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Correction for “Dominant hemisphere lateralization of cortical
parasympathetic control as revealed by frontotemporal dementia,” by Christine C. Guo, Virginia E. Sturm, Juan Zhou,
Efstathios D. Gennatas, Andrew J. Trujillo, Alice Y. Hua, Richard
Crawford, Lara Stables, Joel H. Kramer, Katherine Rankin,
Robert W. Levenson, Howard J. Rosen, Bruce L. Miller, and
William W. Seeley, which appeared in issue 17, April 26, 2016,
of Proc Natl Acad Sci USA (113:E2430–E2439; first published
April 11, 2016; 10.1073/pnas.1509184113).
The authors note that on page E2430, right column, first
paragraph, line 6, “Seeley et al. (17)” should instead appear as
“Seeley et al. (17) and see a review by Menon and Uddin (92).”
The authors note that Table 1 appeared incorrectly, with a misplaced reference next to the “bvFTD” column heading. The corrected table appears below.
Table 1. Demographics of main cohort
HC
Mean (SD)
Age, y
Gender (M:F)
Handedness (R:L)
Education, y
BMI
Mean IBI, ms
CVI
RSA
LogHRV
CSI
SCL, μmho
CDR, total
CDR, sum of boxes
Head translation, mm
Head rotation, °

59.5 (12.2)
9:10
17:2
16.9 (1.9)
25.8 (4.46)
965.8 (127.0)
4.5 (0.3)
5.8 (0.9)
7.6 (0.6)
1.8 (0.7)
10.4 (7.5)
0.0 (0.0)
0.0 (0.0)
0.28 (0.15)
0.09 (0.04)

bvFTD
N

Mean (SD)

19 59.1 (7.3)
12:5
16:1
19 16.0 (3.0)
13 28.7 (2.41)
19 916.3 (124.6)
19 4.2 (0.3)
19 5.1 (0.7)
19 6.8 (0.6)
19 1.5 (0.7)
18 9.0 (6.5)
18 1.4 (0.7)
18 7.7 (3.7)
19 0.34 (0.14)
18 0.13 (0.06)

Differences
N

t or χ2, P

17

0.11, 0.91
2.00, 0.16*
0.25, 0.62*
1.10, 0.28
−2.08, 0.05
1.18, 0.25
3.00, 0.005
2.58, 0.014
3.63, 0.001
1.21, 0.23
0.83, 0.41
−8.16, < 0.001
−8.67, < 0.001
1.21, 0.23
−1.91, 0.06

17
13
17
17
17
17
17
17
17
17
14
14

*χ2 test.
www.pnas.org/cgi/doi/10.1073/pnas.1608056113
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The brain continuously influences and perceives the physiological
condition of the body. Related cortical representations have been
proposed to shape emotional experience and guide behavior.
Although previous studies have identified brain regions recruited
during autonomic processing, neurological lesion studies have yet to
delineate the regions critical for maintaining autonomic outflow.
Even greater controversy surrounds hemispheric lateralization along
the parasympathetic–sympathetic axis. The behavioral variant of
frontotemporal dementia (bvFTD), featuring progressive and often
asymmetric degeneration that includes the frontoinsular and cingulate cortices, provides a unique lesion model for elucidating brain
structures that control autonomic tone. Here, we show that bvFTD
is associated with reduced baseline cardiac vagal tone and that this
reduction correlates with left-lateralized functional and structural
frontoinsular and cingulate cortex deficits and with reduced agreeableness. Our results suggest that networked brain regions in the
dominant hemisphere are critical for maintaining an adaptive level of
baseline parasympathetic outflow.
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he brain controls peripheral autonomic physiology by perceiving the ambient condition of the body and continuously
adjusting autonomic tone to maintain homeostasis (1–3). Theorists have long postulated that physiological body states provide a
foundation for emotion and feeling (3–7). Bodily states also
shape perception and motivate behavior. The appeal of cold
water on a hot summer day or the aversion to socializing when
feeling sick demonstrate the intimate link between homeostatic
regulation and emotional–motivational processing (2). The autonomic nervous system exerts direct control over bodily states
via its two major branches: the sympathetic system, associated
with energy mobilization, and the parasympathetic system, whose
peripheral efferent signals are conveyed chiefly via the vagus
nerve and are associated with energy conservation at the whole
organism level (8). Perturbations in one or both of these systems
are associated with homeostatic instability and diverse pathological feeling states (1, 9–14). Therefore, elucidating the neural
mechanisms of autonomic integration represents an important
biomedical research priority.
Although the peripheral and brainstem organization of the
autonomic nervous system has been well-characterized, especially
in nonhuman laboratory mammals (8), how the human cerebral
cortex represents and influences the internal milieu remains less
clear (4). Task-activation functional MRI (fMRI) and neurological lesion studies suggest that anterior peri-allocortical transition
cortices, especially the frontoinsula (FI) (also referred to as ventral anterior insula) and anterior cingulate cortices (ACCs) and
E2430–E2439 | PNAS | Published online April 11, 2016

midcingulate cortices (MCCs), constitute the cortical autonomic
control centers [see reviews by Craig (3), Critchley (4), Thayer et al.
(15), and Seeley et al. (16)]. These regions share a close structural
and functional relationship and anchor a large-scale intrinsic connectivity network referred to in the neuroimaging literature as the
salience network [Seeley et al. (17)]. Although the ACC and FI
coactivate in response to diverse emotionally significant stimuli (4,
18), the FI is regarded as an interoceptive sensory association cortex
representing afferent information and the ACC as the visceromotor
structure that drives autonomic efference (3, 16, 18–20). Some
authors have proposed that left-sided (dominant hemisphere)
forebrain structures, such as the ACC and anterior insula (aIns), are
predominantly involved with maintaining parasympathetic tone
whereas homotopic right (nondominant) forebrain regions control
sympathetic tone and responses (21–23).
Although appealing, the lateralization model of autonomic control
remains controversial (24). Some uncertainty reflects the challenge of
detecting lateralized fMRI activations within a system characterized by
opponent organization (coordinated and balanced coactivation of
physiologically complementary modules). Lesion studies have suffered
from small sample sizes and issues relating to whether the lesion
produced loss of function or pathophysiological excitation of the affected tissue, producing inconsistent findings across studies (14, 24, 25).
To overcome these challenges, we studied cortical autonomic
control in patients with behavioral variant frontotemporal dementia
(bvFTD) using a lesion-based structural and functional imaging
approach. BvFTD is characterized by a progressive deterioration
Significance
Brain–body interactions are fundamental to physical and mental
health. Here, we used a unique brain lesion model to elucidate
the neural localization and lateralization of cerebro-cardiac
control. Our data revealed that the salience network, an intrinsic
connectivity network anchored by the anterior insula and cingulate, is crucial for maintaining basal parasympathetic outflow.
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Results
Seventeen patients with bvFTD and 19 healthy controls (HCs),
all taking no relevant medications, underwent task-free fMRI
while their peripheral autonomic physiological signals were
recorded (Methods). We examined baseline (“resting”) autonomic activity and the structural and functional imaging correlates of that activity.
The heart is thought to function under continuous regulation by
a central autonomic network made up of the ACC, aIns, amygdala, hypothalamus, periaqueductal gray, and other brainstem
integration centers (34). The efferent projections of this network
are thought to maintain cardiac vagal tone. Under baseline or
“resting” conditions, like those studied here, heart rate is determined by vagal suppression of the sinoatrial node pacemaker,
such that the normal resting heart rate of 60–80 beats per minute
falls well below the “intrinsic” rate of 100–110 beats per minute.
Small, rapid adjustments in vagal heart rate suppression, such as
those that accompany respiration, give rise to normal heart rate
variability. Based on these considerations and the availability of
high quality in-scanner heart rate data, we focused our analyses on
cardiac vagal tone.
bvFTD Is Associated with Reduced Cardiac Vagal Tone. First, we
sought to determine the impact of bvFTD on baseline autonomic
physiology. We compared the bvFTD and control groups with
regard to their overall cardiac vagal tone, as measured by the cardiac vagal index (CVI), the logarithm of the heart rate variability
(logHRV) and respiratory sinus arrhythmia (RSA), as measured by
the high frequency power of cardiac activity (35), over an 8-min
(eyes closed) task-free fMRI session. As expected, CVI, logHRV,
and RSA were highly correlated (Pearson’s r > 0.87), and we used
all three measures in group comparisons for additional validation.
Overall cardiac vagal tone was significantly lower in bvFTD, suggesting that bvFTD is associated with diminished parasympathetic
tone at rest (Fig. 1A and Table 1) [P = 0.005 (CVI), P = 0.001
(logHRV), and P = 0.014 (RSA), two-sample t test]. Consistent
with diminished parasympathetic influence, patients with bvFTD
showed higher resting heart rate than healthy controls although this
difference did not reach statistical significance (Fig. 1B and Table 1)
(P = 0.25, two-sample t test). Skin conductance level (SCL), a
marker for sympathetic outflow, showed no difference between
groups (Fig. 1C and Table 1) (P = 0.41, two-sample t test). Another
common measure of sympathetic activity, the frequency of spontaneous skin conductance responses, did not differ between bvFTD
and controls (P = 0.12, two-sample t test). The reduction of cardiac
Guo et al.
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Fig. 1. Autonomic activity at rest in HC and bvFTD. (A) Heart rate variability,
as measured by CVI (Left) and logHRV (Right), (B) heart rate, as measured by
mean IBI, and (C) skin conductance level in HC and bvFTD groups. Error bars
signify SE mean. An * signifies significant differences (P < 0.05) between HC
and bvFTD.

vagal tone in bvFTD was unlikely due to confounding factors including age, gender, body mass index (BMI), or handedness because the effects persisted after controlling for these variables in a
general linear model (GLM) analysis (SI Appendix, Table S1) [P =
0.03 (CVI), P = 0.02 (logHRV), and P = 0.04 (RSA), GLM]. To
further exclude possible gender effects, we confirmed the bvFTDassociated cardiac vagal tone deficits in smaller but age- and gender-balanced groups (SI Appendix, Table S2) [P = 0.012 (CVI), P =
0.003 (logHRV), and P = 0.015 (RSA), two-sample t test].
To determine whether the bvFTD-related reduction in cardiac
vagal tone reflects a nonspecific effect of neurodegeneration, we
expanded the comparison to include eight age-matched patients
with Alzheimer’s disease (AD) for whom linked imaging and
autonomic data were available. Cardiac vagal tone showed significant group differences (SI Appendix, Fig. S1 and Table S3)
[P = 0.003 (CVI), P < 0.001 (logHRV), and P = 0.006 (RSA),
ANOVA], driven by the significantly lower values in bvFTD
compared with AD and HC [P < 0.015 (CVI), P < 0.002
(logHRV), and P < 0.01 (RSA), post hoc Tukey tests], with no
significant differences between AD and HC [P = 0.84 (CVI), P =
0.72 (logHRV), and P = 0.76 (RSA), post hoc Tukey tests]. The
significant group differences in cardiac vagal tone were not
explained by confounding factors including age, gender, medication (donepezil), or handedness (SI Appendix, Table S4) [P =
0.004 (CVI), P = 0.002 (logHRV), and P = 0.003 (RSA), GLM].
Left-Lateralized Disruption of Brain–Heart Coupling in bvFTD. Considering the diminished cardiac vagal tone in bvFTD and the
impact of this disorder on cortical autonomic control sites, we
hypothesized that bvFTD would disrupt coupling between heart
rate variability and activity in cortical regions involved in efferent
and afferent cortical autonomic representations. To test this hypothesis, we derived a moment-to-moment continuous heart rate
variability (HRV) index by moving an 18-second sliding window
across each 8-min fMRI session, producing 240 HRV data points
[one aligned to each repetition time (TR)] (SI Appendix, Fig. S2)
(Methods). The validity of this continuous HRV index was supported by correlating its average over the entire 8-min session with
overall cardiac vagal tone as indexed by the CVI (SI Appendix, Fig.
S2) (r = 0.97, P < 0.0001, Pearson correlation). Only right-handed
subjects were included in the following analyses.
In healthy controls, continuous HRV correlated directly with
blood oxygen level-dependent (BOLD) signal in the aMCC,
PNAS | Published online April 11, 2016 | E2431
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of social–emotional functions and diminished phasic autonomic
responses during social–emotional tasks (26, 27). Anatomically,
bvFTD involves degeneration of core salience network structures
proposed to support autonomic regulation, including the ACC and
anterior midcingulate cortex (aMCC), FI, and subcortical, limbic,
and brainstem sites (28, 29). With graded, often asymmetric damage
localized to the relevant network, bvFTD provides an important yet
unexplored lesion model for clarifying the neuroanatomy of
autonomic control.
Here, we show that patients with bvFTD exhibit diminished
basal cardiac vagal tone. Four convergent task-free fMRI analyses revealed that lower cardiac vagal tone was associated with
perturbed connectivity in the pregenual and subgenual ACC and
FI, predominantly on the left side. Consistent with this leftward
functional lateralization, more severe atrophy within the left
than right ACC and FI predicted lower cardiac vagal tone and
lower agreeableness, an emotional trait that has been associated
with vagal tone and fosters social relationships by promoting
concern for others (30–33). These findings provide compelling
evidence that human cortical parasympathetic control is critically
dependent upon a left-lateralized network anchored by the ACC
and FI.

Table 1. Demographics of main cohort
HC
Mean (SD)
Age, y
Gender, M:F
Handedness, R:L
Education, y
BMI
Mean IBI, ms
CVI
RSA
LogHRV
CSI
SCL, μmho
CDR, total
CDR, sum of boxes
Head translation, mm
Head rotation, °

59.5 (12.2)
9:10
17:2
16.9 (1.9)
25.8 (4.46)
965.8 (127.0)
4.5 (0.3)
5.8 (0.9)
7.6 (0.6)
1.8 (0.7)
10.4 (7.5)
0.0 (0.0)
0.0 (0.0)
0.28 (0.15)
0.09 (0.04)

bvFTD (92)
N

Mean (SD)

19 59.1 (7.3)
12:5
16:1
19 16.0 (3.0)
13 28.7 (2.41)
19 916.3 (124.6)
19
4.2 (0.3)
19
5.1 (0.7)
19
6.8 (0.6)
19
1.5 (0.7)
18
9.0 (6.5)
18
1.4 (0.7)
18
7.7 (3.7)
19 0.34 (0.14)
18 0.13 (0.06)

Differences
N
17

17
13
17
17
17
17
17
17
17
17
14
14

t or χ2, P
0.11,
2.00,
0.25,
1.10,
−2.08,
1.18,
3.00,
2.58,
3.63,
1.21,
0.83,
−8.16,
−8.67,
1.21,
−1.91,

0.91
0.16*
0.62*
0.28
0.05
0.25
0.005
0.014
0.001
0.23
0.41
<0.001
<0.001
0.23
0.06

*χ2 test.

predominantly on the left, and the left aIns (Fig. 2A) [P < 0.001
for height and false discovery rate (FDR)-corrected P < 0.05 for
cluster extent] (see SI Appendix, Table S5 for coordinates). At a
more liberal threshold, the pregenual ACC, right aIns, and inferior frontal gyrus (IFG) were also coupled with HRV (Fig. 2A)
(P < 0.005 for height and FDR-corrected P < 0.05 for cluster
extent) (see SI Appendix, Table S5 for coordinates). These
healthy control findings, broadly consistent with the literature
(15), confirmed the validity of our approach and enabled a
comparison of brain–heart coupling between bvFTD and HC.
Coupling between HRV and BOLD signal was reduced in
bvFTD compared with controls in the subgenual ACC and left FI
(Fig. 2B) (SI Appendix, Table S5) (P < 0.01 for height and P < 0.05
for cluster extent). This reduction was unlikely due to the impaired
baseline cardiac vagal tone in patients, i.e., floor effects, because
including overall CVI as a nuisance covariate did not change the
results. Additionally, these results remained significant after voxelwise gray matter intensity maps were included as covariates. No
regions showed greater heart–brain coupling in bvFTD than in
controls. These findings could represent bvFTD-associated im-

pairments in cortical efferent cardiac control or failures to continuously rerepresent vagal feedback from the heart within the
cortex or both.
Salience Network Connectivity Correlates with Overall HRV. BvFTD
is a network-based disorder in which atrophy and diminished
intrinsic connectivity emerge within the bilateral ACC, FI, and
the “salience network” anchored by these key cortical hubs (28,
36–38). We therefore sought to determine whether cardiac vagal
tone correlates not only with the moment-to-moment activity of
these regions (Fig. 2) but also with their intrinsic connectivity
during task-free conditions, a metric with moderate trait stability
(39) that predicts intersubject variability of emotional experience
and social behavior (17, 40). Here, we present correlation analyses between CVI and intrinsic connectivity across patient and
control groups (Fig. 3) because analysis with logHRV and RSA
yielded similar results.
First, we used a seed-based approach to examine the relationship
between CVI and salience network connectivity. Following previous studies (29, 39), we used a seed in the right FI to derive the
salience network, as well as a mirror image left FI seed to evaluate
laterality effects. Right FI connectivity was related to CVI but
predominantly through its interactions with left-sided structures,
including FI, the inferior frontal gyrus, and the anterior temporal
lobe (Fig. 3A) [P < 0.001 (red) or 0.005 (yellow) for height and
FDR-corrected P < 0.05 for cluster extent] (see SI Appendix, Table
S5 for coordinates). Left FI connectivity strengths predicting CVI,
in contrast, were predominantly ipsilateral and included the adjacent left aIns, subgenual ACC, temporal pole, occipital lobe, and
ventral putamen (Fig. 3B) (see SI Appendix, Table S5 for coordinates). To ensure sufficient statistical power for the whole brain
significance tests, these correlation analyses were performed across
patients and controls, with group included as a covariate. The
correlation between the most significant clusters, including the left
aIns and subgenual ACC, and CVI remained significant when
tested separately in bvFTD and HC (SI Appendix, Fig. S3) (P <
0.05, post hoc Pearson correlation), with no significant differences
in the slopes between the two groups (P > 0.1, ANCOVA).
The seed-based intrinsic connectivity analyses described above
are inherently biased by seed selection. To seek convergent
support while avoiding regional bias, we turned to whole brain
graph theoretical analysis, a seed-independent approach that
quantifies the connectedness of each node in the whole brain

Fig. 2. Heart–brain coupling. (A) Coupling between BOLD activity and continuous HRV in HC, generated with a joint height-extent threshold [P < 0.001 (red)
or 0.005 (yellow) for peak height and FDR-corrected P < 0.05 for spatial extent]. (B) Group differences (bvFTD < HC) in HRV-BOLD coupling, generated with a
joint height-extent threshold (P < 0.01 for peak height and P < 0.05 for spatial extent). Data from the cluster in the subgenual anterior cingulate cortex (sACC)
are plotted on the Right. aIns, anterior insula; aMCC, anterior midcingulate cortex; FI, frontoinsula.
E2432 | www.pnas.org/cgi/doi/10.1073/pnas.1509184113
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Fig. 3. Correlation between intrinsic connectivity and cardiac vagal tone. (A) Right FI-seeded, (B) left FI-seeded, and (C) whole-brain intrinsic connectivity
maps were correlated with CVI in HC and bvFTD groups. Results were generated with a joint height-extent threshold [P < 0.001 (red) or 0.005 (yellow) for
peak height and FDR-corrected P < 0.01 for spatial extent]. (A) Data from the cluster in the left FI are plotted on the right panel. (D) Voxels with significant
lateralization effect in their correlations with CVI. Voxels are shown in the left hemisphere if their correlations with CVI are significantly stronger on the left
than the right or in the right hemisphere if their correlations with CVI are significantly stronger on the right than the left (P < 0.05). Results from the three
functional connectivity maps are overlaid on the same template brain. FI, frontoinsula; IFG, inferior frontal gyrus; pACC, pregenual anterior cingulate cortex;
sACC, subgenual anterior cingulate cortex.

Guo et al.

observed visually. No significant lateralization effect was detected
in the ACC.
Leftward Asymmetry of bvFTD Atrophy Predicts Reduced Cardiac
Vagal Tone. The preceding fMRI analyses support the view that

the ACC, FI, and related structures, predominantly on the left,
participate in regulating cardiac vagal tone, either by generating
or by rerepresenting cardiac parasympathetic signals (21). Patients with bvFTD, however, offer a unique opportunity to determine whether these regions prove critical for maintaining
normal cardiac vagal tone. In contrast to traditional lesion deficit-mapping studies, which classify lesions as present or absent in
each region, bvFTD provides a graded, quantifiable, and often
asymmetric neurodegenerative lesion, as exemplified by the
present bvFTD sample (SI Appendix, Fig. S4A). Here, we
quantified the differential atrophy between the left and right
sides of the salience network using a lateralization index, for
which a score of zero indicates symmetric brain volume, whereas
scores less than or greater than zero indicate more severe left- or
right-sided atrophy, respectively. This approach revealed that
left-worse-than-right atrophy within the salience network was
associated with lower basal CVI (Fig. 4A) (r = 0.45, P < 0.01,
Pearson correlation). Importantly, the absolute severity of the
left-sided atrophy was a poor predictor of CVI (SI Appendix, Fig.
S4B) (r = −0.16, P = 0.50, Pearson correlation). Thus, only by
capturing the graded lateralization of the salience network lesion
PNAS | Published online April 11, 2016 | E2433
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network. Although the optimal method for defining network
nodes and their connectivity remains an area of active research,
here we opted for an unbiased and high resolution voxel-wise
method in which the connectedness of each voxel is defined as its
weighted degree centrality within the whole brain network
(Methods) (41). This analysis converged with the seed-based
analyses, revealing that connectivity degree centrality of the pregenual ACC and left FI significantly correlated with cardiac vagal
tone (Fig. 3C) [P < 0.001 (red) or 0.005 (yellow) for height and
FDR-corrected P < 0.05 for cluster extent] (see SI Appendix,
Table S5 for coordinates); this correlation remained significant
when tested separately in bvFTD and HC (SI Appendix, Fig. S3)
(P < 0.05, post hoc Pearson correlation). Additional clusters were
found in the left middle temporal gyrus, left dorsolateral prefrontal cortex, and bilateral putamen and cerebellum. Clusters
identified in these correlation analyses remained significant after
voxel-wise gray matter intensity maps were included as covariates.
Overall, these task-free fMRI findings suggest that the intrinsic
functional connections of the left ACC and FI play a hemispherically dominant role in regulating cardiac vagal tone. To confirm
this apparent lateralization effect, we performed voxel-wise statistical comparisons between all left and right hemisphere voxels
showing even a weak relationship to CVI (P < 0.01, uncorrected)
(Methods). We found that the voxels with significant lateralization
effects localize predominantly to the left anterior insula (Steiger’s
test, P < 0.05) (Fig. 3D), confirming the lateralization patterns

Fig. 4. Correlation analyses of cardiac vagal tone with brain structural asymmetry and positive emotion in bvFTD. (A) CVI plotted against left vs. right salience network lateralization index for the bvFTD group. Structural MR images are shown for two representative patients whose brain atrophy was strongly
lateralized. (B) Correlation analysis between voxel-wise lateralization index and CVI (P < 0.005). FI, frontoinsula; pACC, pregenual anterior cingulate cortex.
(C) Agreeableness plotted against CVI for the bvFTD group.

were we able to uncover the critical role for the left hemisphere
in maintaining cardiac vagal tone.
To determine which brain structures within the salience network drive the leftward lateralization of cardiac vagal efference,
we developed a voxel-wise lateralization method for quantifying
left- vs. right-sided atrophy severity for each voxel (Methods). We
then performed a correlation analysis with CVI as the independent variable of interest and voxel-wise asymmetry scores as the
dependent variables. Remarkably, this analysis revealed that leftworse-than-right atrophy involving the pregenual ACC and FI
correlated with lower CVI (Fig. 4B) (P < 0.005 for height). Rightworse-than-left atrophy, in contrast, showed no correlations with
reduced CVI. These observations show that basal cardiac vagal
tone depends on a normal balance between left- and right-sided
structural integrity within regions that activate during autonomic
processing such that asymmetric dominant hemisphere damage
predicts greater parasympathetic dysfunction.
Cardiac Vagal Tone Correlates with Trait Agreeableness. Finally, we
examined whether impaired cardiac vagal tone was associated with
characteristic behavioral deficits in bvFTD, such as loss of interpersonal warmth and interest in the emotional lives of others
(33, 42). The parasympathetic nervous system is thought to facilitate social engagement by slowing the heart and fostering a calm
state necessary for attunement to others’ emotional needs (43). In
healthy individuals, higher resting vagal tone has been associated
with more frequent feelings of positive emotional experience and
social connection (44) as well as with more positive mood, optimism, agreeableness, and extraversion (31). To examine the relationship between parasympathetic deficits and emotion in
bvFTD, we selected two questionnaire-based personality measures, the construct “agreeableness” and the facet “positive emotion” from the Neuroticism-Extraversion-Openness Personality
Inventory-3 (NEO-PI-3) (32). We found that lower cardiac vagal
E2434 | www.pnas.org/cgi/doi/10.1073/pnas.1509184113

tone, assessed by either CVI (Fig. 4C) (r = 0.54, P = 0.019,
Pearson correlation) or logHRV (r = 0.42, P = 0.023), was associated with diminished agreeableness, even after controlling for
age, gender, and BMI. The correlation between cardiac vagal tone
and positive emotion, the tendency to experience positive emotions such as happiness, was in the same direction but not significant (r = 0.15, P = 0.2, Pearson correlation). We then performed
additional exploratory analyses to assess the specificity of these
correlations. Cardiac vagal tone was not correlated with the anxiety or depression subscales on NEO-PI-3 (P > 0.4, r < 0.2),
suggesting that our findings cannot be accounted for by nonspecific mood disturbance. We further observed no correlation
with Neuropsychiatric Inventory subscales for apathy or disinhibition, two core symptoms of bvFTD (P > 0.3, r < 0.3).
Further brain–behavioral correlation analysis revealed that
agreeableness significantly correlated with the salience network lateralization index (r = 0.54, P = 0.02, Pearson correlation) such that more left-sided atrophy was associated with
lower agreeableness. These results suggest that the salience
network, predominantly on the left side, provides an anatomical basis for the relationship between cardiac vagal tone and
positive emotion regulation. Finally, because a left-lateralized
pattern was observed, we asked whether speech and language
problems could have had an indirect impact on agreeableness,
due to, for example, the frustration induced by communication
difficulties. We assessed this possibility by correlating several
speech/language scores with agreeableness and found no correlation, suggesting that the correlation between left salience
network atrophy and declining agreeableness is unlikely to be
mediated by speech/language difficulties (P > 0.2, r < 0.35;
scores tested include verbal ability, irregular word reading,
syntax comprehension, Boston naming test, lexical fluency, and
semantic fluency).
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Localization and Lateralization of Cortical Cardiac Parasympathetic
Control. It has been argued that cortical autonomic efferent

and afferent representations are lateralized in the forebrain, with
parasympathetic representations in the dominant hemisphere and
sympathetic representations on the nondominant side (21, 23, 45–
47). This lateralization framework remains controversial, however,
due to inconsistencies in the human lesion literature. Most previous studies have been small or limited by the clinical context or
methodology. In five patients undergoing surgery for epilepsy, left
insula stimulation produced parasympathetic effects (bradycardia
and blood pressure depression) whereas stimulation of the right
insula produced sympathetic effects (tachycardia and blood pressure elevation) (23). Conversely, inactivating the left hemisphere
with intracarotid amobarbital was associated with increased sympathetic activity and decreased vagal tone in small series (45, 47,
48). Convergent evidence was observed in ischemic lesion studies.
Acute left hemisphere stroke was associated with reduced cardiac
vagal tone and increased cardiac sympathetic tone (49); similar
lateralization was observed in seven patients with focal insular
stroke (22). Furthermore, a study in which healthy subjects viewed
short films presented to either the left or right visual hemifield
suggested that the left hemisphere exerted predominant control of
parasympathetic modulation of cardiac activity (50). The left-lateralization of vagal control has been challenged, however, by
prominent parasympathetic deficits after right hemispheric stroke
or epilepsy (25, 51–53) and inconsistent findings using the intracarotid amobarbital test (54). In addition, a prominent neurovisceral model favors right hemispheric control of cardiac vagal
function, based on neuroimaging studies using cognitive and affective tasks (14, 24).
Our results provide convergent and rigorous evidence that
cortical parasympathetic control is lateralized to the dominant
hemisphere in humans. Critically, the balance between the left
and right aINS and ACC damage (Fig. 4) superseded the absolute volume loss on either side (SI Appendix, Fig. S4B) in predicting reductions in cardiac vagal tone. Why did this finding
emerge so clearly in this lesion study compared with previous
series? As a neurodegenerative disease, bvFTD targets a specific
cortical network known to be involved in cardiac autonomic
control. This lesion type provides certain advantages over stroke
lesions, which may have destructive (suppressing function) or
irritative (stimulating function) consequences in the acute phase
and often injure fibers of passage, complicating interpretation.
Stimulation studies in patients with epilepsy are performed on
brains that have undergone dynamic functional reorganization
throughout an extended disease course. Our lesion model permits the test of functional lateralization within relevant brain
regions; such anatomical specificity is lacking in previous studies
using intracarotid amobarbital tests, which inactivate most of one
hemisphere at a time. This methodological difference may help
us to understand differences between our finding and previous
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efforts to lateralize parasympathetic function in humans (45, 47,
48, 54). Furthermore, whereas neurodegenerative lesions can
pinpoint and lateralize brain regions critical for a given function,
fMRI studies often capture bihemispheric homologous structures that, although recruited during task completion, may or
may not be necessary for the task (55). This issue represents an
important challenge when studying autonomic control because
healthy homeostasis constantly balances sympathetic and parasympathetic tone, and perturbations in sympathetic outflow are
rapidly compensated by adjustments in parasympathetic tone
and vice versa.
Relationship of Cardiac Vagal Tone to Emotional Behavior. Emotion
is fundamentally embodied—the bodily or physiological responses to emotional stimuli form the “blood and guts” of
emotional experience (24, 56, 57). In particular, the two-way
communication between the brain and heart is considered an
integral part of emotional well-being (14, 34, 43, 58). Low resting
heart rate variability is associated with poor emotion regulation
and executive control and has been found in patients with depression, anxiety disorders, and posttraumatic stress disorder
(59–62). Even in healthy subjects, higher resting vagal tone has
been associated with positive mood, optimism, and personality
traits that promote social engagement (31, 44). Exaggerated
resting vagal tone, however, may also be maladaptive and put
individuals at risk for dysregulated positive emotion (i.e., mania)
or reduced prosociality (63, 64).
Our study provides a network-based anatomical account for
the relationship between parasympathetic outflow and positive
emotion. Previous bvFTD studies have emphasized the role of
right hemisphere degeneration in producing the characteristic
clinical features of loss of empathy (65), social disinhibition (66),
and overeating (67), perhaps by undermining negative emotions
such as embarrassment (68) and visceral feelings such as satiety
(67). Simple positive emotions are often preserved, at least at the
group level, in heterogeneous bvFTD samples (27, 69). Our
study provides the more nuanced view that relative injury to the
dominant hemisphere autonomic control structures produces a
clinical picture that includes reduced parasympathetic outflow
and a more irritable, irascible (i.e., less agreeable) patient. The
hemispheric lateralization of specific emotion categories, however, has received some conflicting evidence from functional
neuroimaging studies in healthy subjects. Although some findings are in line with left dominance for positive emotion, other
studies have reported bilateral activations, and recent metaanalyses do not support a simple model of hemispheric lateralization according to emotional valence (70). The present work
adds an important piece of human lesion-based evidence to this
active area of investigation.
Relationship of Present Findings to Previous Work on Autonomic
Processing in bvFTD. Although bvFTD-related damage to corti-

cal autonomic centers such as the ACC and FI has been welldocumented, few studies have directly assessed autonomic
functions in these patients (12, 13). A recent study performed
clinical autonomic function tests and reported a high prevalence
of parasympathetic and sympathetic dysfunction in bvFTD
without exploring the anatomical correlates of these deficits (13).
In the context of emotion processing, several studies examined
physiological reactivity to emotional stimuli and found that patients with bvFTD retained physiological responses to many
stimuli (27, 71, 72) but that response amplitudes were diminished
to emotional stimuli, such as those designed to elicit self-conscious emotions (71). One study linked blunted phasic embarrassment-related, predominantly sympathetic autonomic
responses to atrophy of the right pregenual ACC (68). Interestingly, baseline skin conductance level, a measure of sympathetic tone, was recently found to be reduced in patients with
PNAS | Published online April 11, 2016 | E2435

NEUROSCIENCE

Discussion
BvFTD provides a unique lesion model in which graded, often
asymmetric damage occurs in structures within the putative cortical autonomic control system. Capitalizing on this opportunity,
we found that left hemisphere-predominant anterior insula and
cingulate cortex dysfunction and degeneration were associated
with impaired baseline parasympathetic outflow, as indexed by
cardiac vagal tone. In particular, diminished cardiac vagal tone
was associated with reduced (i) moment-to-moment heart–brain
coupling, (ii) left-predominant salience network intrinsic connectivity and structural integrity, and (iii) trait agreeableness.
Throughout these analyses, the anterior cingulate and insular
cortices stood out as the structures whose functional and structural
integrity was most critical, making a left hemisphere-predominant
contribution to maintaining parasympathetic outflow.

bvFTD (72), in contrast to the lack of a significant difference in
our study (Table 1). Our experimental setting could have been
insensitive to sympathetic deficits due to the calming influence of
the scanner environment on healthy control subjects or an activating influence of the scanner on patients. Further work is
needed to examine baseline autonomic physiology in depth
outside the scanner.
Limitations and Future Directions. A technical limitation of our

study is the use of photoplethysmography for measuring HRV.
ECG is the gold standard for detecting heartbeats and deriving
HRV, but scanner-related ECG artifact prevented us from using
these data. We used pulse wave peaks as an alternative, but this
approach lacks the temporal precision of ECG, and, although
pulse rate variability provides an acceptable estimation of HRV
at rest in healthy young adults (73), its validity has not been
addressed in older or clinical populations. Therefore, our results
should be interpreted with this caveat in mind, and future studies
are needed to replicate our HRV results outside the scanner
using ECG and in the scanner through technical improvements
in ECG signal acquisition or processing.
Important, nuanced questions about the cortical control of
autonomic outflow remain unanswered. Brain structures controlling sympathetic and parasympathetic arms of the system may
differ based on task conditions or the end organs being controlled.
Our study focused on baseline cardiac vagal tone and thus offers
limited insights into phasic autonomic reactivity or the interaction
between parasympathetic and sympathetic systems in response to
perturbations. Neuroimaging studies in health have suggested that
parasympathetic regulation during active task paradigms is closely
associated with the default mode network (74). Therefore, future
lesion-based studies are needed to examine questions about the
neural correlates of phasic autonomic functions, such as whether
patients with right-lateralized degeneration will show a more
sympathetic-predominant autonomic outflow deficit and how
basal autonomic impairments influence phasic reactivity in the
presence of cognitive and affective challenges.
Methods
Subjects. The University of California, San Francisco (UCSF) Committee on
Human Research approved the study. Participants or their surrogates provided informed consent before participation. Participant medications were
reviewed, and candidate control subjects were excluded if they took antihypertensive medications with known effects on the autonomic nervous
system (beta-blockers, calcium channel blockers, anticholinergics, etc.).
Controls. Nineteen healthy controls (HCs) (13 females; ages 43–73 y) were
recruited from the San Francisco community through advertisements as
described (75). Five of 19 were unaffected family members (not carrying
disease-causing genetic mutation) of patients with bvFTD. Controls were
required to have a Clinical Dementia Rating (CDR) scale total score of 0, a
Mini-Mental State Examination (MMSE) score of 28 or higher, no significant
history of neuropsychiatric disease or structural lesion on MRI, and a consensus diagnosis of cognitively normal within 90 d of their MRI scan (Table 1
and SI Appendix, Table S3).
Patients. Twenty patients with bvFTD (6 female; ages 44–67 y), recruited
through the UCSF Memory and Aging Center, had received a research diagnosis of bvFTD based on published criteria and had no significant history of
other neurological disease (76). Patients underwent a thorough clinical evaluation, including a history, general neurological examination by a staff behavioral neurologist, CDR, MMSE, and a bedside neuropsychological screen.
Patients underwent structural and functional MRI within 90 d of clinical
evaluation. Three patients were taking donepezil, and their autonomic data
were excluded from the main analysis (Table 1). The AD group consisted of
eight patients (four female; ages 46–69 y) who underwent clinical evaluation
and MRI examinations in a similar procedure as the bvFTD group, as described
above. Due to the small AD sample size and the prevalence of confounding
medications (donepezil) (SI Appendix, Table S3), the AD group was included
only in supplementary analyses in which medication effects were accounted
for as a binary regressor (donepezil on/off) (SI Appendix, Table S4). The original dataset included eight additional subjects (six patients with bvFTD, one
E2436 | www.pnas.org/cgi/doi/10.1073/pnas.1509184113

patient with AD, and one control) who were excluded due to the poor quality
of pulse oximetry recordings (see Physiological Signal Acquisition).
Table 1 includes three left-handed subjects (two healthy controls and one
patient with bvFTD) because analyses here involved only behavioral and
physiological measures of the body, where we did not expect (and did not
find) left-handedness to have any impact. These left-handed participants
were excluded from neuroimaging analyses.
Neuropsychological and Emotional Function Assessment. Patients were evaluated with a comprehensive neuropsychological assessment within 90 d of
scanning (75, 77) (SI Appendix, Table S3). Guided by previous reports regarding the relationship between cardiac vagal tone and positive emotion in
healthy subjects (30, 31, 44), we selected two measures that reflect positive
personality traits for correlation analyses in patients with bvFTD—the personality construct “agreeableness” and personality facet “positive emotion”
from the Neuroticism-Extraversion-Openness Personality Inventory-3 (NEOPI-3) (32). First-degree relatives were asked to fill out the NEO-PI-3 questionnaire to assess the patients’ current level of agreeableness, positive
emotion, and other personality traits, following previous approaches to this
patient group (33). Agreeableness and warmth, aspects of personality that
promote social bonds and foster meaningful relationships, decline in bvFTD
(33). First-degree relatives also completed the Neuropsychiatric Inventory
(NPI), which captures common behavioral symptoms in dementia, including
apathy and disinhibition (78), core symptoms in bvFTD. Language screening
included the abbreviated Boston Naming Test (BNT) (15 items) (79), Peabody
Picture Vocabulary Test (PPVT) (80), and semantic (number of animals per
1 min) and phonemic (number of D words per 1 min) word generation.
Forward and backward digit span assessed executive functioning.
Partial Pearson correlation was used to analyze the correlation between
personality traits and cardiac vagal tone, controlling for age, gender, and
body mass index (BMI) (calculated as bodyweight in kilograms divided by
height in meters squared). Because obesity can result in alterations in cardiac
structure and autonomic function (81), BMI was included as a covariate to
control for the effects of obesity on cardiac activity.
Physiological Signal Acquisition. ECG and pulse signals were recorded using
the Siemens Physiological Monitoring Unit integrated with the Trio scanner.
During scanning, heart rate was monitored using dermal ECG electrodes
placed over the chest (400-Hz sampling rate) that recorded the changes in
electrical signal across the heart during each beat. Pulse oximetry and heart
rate were recorded using a photoplethysmograph with an infrared emitter
placed under the pad of the left index finger (50-Hz sampling). Electrodermal activity was recorded using a Biopac MRI compatible acquisition system,
with reusable TSD203 electrodes attaching to the right index and middle
fingers (100-kHz sampling rate). Recording was automatically time-locked to
the beginning of the first volume acquisition.
Physiological Signal Analysis. Physiological data were preprocessed using the
PhLEM Toolbox (82) in the Matlab computing environment. Due to ECG
signal corruption from an MRI-induced artifact, heartbeats could not be
reliably identified from the ECG data. We therefore used pulse oximetry for
heartbeat detection because its signals are not affected by an MR artifact.
Although few studies have assessed clinical and older populations, pulse rate
variability offers an accurate estimate of HRV at rest in healthy adults (73).
The pulse oximetry recording was bandpass filtered (0.6–2.0 Hz; Butterworth
filter) to remove gradient artifacts from the data. Then the filtered data were
imported into the QRSTool software (35). Heart beats were identified using
the built-in beat detection algorithms, followed by visual inspection where
misidentified beats were manually corrected. The interbeat interval (IBI) series
were then extracted and submitted to the CMetX software to derive cardiac
metrics, including mean IBI, the natural log of the variance in the IBI time
series (logHRV), an estimate of sympathetic-related variability [Toichi cardiac
sympathetic index (CSI)], an estimate of parasympathetic-related variability
Toichi cardiac vagal index (CVI), and respiratory sinus arrhythmia (RSA) [natural
log of the high frequency (0.12–0.40 Hz) variance of IBI time series), and others
(35). The Toichi indices (CSI and CVI) were calculated following previous
methods (83). Briefly, each IBI (IBIn) was plotted against the subsequent IBI
(IBIn+1) to create a Lorenz plot, where the length of the transverse axis (T)
predominantly reflects parasympathetic system influence, and the length of
the longitudinal axis (L) reflects both sympathetic and parasympathetic influences. The measures derived from this plot are called cardiovagal index (CVI)
[Log10 (L × T)] and cardiosympathetic index (CSI) (L/T). In addition, continuous
HRV metrics were derived for imaging analysis, as described in BOLD-HRV
instantaneous correlation analysis. Electrodermal activity was analyzed using
the Ledalab Matlab toolbox to derive skin conductance level (SCL) and skin
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Image Preprocessing and Analysis. Details regarding acquisition and preprocessing of structural and functional images are provided in SI Appendix,
Supplementary Experimental Procedures.
BOLD-HRV instantaneous correlation analysis. Continuous HRV was calculated as
the SD of IBIs within a sliding window centered on the middle of each TR.
Because HRV is normally estimated using a long recording session, we used the
overall CVI calculated from the entire 8-min recording as the gold standard to
determine the proper length of the sliding window for deriving continuous HRV.
Continuous HRV was derived with sliding windows of 2, 4, 6 . . . 30 s with an
acquisition interval of 2 s (the length of one TR) for each subject. With longer
sliding windows, the correlation between the mean of continuous HRV and the
overall HRV across all subjects increased as expected, but a sliding window of
18 s was selected because it achieved a high correlation (Pearson r of 0.976) with
overall HRV while remaining short enough to provide reasonable temporal
resolution. Continuous HRV was then used as a covariate of interest in a wholebrain linear regression analysis that included white matter, cerebrospinal fluid
(CSF), and nonbrain (voxels that are not gray matter, white matter, or CSF) time
series and six motion parameters as nuisance regressors. This procedure generated a statistical parametric map from each scan session, where each voxel
was scored based on its BOLD signal correlation with the continuous HRV
across the 8-min scan. Each subject’s map was then entered into second-level,
random-effects analyses to generate group-level connectivity maps and a twosample t test to identify between-group differences in brain–heart coupling.
Seed-based ROI analyses. For each subject, voxel-wise intrinsic connectivity
maps were derived using two seeds: the right and left FI. The right FI seed was
a 4-mm spherical region-of-interest (ROI) centered at (40, 14, −12) (38). The
left FI seed was the mirror image of the right FI seed, a 4-mm spherical ROI at
(−40, 14, −12). FI seeds were chosen over ACC seeds due to the proximity of
the ACC to the midline, which can undermine inferences regarding functional lateralization. Right and left FI-seeded intrinsic connectivity network
(ICN) maps were derived separately, following previous methods [Seeley
et al., 2009 (29)] (SI Appendix, Supplementary Experimental Procedures).
Whole brain voxel-wise degree centrality. To examine intrinsic functional connectivity without potential bias due to a priori seed selection, we computed the
weighted degree centrality based on whole-brain voxel-wise connectivity (87). We
first generated a group gray matter mask, covering all cortical and subcortical
gray matter voxels present across all subjects in the functional imaging analyses.
Then, we constructed a voxel-wise functional connectivity network for each
subject, where functional connections, defined as edges, between two voxels in
this map were estimated based on the Pearson’s correlation coefficients between
their BOLD signals. A series of thresholds (rth = 0.1, 0.3, 0.5, 0.7) were applied to
determine the presence of connections between voxels. To generate weighted
adjacency matrices, each suprathreshold edge retained its correlation coefficient as its edge weight whereas subthreshold edges were assigned values
of 0. Finally, voxel-wise weighted degree maps were generated by computing
the weighted degree centrality of each voxel: i.e., the sum of edge weights
between it and each other voxel in the group gray matter map. Because the
final results generated by using different thresholds were qualitatively similar,
we present only the results with rthreshold = 0.5 in the main text.
Correlational analyses between functional connectivity and cardiac vagal tone.
Correlation analyses were performed using second-level analyses implemented in SPM8, following previous procedures (17, 88). Seed-based con-
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nectivity and weighted degree maps from HC and bvFTD were entered into
one-sample tests. CVI or logHRV was used as the regressor of interest, and
age, gender, root mean square (motion), and diagnostic groups were included
as nuisance covariates. Using CVI or logHRV as the regressor of interest generated highly similar findings so, for simplicity, we reported only CVI results in
the main text.
Because most clusters identified in these correlation analyses were in the
left hemisphere, we performed further statistical tests of whether voxels in
the left hemisphere have significantly greater correlation with CVI than the
voxels in the right hemisphere. We restricted our analyses to voxels that show
some correlation with CVI (loosely thresholded at P < 0.01, uncorrected, for
height), either in the left or right hemisphere. We compared the correlation
coefficients between each voxel and its mirror image in the other hemisphere using Steiger’s test (89). Voxels are shown in the left hemisphere if
their correlations with CVI are significantly stronger on the left than the
right. Voxels are shown in the right hemisphere if their correlations with CVI
are significantly stronger on the right than the left (Fig. 3D) (P < 0.05).
Statistical thresholding for whole-brain functional image analyses. Whole-brain
analyses were thresholded using a joint probability distribution method to
correct for multiple comparisons (90). In HC, group-level connectivity maps
were generated with a threshold of P < 0.001 or 0.005 for height and FDRcorrected P < 0.05 for cluster extent (Fig. 2A). A generous threshold (P < 0.01
for height and FDR-corrected P < 0.05 for cluster extent) was applied to the
HC result to create the explicit mask used in the two-sample t test on HRVbrain coupling maps. Group differences in HRV-brain coupling maps were
evaluated at a threshold of P < 0.01 for height and P < 0.05 for extent (Fig.
2B). Correlation connectivity maps were generated with a threshold of P <
0.001 or 0.005 for height and FDR-corrected P < 0.05 for cluster extent (Fig.
3). To further examine whether and how observed group differences and
correlations in functional maps were related to gray matter atrophy, analyses were reassessed with voxel-wise gray matter intensity maps as covariates, using the Biological Parametric Mapping (BPM) toolbox (91). All
reported functional clusters remained significant after atrophy correction.
Correlation analysis of structural lateralization and cardiac vagal tone. Lateralization indices were generated from preprocessed structural images to quantify
the differential atrophy between the left and right sides in patients with
bvFTD (see SI Appendix for details). A salience network mask generated
from previous studies was used to focus the analysis on core regions of injury
in bvFTD (29, 39). To avoid bias introduced by asymmetries in the shape of
the mask, the mask was rendered symmetric by merging the original mask
with its left–right mirror image. The two halves of the resultant mask, divided by the midline, were used to calculate the average gray matter voxel
intensity on the left side (VL) and on the right side (VR). The left-over-right
lateralization index is calculated by the following equation: (VL − VR)/(VL + VR).
Thus, higher scores indicate more severe atrophy on the right than left and
lower scores indicate more severe atrophy on the left than right. Partial
correlation between the lateralization index and CVI was computed, controlling for age and gender. We further performed a voxel-wise correlation
analysis between structural lateralization and cardiac vagal tone. The leftover-right lateralization index was calculated between each voxel in the
salience network mask described above. The resultant lateralization index
map was then subjected to a correlation analysis with CVI as the regressor of
interest and age and gender as nuisance covariates.
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conductance responses (84). Electrodermal data were discarded for one control subject due to poor recording quality.
In healthy controls, cardiac vagal tone was lower and SCL was higher in the
eyes-open vs. the eyes-closed condition (SI Appendix, Fig. S5) (P < 0.05,
paired t test), suggesting that these indices captured the increased alertness
associated with the eyes-open condition [Barry et al. (85); Hori et al. (86)]
and provide valid and sensitive measures of physiological states. Data from
the eyes-open session were not analyzed further because many patients
with bvFTD failed to maintain eye opening throughout the session.
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