of autonomic nervous system activation, infl amma-
tion, and quality of life will be obtained in all patients in each 
group. Disease-specifi c indicators of symptoms, disease progres-
sion, and quality of life will also be monitored. Our hypothesis is 
that the biofeedback-treated subjects will demonstrate progress 
in symptom control and quality of life, and that progress in 
this direction will be positively correlated with the ability to 
self-regulate. 

This study is currently ongoing at the Cleveland Clinic and is 
supported by the Bakken Heart-Brain Institute.

BHBI-Funded Research*

* BHBI = Bakken Heart-Brain Institute
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Abstract 10

Complex Regional Pain Syndrome (CRPS I): 
A Systemic Disease of the Autonomic Nervous System

Kamal Chemali, MD;1 Robert Shields, MD;1 Lan Zhou, MD, PhD;1 
Salim Hayek, MD, PhD;2 and Thomas Chelimsky, MD2

1Cleveland Clinic and 2University Hospitals Case Medical Center, Cleveland, OH

Our study aims to assess the extent of systemic autonomic dys-
function in the autonomic pain syndrome known as complex 
regional pain syndrome type I (CRPS I). This condition, formerly 
known as refl ex sympathetic dystrophy (RSD), is notorious for its 
pathophysiological complexity. On one hand, it occurs in only 
certain people after a minor trauma or insignifi cant trigger and 
behaves like a focalized pain syndrome to one limb with promi-
nent local autonomic manifestations, such as edema, vasomotor 
changes, trophic changes, pain, and allodynia. A more recent 
theory speaks about somatic-autonomic coupling as an expla-
nation for the above, and the most recent consensus seems to 
be that CRPS I is a disease of the central nervous system that 
manifests peripherally. Through this study we would like to inves-
tigate further the possibility that the autonomic nervous system 
involvement in this disorder is generalized rather than localized 
to the painful limb and, in a more general way, to try to open new 
windows on the role of the autonomic nervous system in generat-
ing and maintaining pain.

The study is a bicenter research project at Cleveland Clinic 
and University Hospitals of Cleveland that will include 20 
patients with CRPS I. The control group will consist of 10 
patients with small fi ber neuropathy (a neuropathic pain condi-

tion similar in certain aspects to CRPS I), 10 patients with limb 
pain due to osteoarthritis of the knee (a nonneuropathic pain), 
and 10 healthy volunteers. All subject will undergo comprehen-
sive autonomic testing, skin biopsies, pupillometry, and Doppler 
fl owmetry to assess the autonomic nervous system at various lev-
els of the body. Results will be compared between the patients 
with CRPS I and the control group and subgroups.

To date, one patient has been enrolled, a 27-year-old female 
with CRPS I of the left foot following a traumatic injury. After 
consenting to the research protocol, the patient underwent a 
washout from all medications known to affect the autonomic ner-
vous system for 5 half-lives prior to testing. She then underwent a 
series of tests of the autonomic nervous system and a skin biopsy. 
Preliminary data revealed the following:

1. Decreased cardiac response to deep breathing, suggesting a 
cardiovagal abnormality

2. Abnormal vasomotor sympathetic response characterized 
by postural tachycardia, consistent with the diagnosis of postural 
orthostatic tachycardia syndrome (POTS)

3. Abnormal quantitative sudomotor axon refl ex test 
(QSART) results consistent with an underlying small fi ber 
neuropathy

4. A 35% reduction of small fi ber at the left distal leg (symp-
tomatic) compared to the contralateral asymptomatic leg

5. Abnormal pupillary response to light in constriction param-
eters in the right eye, consistent with a parasympathetic pupillary 
abnormality.

These data, from a single patient, are consistent with our 
hypothesis that CRPS I is a generalized (systemic) disorder of the 
autonomic nervous system.

BHBI-Funded Research*

* BHBI = Bakken Heart-Brain Institute
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Abstract 11

Biofeedback in the Treatment of Heart Failure

Dana L. Frank, BA; Lamees Khorshid, PsyD; Jerome Kiffer, MA; 
Christine S. Moravec, PhD; and Michael G. McKee, PhD
Departments of Cardiovascular Medicine and Psychiatry and Psychology, Kaufman Center 
for Heart Failure, and Bakken Heart-Brain Institute, Cleveland Clinic, Cleveland, OH

Biofeedback training can be used to regulate the autonomic ner-
vous system. Specifi cally, patients can be trained to up-regulate 
the contribution of their parasympathetic nervous system while 
decreasing the sometimes deleterious overactivation of the sym-
pathetic nervous system. In patients with advanced heart failure, 
the sympathetic nervous system is up-regulated, in an attempt to 
compensate for decreased pumping ability of the heart. Numerous 
studies have shown that increased sympathetic nervous system 
activity is a predictor of worse prognosis in heart failure patients.   
The most successful treatments for heart failure include drugs, 
such as beta-blockers, that interfere with this hyperactivation.  

We hypothesized that biofeedback training could be used to 
train patients with advanced heart failure to augment the activ-
ity of their parasympathetic nervous system while decreasing 
the activity of their sympathetic nervous system. Our study was 
designed to test this hypothesis, and to further investigate the 
potential role of this training in altering the cellular and molecu-
lar changes in the heart that result in decreased cardiac output. 

After obtaining informed consent, we have enrolled patients 
with end-stage heart failure who are awaiting heart transplanta-

tion at the Cleveland Clinic, one of the busiest centers for heart 
transplantation in the country. While awaiting heart transplant, 
patients participate in 11 one-hour individual sessions with a 
certifi ed biofeedback therapist. During these sessions, psycho-
physiologic reactivity is assessed and patients receive training in 
biofeedback-mediated stress management techniques. Patients 
are asked to practice the techniques at home between sessions, 
for 20 minutes per day, using a handheld biofeedback device that 
is provided. Initial assessment includes functional capacity (mea-
sured by 6-minute walk), degree of sympathetic nervous system 
activation (measured by plasma catecholamines), and overall as 
well as heart-failure–specifi c quality of life (measured by stan-
dardized and validated questionnaires). Progress in psychophysi-
ologic control is monitored and analyzed over the 11 sessions, 
along with clinical status and quality of life. 

At the time of heart transplantation, heart tissue from each 
patient is studied. Measurements of muscle function, inotropic 
responsiveness, calcium cycling proteins, beta-adrenergic recep-
tor density, and atrial natriuretic factor are compared between 
patients who have had biofeedback training and those who have 
not. Our hypothesis is that changes in relative activation of the 
autonomic nervous system in patients who are able to regulate 
their own physiological state using biofeedback will produce 
meaningful changes in the biology of the heart, in the direc-
tion of recovery. Since we have previously shown such changes 
in heart failure patients with other types of interventions (left 
ventricular assist device), comparison can be made to a positive 
control group.  
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Abstract 12

Change in Depressive Symptom Status Predicts Health-
Related Quality of Life in Patients with Heart Failure

Rebecca L. Dekker, MSN, RN, PhD candidate;1 Terry A. Lennie, PhD, RN;1 
Nancy Albert, PhD, CCNS;2 Barbara Riegel, DNSc, RN;3 
Misook L. Chung, PhD, RN;1 Seongkum Heo, PhD, RN;4 
Eun Kyeung Song, PhD, RN;1 Jia-Rong Wu, PhD, RN;1 
and Debra K. Moser, DNSc, RN1

1University of Kentucky College of Nursing, Lexington, KY; 2Cleveland Clinic, 
Cleveland, OH; 3University of Pennsylvania School of Nursing, Philadelphia, PA; 
and 4Indiana University School of Nursing, Indianapolis, IN

Background: Depressive symptoms independently predict poor 
health outcomes in patients with heart failure (HF). It has been 
hypothesized that interventions that target depressive symptoms 
in patients with HF will improve health-related quality of life 
(HRQOL). Research is needed to determine whether a change in 
depressive symptom status over time translates into a subsequent 
improvement in HRQOL.

Purpose: To determine whether a change in depressive symp-
tom status from baseline to 3 or 6 months predicts HRQOL at 1 
year among patients with HF. 

Methods: The sample consisted of 318 inpatients and outpa-
tients with HF (36% female, 62 ± 12 years, 58% NYHA class III/
IV) enrolled in a multicenter quality-of-life registry for patients 
with HF. HRQOL was measured at 1 year using the Minnesota Liv-
ing with Heart Failure Questionnaire. Depressive symptom status 
was assessed at baseline and 3 or 6 months later using the Patient 
Health Questionnaire (PHQ-9); scores 10 and higher indicate 
depression. Based on baseline and 3- or 6-month PHQ-9 scores, 
patients were categorized as “remained nondepressed” (n = 201), 
“remitted from baseline depression” (n = 45), “became depressed” 
(n = 21), or “stayed depressed” (n = 51). One-way analysis of vari-
ance and the Bonferroni post-hoc test were used to compare differ-
ences among the four groups on HRQOL scores at 1 year. Multiple 
regression was used to determine whether change in depressive 
symptom status independently predicted subsequent HRQOL. 

Results: Patients who were nondepressed or remitted from 

depression had better HRQOL scores compared with patients 
who became depressed or stayed depressed (F = 34, P < .001; Fig-
ure 1). A worsening in depressive symptom status from baseline 
to 3 to 6 months independently predicted poorer HRQOL at 1 
year (� = 10.7, P < .001) after controlling for age, gender, ejec-
tion fraction, NYHA class, inpatient or outpatient status, and 
antidepressant use. Overall, the regression model explained 32% 
of the variance in HRQOL. 

Conclusion: Our fi ndings suggest that interventions that suc-
cessfully reduce depressive symptoms may have a powerful impact 
on HRQOL in patients with HF. 
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FIGURE 1. Comparison of health-related quality of life at 1 year 
among the four patient groups. 

Bonferroni post-hoc tests
 A < B P = .01
 A < C P < .001
 A < D P < .001
 B < C P = .03
 B < D P < .001
 C = D P = .9

* Higher scores mean worse quality of life.
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 Entropy of EKG Time Series Distinguishes Epileptic from 
Nonepileptic Patients

Rebecca O’Dwyer,1 Ulrich Zurcher,2 Brian Vyhnalek,2 Miron Kaufman,2 
and Richard Burgess1

1Epilepsy Center, Cleveland Clinic, and 2Physics Department, Cleveland State University, 
Cleveland, OH 

Introduction: Autonomic cardiac dysfunction has been reported 
in small studies of patients with temporal lobe epilepsy (TLE), 
with a wide range of irregularities being described, varying 
from arrhythmias to decreased heart rate (HR) variability. We 
hypothesize that patients with TLE display cardiac dysautonomia 
in either a subclinical or a clinical manner. There are confl ict-
ing reports with regard to the degree of dysautonomia and the 
outcome of epilepsy surgery, which eliminates the epileptogenic 
focus. It has been suggested that patients with greater cardiac 
dysautonomia have a poorer postoperative outcome, although 
others report the opposite. Many independent studies show that 
biologic systems are controlled by nonlinear mechanisms that 
can be quantifi ed by entropies calculated from physiologic time 
series. We measure the entropy of HR providing an objective, 
mathematically defi ned measurement of a system’s “complexity,” 
which in turn represents the “healthiness” of the system. We 
hypothesize that by measuring and comparing the entropy of HR, 
we will be able to distinguish TLE patients from patients with 
nonepileptic pseudoseizures. In further studies, we extend the 
application of this method in a prognostic manner. 

Methods: On receiving IRB approval, we retrospectively 
identifi ed (2003–2008) two groups of patients from our epilepsy 
monitoring unit (EMU). All patients with diagnosed cardiovas-
cular morbidities were excluded. Our control group consists of 
patients with confi rmed pseudoseizures and our experimental 
group of age- and gender-matched patients who had confi rmed 
right TLE through a seizure-free outcome after temporal lobec-
tomy. All patients were coded, allowing analyses to be done 
blindly. For each patient we extract three 120-second periods 
(awake, sleep state, and preceding seizure onset) from EMU fi les 
that recorded EEG and EKG simultaneously.

Results: Five patients were included in the control pseudosei-
zure group (4 women; mean age 31 � 12 years) and 4 patients in 
the right TLE group (3 women; mean age 32 � 15 years). We cal-
culated the confi gurational entropy from the time-delayed phase 
portrait of the HR, and found TLE patients to have higher entro-
pies (S = 4.5) than the pseudoseizure group (S = 2.5) in all three 
states. The value S = 4.5 is close to the value for “white noise,” 
so this result is consistent with the fi nding that a normal heart 
is associated with “fractional noise,” ie, correlations in the HR. 
We quantifi ed the HR variability using the approximate entropy 
(ApEn) and found it to be similar for each state of conscious-
ness (Figure 1, A–C). In the TLE group, there is some evidence 
for greater variability in the awake state than in either the sleep 
state or the state preceding seizure onset. There also appears to 
be a distinction between the two groups prior to seizure onset, 
although more patients in each group are needed to confi rm this 
trend. A similar effect was not observed in the pseudoseizure 
group. Furthermore, we calculated the Shannon entropy for the 
HR; preliminary data support the view that TLE patients have 
greater HR variability than do patients having pseudoseizures.  

Conclusions: A combination of entropies calculated from HR 

FIGURE 1. Approximate entropy (ApEn) of heart rate (HR), dis-
played as a function of the criterion r for similarity (on a logarithmic 
scale), across three states of consciousness in patients with TLE (red) 
and patients with pseudoseizures (blue). The sample length was 96 
seconds for all HR measurements. Two different groupings of ApEn 
can be appreciated in the awake state. With a shift toward greater 
values of r, TLE patients display a trend toward Brownian motion 
relative to the pseudoseizure group. The ApEn measurements prior 
to seizure onset are suggestive of higher values for TLE patients, 
although further investigations involving more patients are needed 
to confi rm this trend. 
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time series is a noninvasive method of distinguishing epileptic 
from nonepileptic patients. The higher confi gurational entropy 
values seen in TLE signify higher rates of HR fl uctuations in 
comparison to autonomic “healthy” nonepileptic patients. This 
is also supported by preliminary Shannon entropy data. Approxi-
mate entropy values also refl ect ordinary Brownian statistics of 
HR in TLE with pseudoseizure patients displaying more fractional 

Brownian statistics. Further studies are ongoing to confi rm these 
trends in HR dynamics by increasing the patient number and by 
sampling over a greater number of time periods. The increased 
complexity, as measured by entropy, seen in TLE relative to the 
control group refl ects a system in greater fl ux, suggestive of a 
pathological state, offering a promising new noninvasive prog-
nostic tool.
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Abstract 14

Evaluation of Cardiac Autonomic Balance in Major Depression 
Treated with Different Antidepressant Therapies: A Study with 
Heart Rate Variability Measures

K. Udupa,1 K.R. Kishore,1 J. Thirthalli,2 B.N. Gangadhar,2 T.R. Raju,1 
and T.N. Sathyaprabha1

1Department of Neurophysiology and 2Department of Psychiatry, National Institute of 
Mental Health and Neurosciences, Bangalore, India

Background: Depression, one of the most common psychiatric 
disorders, is known to increase concomitant cardiac mortality. 
Cardiac autonomic involvement in depression has been sug-
gested as an explanation for the increased cardiac morbidity in 
depression. Clinical improvement produced by antidepressant 
therapy could alter the autonomic balance too. 

Objective: To investigate the effect of three modes of anti-
depressant management—ie, repetitive transcranial magnetic 
stimulation (rTMS), selective serotonin reuptake inhibitors 
(SSRIs), and tricyclic antidepressants (TCAs)—on autonomic 
function measured by heart rate variability (HRV) in drug-naïve 
patients with major depression. 

Methods: 94 drug-naïve patients suffering from major 
depression (based on DSM IV-TR) were recruited. Their HRV 
and Hamilton Depression Rating Scale (HDRS) scores were 
measured before and 1 month after two modes of antidepressant 

therapy. Group A (n = 30; age = 32.27 ± 10.81 years; 21 males) 
received rTMS, which consisted of magnetic stimulation of the 
left dorsolateral prefrontal cortex with 15-Hz frequency, 10-sec 
trains, and 10 such trains for 12 days. Group B (n = 32; age = 
31.44 ± 8.36 years; 18 males) received 10 to 20 mg of the SSRI 
escitalopram at bedtime daily for 1 month. Group C (n = 32; age 
= 36.72 ± 7.97 years; 11 males) received 75 to 150 mg of imipra-
mine/amitriptyline (TCA therapy) at bedtime daily for 1 month.

Results: The patients showed a signifi cant and comparable 
clinical improvement as assessed by HDRS after all three modes 
of antidepressant therapy. However, there was a signifi cant 
intergroup variation in terms of HRV measures. The LF/HF ratio 
(indicator of sympathovagal balance) signifi cantly decreased in 
the rTMS group (from 1.66 ± 0.81 to 1.19 ± 0.69), whereas it 
signifi cantly increased in the TCA group (from 1.68 ± 0.93 to 
2.09 ± 1.55). There was no signifi cant change in the LF/HF ratio 
with SSRI therapy (from 1.68 ± 1.03 to 1.46 ± 1.21). 

Conclusion: Although there were comparable effects in terms 
of clinical measures between these three therapy groups, cardiac 
autonomic function measures showed differential involvement. 
The rTMS group showed an improvement in sympathovagal bal-
ance, whereas the TCA group showed worsening of the balance. 
Since depression is one of the risk factors for development of 
heart disease, this alteration of sympathovagal balance has to 
be kept in mind when designing antidepressant therapies for 
patients.
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 Proinfl ammatory Status in Major Depression: 
Effects of Escitalopram

John Piletz, PhD; Angelos Halaris, MD; Erin Tobin, MS; 
Edwin Meresh, MD; Jawed Fareed, PhD; Omer Iqbal, MD; 
Debra Hoppenstead, PhD; and James Sinacore, PhD
Loyola University Chicago Stritch School of Medicine, Maywood, IL

Stress-related psychiatric disorders (eg, major depression, bipolar 
disorder, anxiety disorders, and posttraumatic stress disorder) 
have been variably associated with pervasive loss of homeostasis 
in the autonomic nervous system. This loss, often referred to as 
allostatic load, leads to dysregulation of the autonomic nervous 
system with sympathetic overdrive and vagal tone diminution. 
An efferent vagal pathway has been identifi ed, the cholinergic 
anti-infl ammatory pathway, which is believed to exert an anti-
infl ammatory action. When vagal tone is diminished, infl am-
mation becomes disinhibited and one would expect specifi c 
infl ammation biomarkers to become elevated in the brain and 
the periphery. This provides a plausible mechanism for the 
elevated blood levels of proinfl ammatory cytokines and chemo-
kines previously reported in depressed patients compared with 
healthy controls by other groups and ours (Piletz et al, 2009). 
When proinfl ammatory cytokines become chronically elevated, 
endothelial dysfunction eventually ensues, ultimately leading to 
atherosclerosis and atherothrombosis. Of interest is whether this 
proinfl ammatory status of depression can be reversed by antide-
pressant treatment and/or whether the proinfl ammatory changes 
normalize when the depressed mood is alleviated. 

Our previous study using venlafaxine-XR (a serotonin-
norepinephrine reuptake inhibitor) to treat depression suggested 
that the elevated plasma proinfl ammatory cytokines in depression 

were not normalized after 8 weeks despite mood normalization 
(Piletz et al, 2009). Other studies have suggested that selective 
serotonin reuptake inhibitors (SSRIs) might be unique in exerting 
down-immunoregulatory effects over 6 to 8 weeks of treatment 
(Lanquillon et al, 2000; Tuglu et al, 2003; Basterzi et al, 2005). 

We report here preliminary fi ndings of a follow-up study of 
six proinfl ammatory biomarkers (TNF�, MCP1, IL1�, IL6, CRP, 
and MPO) in the plasma of 14 patients with major depression 
(MDD) and 8 healthy controls. Seven of the patients were restud-
ied after 12 weeks of treatment with escitalopram (ESC). Prior 
to treatment, MDD patients had higher concentrations (pg/mL) 
than controls of TNF� (7.4 � 0.5 vs 4.0 � 0.7, P = 0.001) and 
MCP1 (122.3 � 17 vs 69.6 � 9, P = 0.01) but lower concentra-
tions of IL1� (1.8 � 0.2 vs 4.3 � 0.5, P = 0.001). Covariate and 
correlation analyses revealed no biomarker relationships with 
severity of depression (HAM-D scores). However, the low IL1� 
fi nding in depressed patients may have been affected by higher 
BMIs in our depressed patients relative to controls: BMI was 
higher in MDD patients (P = 0.003), and BMI was negatively 
correlated with IL1� among the patients (r = �0.5, P = 0.02). 
Following 12 weeks of ESC (n = 7), none of the biomarkers nor-
malized even though the severity of depression (HAM-D) and 
anxiety (HAM-A) signifi cantly normalized in 6 patients. This 
fi nding is in line with our prior study of venlafaxine treatment 
for depression (Piletz et al, 2009). 

Thus, our fi ndings confi rm previous fi ndings that some proin-
fl ammatory biomarkers are high in untreated depressed patients 
and that successful treatment—in this case with the most selec-
tive SSRI—fails to normalize the abnormality. We cannot rule 
out the possibility that extended treatment beyond 12 weeks may 
ultimately normalze the proinfl ammatory status of depression. 
Supported by Loyola University Chicago Stritch School of Medicine.
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Heart Rate Variability in Depression: 
Effect of Escitalopram

Angelos Halaris, MD; John Piletz, PhD; Erin Tobin, MA; 
Edwin Meresh, MD; James Sinacore, PhD; and Christopher Lowden
Department of Psychiatry, Loyola University Chicago Stritch School of Medicine, 
Maywood, IL

There is high bidirectional comorbidity between depression and 
cardiovascular morbidity and mortality. Depression has been 
associated with a higher risk for myocardial infarction even after 
controlling for hypertension, dyslipidemia, obesity, smoking, and 
physical inactivity. Altered autonomic tone in depression with 
sustained sympathetic overdrive and diminished vagal tone leads 
to pervasive loss of homeostasis, referred to as allostatic load. 
Such an allostatic load is a likely contributor to the increased 
risk of mortality in patients with depression. Measuring heart 
rate variability (HRV) is an accepted method for assessing car-
diac autonomic tone and a measure of allostatic load. Depression 
has been associated with decreased HRV in otherwise physically 
healthy patients, although not all studies agree. HRV can be 
determined on the basis of frequency and time domains. High-
frequency (HF) measures refl ect parasympathetic activity, while 
low-frequency (LF) measures refl ect mainly, but not exclusively, 
sympathetic activity. A ratio of LF/HF is calculated to determine 
the degree of homeostatic imbalance.

Of interest is whether the allostatic load of depression is 
reversible with antidepressant interventions and whether cardiac 
health is restored when the depressed mood is successfully treated. 
Previous studies using pharmacological treatments of depression 
have suggested that the allostatic load defi ned by diminished 
HRV in depression is not reversed after 4 to 16 weeks on vari-
ous antidepressants. Some studies suggest that antidepressants, 

probably due to anticholinergic- and/or noradrenergic-enhancing 
properties, aggravate the already reduced HRV (Licht et al, 2008; 
Van Zyl et al, 2008). We undertook this study to (a) reassess the 
effect of depression on HRV, and (b) assess the ability of esci-
talopram (ESC), the most selective of the selective serotonin 
reuptake inhibitors available on the market, to restore HRV. 

We report initial fi ndings of HRV at rest in 17 patients with 
major depression (MDD) and 6 healthy controls. Eleven of the 
patients were evaluated again after 12 weeks of ESC treatment. 
Supine HRV recordings (10 min) were analyzed to distinguish LF 
and HF domains. Prior to treatment, most of the MDD patients 
(12/17) had > 50% LF variability, indicative of sympathetic over-
drive, but there was overall no statistical difference from controls 
in any HRV parameter. Following 12 weeks of ESC treatment (n 
= 11), there was overall a highly signifi cant (P = 0.006) normal-
ization toward a 50%:50% LF/HF ratio, which is considered to 
be normal for a short rest. This move toward 50:50 was observed 
whether the patients started in sympathetic excess (> 50% LF) or 
parasympathetic excess (> 50% HF). 

A logistic regression analysis was conducted using age, sex, 
ethnicity, HAM-D (severity of depression), HAM-A (severity of 
anxiety), and an insomnia scale to identify those patients whose 
HRV ratio increased (N = 4) or decreased (N = 7) after treatment. 
No predictors were signifi cant, but the pretreatment HAM-A 
score was marginally signifi cant (P = 0.065). This fi nding sug-
gests that the extent of anxiety symptoms in depressed patients 
sometimes results in sympathetic overdrive but that, regardless of 
pretreatment anxiety, all patients tended to achieve a 50:50 bal-
ance in the HRV frequency domains after 12 weeks of treatment 
with ESC. ESC may be advantageous for restoring cardiac health 
since other pharmacological agents have not been found to affect 
HRV favorably in depression.
Supported by an intramural grant from Loyola University Chicago Stritch School 
of Medicine.
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Abstract 17

Effects of Omega-3/6 Dietary Ratio Variation 
After a Myocardial Infarction in a Rat Model

Guy Rousseau, Isabelle Rondeau, Sandrine Picard, 
Thierno Madjou Bah, Louis Roy, and Roger Godbout
Hôpital du Sacré-Coeur de Montréal and Université de Montréal, Montreal, PQ, Canada

Background: Following a myocardial infarction, apoptosis occurs 
in the limbic system via a mechanism involving infl ammation. 
Consumption of high concentrations of omega-3 fatty acid is 
well known to be benefi cial for cardiac health, to reduce infl am-
matory reaction, and to produce neutral metabolites, whereas 
omega-6 fatty acid produces proinfl ammatory metabolites. Since 
these two essentials fatty acids are metabolized by the same 
group of enzymes, the resulting competition would affect the 
level of the different metabolites and thus the balance between 
proinfl ammatory and neutral metabolites. The aim of this study 
is to determine the effect of different omega-3/6 dietary ratios 

on infarct size and on apoptosis in the limbic system in our rat 
model of myocardial infarction. 

Methods: Male Sprague-Dawley rats were divided randomly 
into three dietary groups containing 5:1, 1:1, and 1:5 ratios of 
omega-3 to omega-6. They were fed the special diet for 2 weeks 
prior to left anterior descending coronary artery occlusion for 40 
minutes followed by 24 hours of reperfusion. Myocardial infarc-
tion size was determined and apoptosis was evaluated in the hip-
pocampus and amygdala. 

Results: A signifi cant 32% infarct size reduction was observed 
in the group 5:1 and 1:1 against the 1:5 group. Caspase-3 enzy-
matic activity was doubled in the CA1 and dentate gyrus in the 
1:5 group compared with the 1:1 and 5:1 groups. Also, caspase-8 
enzymatic activity was increased in the dentate gyrus at 24 hours 
and caspase-9 was enhanced in the CA1 at 24 hours in the 1:5 
group relative to the 1:1 and 5:1 groups.

Conclusions: These results indicate that a high ratio of 
omega-3 to omega-6 reduced infarct size and helps to reduce 
apoptosis in the limbic system after a myocardial infarction.
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Abstract 18

The Effects of Tai Chi on the Heart and the Brain

Qian Luo,1,3 Xi Cheng,2,3 and Xi Zha,2,3

1Mood and Anxiety Disorders Program and 2Genes, Cognition, and Psychosis Program, 
National Institute of Mental Health/National Institutes of Health, Bethesda, MD; and 
3Yongnian Yang Style Tai Chi Association, Xianyang, Shaanxi, China

Tai chi, a martial art that originated hundreds of years ago in 
China, is becoming a popular mind-body practice throughout 
the world. The effect of tai chi practice is holistic. It has proven 
benefi ts for mental and heart health and also enhances overall 
well-being. The authors, as practitioners of tai chi for 10 to 40 
years (one being a grand master), discuss the effects of tai chi on 
brain and heart health based on previous reports and the authors’ 
own tai chi experience.

Tai chi practice has been proven to enhance heart functions. 
While practicing tai chi, one lowers the thoracic diaphragm 
and breathes deeply and slowly. This allows more air intake and 
greatly increases the capacity of the lungs. It is shown that tai chi 
practice leads to an improvement in oxygen use/aerobic capacity 
without getting “out of breath.” The benefi ts of tai chi on heart 
function have been reported in patients with chronic heart fail-
ure1 and those who have undergone coronary artery bypass sur-
gery.2 Tai chi practice also has consistently been shown to reduce 
blood pressure.3 

Tai chi practice also enhances mental health and cognitive 
functions. Tai chi offers a unique way to combat stress. Tai chi is 
practiced slowly and with a relaxed focus, and one feels calm in 
mind during and after practice. For the clinical population, tai 
chi has been shown to improve mental and emotional function 
in patients with depression4 and brain injury.5,6 Apart from stress 
relief, tai chi also greatly enhances sensory perception, which 
is not well known to the public as it is only seen in advanced 
practitioners and masters. Advanced practitioners show higher 

sensitivity to sensory stimulation both in perception acuity and 
in reaction speed.7 In real combat, such superb ability allows a tai 
chi master to detect the intention of the opponent and react fast. 
Such fast reaction often happens even before the master himself/
herself realizes it. This high sensitivity and perception suggest a 
different neural mechanism from ordinary people in response to 
these stimulations. 

Apart from the effects on the heart and the brain, tai chi also 
has been shown to improve coordination, balance, and sleep, and 
it has an effect on multiple diseases such as pain, osteoarthritis, 
diabetes, and asthma. Taken together, tai chi improves one’s gen-
eral well-being. However, so far the underlying mechanisms for 
these effects remain unexplored. The authors call for attention 
and support for the investigation of this issue.
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 Abstract 19

A Randomized Controlled Trial of the Effect of 
Hostility Reduction on Cardiac Autonomic Regulation

Richard P. Sloan, PhD;1 Peter A. Shapiro, MD;1 Ethan E. Gorenstein, PhD;1 
Felice A. Tager, PhD;1 Catherine E. Monk, PhD;1 Paula S. McKinley, PhD;1 
Michael M. Myers, PhD;1 Emilia Bagiella, PhD;2 Ivy Chen, MST;2 
Richard Steinman, BA;3 and J. Thomas Bigger, Jr., MD3

1Department of Psychiatry, 2Mailman School of Public Health, and 3Department of Medicine, 
Columbia University, New York, NY 

Objective: To test whether reduction in hostility increases auto-
nomic regulation of the heart.  

Methods: In this randomized controlled trial, participants 
were 158 healthy adults, 20 to 45 years of age, who were one 
standard deviation (SD) above national norms on the Cook-
Medley Hostility Scale and the Spielberger Trait Anger Index. 
Participants also were interviewed using the Interpersonal Hostil-
ity Assessment Technique (IHAT). They were randomly assigned 
to a 12-week cognitive behavior therapy (CBT) program for 
hostility reduction or a wait-list control condition. The main out-
come measure was cardiac autonomic modulation, measured as 

RR interval variability (RRV) derived from 24-ECG recordings.
Results: In a MANOVA assessing psychological outcomes of 

hostility, anger, and IHAT scores, there was a signifi cant treat-
ment effect with an average reduction across the three outcomes 
that was approximately 0.7 SD (ES = 0.685, se = 0.184, P < 0.001) 
greater for the intervention group than for the control group. 

In contrast, the change in HR was �0.14 bpm (95% CI, 
�2.43 to 2.14) in treatment participants and �1.36 bpm (95% 
CI, �3.28 to 0.61) in wait-list participants. HF RRV, an index of 
cardiac parasympathetic modulation, increased by 0.07 ln msec2 
(95% CI, �0.10 to 0.24) for participants in the treatment condi-
tion and decreased by 0.04 ln msec2 (95% CI, �0.18 to 0.10) 
for participants in the wait-list condition. These differences 
were not signifi cant. The fi ndings for other indices of RRV were 
similar.

Conclusions: Reduction of hostility and anger was not accom-
panied by increases in cardiac autonomic modulation. These fi nd-
ings raise questions about the status of disordered ANS regulation 
of the heart as a pathophysiological mechanism underlying the 
hostility–heart disease relationship and about whether hostility 
itself is a mechanism or merely a marker of elevated risk of heart 
disease.




