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acute behavioral responses in select contacts. While there have been reports on the relationship between
acute intraoperative behaviors and their relation to the location of the contacts, there are no descriptions
of the physiological changes that accompany them.

Objective: The present study sought to examine these physiological readouts, and their association with
the anatomical substrates that generated them.

g?;vgot:f:i'n stimulation Methods: Nine patients with severe, treatment-resistant depression were tested intraoperatively. The
Depression stimulation protocol consisted of 12 three-minute, sham-controlled, double-blind trials. Changes in heart
Subcallosal cingulate rate and skin conductance were recorded during each stimulation cycle. Probabilistic tractography be-
Sympathetic activity tween the stimulated contacts and predefined regions of the mood regulation network was performed.
Autonomic nervous system Results: Acute intraoperative SCC stimulation produced increases in autonomic sympathetic response

that correlated with the salience of the behavioral responses. The autonomic changes were observed
within seconds of initiating acute stimulation and prior to verbalization of subjective experiences. The
probabilistic tractography analysis suggested that structural connectivity between the stimulated area
and the midcingulate cortex is the primary pathway that mediates autonomic responsivity to SCC DBS.
Conclusions: These findings demonstrate that acute SCC stimulation produces autonomic and behavioral
changes in the operating room that are explained by the modulation of networks associated with long
term antidepressant response. Intraoperative autonomic recordings paired with careful behavioral ob-
servations and precise anatomical mapping aid in the identification and classification of the intra-
operative phenomena.

© 2019 Published by Elsevier Inc.

Introduction

Specific neural circuits within the limbic-cortical system

mediate various aspects of mood and emotional regulation [1].

Deep brain stimulation (DBS) delivers electrical stimulation to

I neural circuits in a precise and controlled manner. Several DBS
* Corresponding author. Department of Psychiatry and Behavioral Sciences, targets are being investigated for the treatment of mood disorders
Emory University School of Medicine, 101 Woodruff Cir NE, Suite 4309, Atlanta, GA, [274]. The most reported target for depression is the subcallosal
30322, USA. cingulate white matter (SCC) [5]. Research suggests that the anti-
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white matter bundles are impacted by the stimulation, and re-
sponders share a common tractography map [6]. This electrical
stimulation impacts fibers that connect the SCC area to other re-
gions, such as the medial frontal cortices bilaterally, dorsal and
midcingulate cortices, and other subcortical regions, via the forceps
minor, cingulum bundle and uncinate fasciculus. Using these tracts
as a “blueprint” for targeting makes the therapeutic response to
DBS more consistent [7].

The presurgical identification of the intended target also makes
the acute response to stimulation more predictable and reproduc-
ible [8]. DBS surgery is usually performed with awake patients to
evaluate the acute manifestations of the stimulation. These acute
effects assist in the identification of optimal lead placement, side
effects, and ideal stimulation parameters. Objective physiologic
readouts of these stimulation effects have been identified in
movement disorder DBS surgery, such as the beta oscillations of the
cortico-subthalamic network [9]. Therefore, the location in the
network can be assessed clinically as well as using measurements
of physiological signals.

Examples of non-motor acute behavioral phenomena elicited by
stimulation abound, such as euphoria, involuntary smiles, hypo-
mania, and others, usually identified as side effects of stimulation
or indicative of placement in an undesired area [10—14]. Unlike the
well-characterized motor changes that are correlated with elec-
trophysiological readouts, these behaviors have not been described
along with physiological correlates in clinical settings. In SCC DBS,
our group reported on the findings of intraoperative behavior and
its relation to the contact locations within the network impacted by
stimulation [8]. The most commonly observed intraoperative be-
haviors involved a rapid change in patients’ interoceptive aware-
ness. These stereotypical responses included: “feeling lighter,
calmer”, “more awake, aware, and reactive”, suggestive of acute
autonomic activation. These responses were denoted “Type 1”. A
second overlapping set of responses, designated as “Type 2",
involved not only the interoceptive awareness, but also an
increased sense of exteroceptive awakening. Patients reported
feeling more connected with the outside world. These responses
were unequivocal and reproducible for each subject in the oper-
ating room.

The present study sought to examine the physiological readouts
of these intraoperative responses to SCC stimulation, and their as-
sociation with the anatomical substrates that generated them. We
measured autonomic reactivity during a testing session performed
during SCC DBS surgery, using measures of heart rate and electro-
dermal activity. Additionally, we related these physiological sur-
rogates of intraoperative response to structural connectivity
patterns of subcallosal cingulate stimulation mediating acute
intraoperative behavior responses with the goal to identify an
intraoperative biomarker of optimal SCC lead placement. We hy-
pothesized that subjective behavioral responses would co-occur
with an increase in autonomic arousal, specific to the location of
stimulation. We expected these changes would be associated with
the structural connectivity from the stimulated area to regions
involved in autonomic control. An understanding of these circuits
may help dissect this complex syndrome into several circuit-based
components, lending the possibility of matching certain behavioral
and physiologic domains to specific networks [15,16].

Methods
Participants
Nine consecutive (M(SD)age =46.22(8.29), 7 female) patients

with severe, chronic, treatment-resistant major depressive disorder
were enrolled in a research protocol at Emory University to test the

safety and efficacy of SCC DBS (clinicaltrials.gov NCT00367003).
The protocol was approved by the Institutional Review Board at
Emory University and by the US Food and Drug Administration
under Investigational Device Exemption G060028 sponsored by
one of us (H.S.M.) and is monitored by the Data and Safety Moni-
toring Board of the Department of Psychiatry and Behavioral Sci-
ences, Emory University. All participants signed an informed
consent to participate; all patients continue in the ongoing longi-
tudinal study. Further information regarding clinical outcomes was
published [7].

The study inclusion and exclusion criteria were identical to
those previously published by Holtzheimer et al. [17]. In brief, pa-
tients had a depressive episode of at least one year duration, a
Hamilton Depression Rating Scale severity score of 20 or higher;
trials of at least 4 antidepressant treatments (including electro-
convulsive therapy) without improvement; no significant psychi-
atric or medical comorbidities; and significant functional
impairment with a Global Assessment of Function score of less than
50 (range, 1-100, with higher scores indicating better function).

DBS implantation surgery

Procedure

The surgical procedure for DBS lead and pulse generator im-
plantation followed published methods [17]. Targeting in these
participants was chosen using a tractography-based connectomics
prospective method [7]. Target, localization of the DBS lead tip, and
trajectory were done using a surgical planning workstation
(StealthStation S7, Medtronic Inc, Louisville, CO). Bilateral DBS leads
(Libra system, St Jude Medical, Plano, TX), each with 4 contacts
(1.5 mm inter-contact spacing) were inserted and secured and with
the patient awake and alert for testing initiated thereafter.

Intraoperative behavior response assessments

The stimulation protocol consisted of 12 trials (one at each of the
8 available contacts; 4 per hemisphere, plus 4 sham trials) of 3
minutes with stimulation, followed by 3 min without stimulation.
Testing utilized standard parameters for chronic SCC stimulation
(single contact, monopolar stimulation delivered with St Jude
Medical External Neurostimulator with current return path to pa-
tient's shoulder, frequency =130 Hz, pulse width =90 psec, cur-
rent = 6 mA). The order of active or ‘sham’ trials was randomized
with both subject and the clinician rater blinded to the condition. In
one case, only the patient was blinded. No post hoc blinding as-
sessments were conducted, and the stimulation was delivered from
behind the surgical drapes to avoid involuntary unblinding of the
rater. The “3 min ON/3 min OFF” design maximized the likelihood
of adequate time to capture both acute (within the first minute) and
sustained (maintained throughout the stimulation epoch) behav-
ioral changes as well as to ensure that a new baseline was re-
established prior to the subsequent trial. Patients were instructed
to report any changes in sensation, feelings, mood or thought and to
describe any changes when queried. Self-reports were recorded at
fixed time points within each trial (after 1 minute from initiation of
stimulation). After surgery, responses for each of the stimulation
trials were reviewed and categorized. When the stimulation eli-
cited an intraoperative response, features were further classified
into two categorical ‘types’ based on the salience, quality and
magnitude of the self-report. The subjects reported in this study, as
well as their subjective intraoperative responses, are the same as
those described in Choi et al. [8]. Response Type 1 was defined by
presence solely of a perceived change in body state (i.e., intero-
ceptive awareness), or specific physical sensations. Response Type
2 was characterized by a more complex set of evoked thoughts and
feelings commonly indicated by a shift in attention from
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themselves to others (exteroceptive awareness). Once rankings
were completed, trials were unblinded and contacts (Left 1—4;
Right 1—4) were matched to trial and response types. These clas-
sifications were subsequently used for psychophysiological and
structural connectivity analyses.

Psychophysiological measures

Time-locked changes in heart rate and skin conductance were
recorded during each stimulation cycle. Stimulation was time-
locked with the recordings. The facial EMG recordings detect the
initiation and presence of electrical stimulation. The onset of
stimulation was precisely identified for each stimulation period. An
event marker was placed for each sham stimulation on the psy-
chophysiological recordings during the intraoperative testing.
Seven patients had electrocardiogram (ECG) data and five patients
had skin conductance data that were adequate for processing and
analysis. All psychophysiological recordings were acquired on a
BIOPAC MP100 (Biopac Inc., Goleta, CA) for 4 patients and MP150
for 5 patients. One patient was excluded from the analysis because
the quality of their psychophysiology data was inadequate.

Heart Rate. Electrocardiogram (ECG) data was recorded with a
lead Il configuration. The continuous heart rate in beats per minute
(BPM) was calculated using rate calculation of the ECG channel in
Biopac Acgknowledge 4.1. Artifacts in heart rate channel were
manually removed through linear interpolation across the artifact-
affected heart rate data. Average HR was calculated for the 3-min
stimulation periods as a whole and separately, in 15-s windows
across the stimulation epochs. Change in HR was calculated by
subtracting the average 15-s pre-stimulus baseline from each
stimulation epoch.

Skin Conductance. Electrodermal activity (EDA) was recorded
from both hands simultaneously. For all analyses, data from the
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hand with the fewest artifacts was used. All artifacts in the EDA
channel were linearly interpolated. The maximum trough-to-peak
change in SCR amplitude was derived across each stimulation
period. All SCR measurements were square root transformed to
adjust for typical skew in the SCR amplitude distribution and to
make the distribution more normal [18,19].

Image acquisition and processing

All MR imaging data was collected within a single session for
each subject on Siemens 3T Tim-Trio scanner (Siemens Medical
Solution, PA. USA) including high-resolution T1 and diffusion
weighted images. FSL software toolbox (FMRIB software Library,
http://www.fmrib.ox.ac.uk/fsl) was used for preprocessing. A post-
surgical high-resolution computer tomography (CT) image was
acquired on a LightSpeed16 (GE Medical System) with resolution
0.46 x 0.46 x 0.65 mm°. Detailed image acquisition parameters and
pre-processing steps are described in previously published paper
by Choi et al. [8].

Computational modeling of volume of tissue activated (VTA)

The patient-specific DBS VTA was generated by using the elec-
trical DBS field model method [20]. Based on the electrode and
contact locations that were identified using post-surgical CT im-
ages, the VTA for each contact was generated using a DBS neuro-
surgical research software [21] with following stimulation
parameters: 130 Hz, 90 ps, and 6 mA [22]. All VTAs were transferred
to the MNI152 template using a combination of linear and
nonlinear registrations.

Structural connectivity analysis

Ten regions of interest (ROIs) were selected from cortical and
subcortical brain regions based on previous structural and
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Fig. 1. Illustrations of structural connectivity targets (ROIs). Probabilistic tractography between these 10 individual ROIs and the volume of tissue activated were generated in FSL
(with a CSF stop mask). Amyg: Amygdala; Raphe: Raphe Nucleus; mF: medial frontal (BA10); Put: Putamen; BA11: Brodmann's Area 11 (anterior medial frontal); nAc: nucleus
accumbens; VTA: Ventral Tegmental Area; Cau: Caudate; Th: Thalamus; MCC: Mid-Cingulate Cortex.
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functional connectivity findings and known white matter bundle
involvement for SCC DBS [6,23—25]. These ROIs include the mid-
cingulate (MCC), medial frontal (mF), amygdala, caudate, putamen,
thalamus, nucleus accumbens (nAc), orbitofrontal cortex, raphe
nuclei, and ventral tegmental area bilaterally (Fig. 1). Probabilistic
tractography between patient-specific VTAs and pre-defined target
ROIs was performed using the Fdt toolbox (FSL) with following
parameters: 5000 samples per seed voxel, a curvature threshold of
0.2, a step length of 0.5, and a maximum number of steps of 2000.
Using a seed-to-target method in Probtrackx2 toolbox (FSL), the
connectivity value from each VTA to target ROIs was computed. The
connectivity value between VTA and target was normalized by the
total number of sample tracts generated from VTA [26]. The
normalized connectivity value was later correlated with psycho-
physiological measurements such as heart rate and skin conduc-
tance change with active stimulation.

Statistics

All statistical analyses were performed in SPSS 23 (IBM Corpo-
ration, North Castle, NY). A planned comparison (paired t-test) was
performed to test the hypothesis that heart rate would increase for
stimulation conditions relative to sham conditions. One-way
repeated measures ANOVAs were performed on averages across
the data calculated from the whole stimulation cycles relative to
sham cycles. For repeated measures ANOVAs, we subtracted the
effect of sham on heart rate from the heart rate effect for each
behavioral category to account for any effects on heart rate during
sham conditions. All data were normally distributed based on a
Kolmogorov—Smirnov (K-S Test) of normality. No outliers were
detected using a + 2 standard deviations approach. Post-hoc com-
parisons using paired-samples t-tests was used to test for differ-
ences between behavioral response types and sham stimulation.
Paired t-tests across each behavioral response type at each time
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Fig. 2. Change in Heart Rate from SCC DBS by behavioral type and hemisphere. Intraoperative DBS to the locations in the SCC gray/white matter border produce an increase in heart
rate as a function of the type of subjective behavioral response elicited and the hemisphere of stimulation for each monopolar contact stimulated. A) Average maximum change in
heart rate across 3 min of SCC DBS from a 15 s pre-stimulus baseline by type of subjective behavioral response. B) Time course in 15 s increments of heart rate change to SCC DBS
across 1 min of silence, 1 min of ratings, and another minute of silence as a function of behavioral response type. Heart rate acutely increases during the first 15 s of stimulation that
produces a Type Il behavioral response and remains elevated for the duration of stimulation. C) Average maximum change in heart rate across 3 min of SCC DBS from a 15 s pre-
stimulus baseline by presence of a behavioral response and hemisphere of stimulation. Left SCC stimulation that produced a behavioral response elicited increases in heart rate
across the entire stimulation period relative to right SCC stimulation, stimulation conditions with no behavioral change, and sham stimulation. D) Time course in 15 s increments of
heart rate change to SCC DBS across 3 min of stimulation as a function of the presence of a behavioral response and hemisphere of stimulation. Left SCC stimulation that produced a
behavioral response elicited an acute and sustained increase in heart rate relative to right SCC stimulation that produced a behavior, no behavior, and sham stimulation conditions.

*p <0.05.
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point were also performed on the change in HR data to examine
when the autonomic response to SCC DBS was the greatest for each
behavioral response type. Finally, to examine the relationship of the
number of estimated streamlines emanating from the VTA in the
SCC to each tract of the SCC DBS network and changes in heart rate
a correlation was performed on each patient's data for each
hemisphere of stimulation. The r-value for each trial was then
standardized with a Fisher's Z transformation so that the correla-
tions of HR change and white matter connectivity to the SCC could
be averaged across patients. This average of Fisher's Z scores across
patients was then submitted to a one-way ANOVA comparing the
average correlation to zero for each VTA tract (i.e., SCC to dorsal
anterior cingulate, medial frontal, and nucleus accumbens).
Following review, only ROIs that had connectivity were included in
the correlation analysis to changes in heart rate.

Results

First, we examined the effects of SCC DBS on the change in heart
rate for sham versus all stimulation trials using a paired t-test to
test for the overall effect of stimulation relative to sham. A one-way
ANOVA revealed an overall increase in heart rate for stimulation
trials relative to sham trials, f{1,6) = 6.26, p = 0.04, nf, =0.51. Then,
we examined the effects of SCC DBS on the change in heart rate for
each behavioral response condition (no behavior, Type 1, and Type
2 responses) relative to sham using a one-way ANOVA to test for
omnibus effects of SCC DBS and post-hoc t-tests to examine dif-
ferences between specific conditions. To account for any effects on
heart rate during sham conditions, we subtracted the effect of sham
on heart rate from the heart rate effect for each behavioral category.
A one-way repeated measures ANOVA showed an effect of stimu-
lation (f{2,6) = 7.2, p = 0.009, ng = 0.54), with SCC DBS to the most
behaviorally salient contacts (Type 2 responses) causing a signifi-
cant increase in HR relative to non-behaviorally effective contacts
and sham (t(6) = 4.3, p = 0.005, d = 1.64; Fig. 2A). Type 1 behavioral
responses did not show a significant increase in HR relative to non-
behaviorally effective contacts and sham (t(6)=2.2, p=0.07,
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d = 0.83). The autonomic changes were observed within seconds of
initiating acute stimulation and prior to verbalization of subjective
experiences. In time window analyses, paired t-tests revealed that
Type 2 responses produced a significant increase in the initial 15
second time period relative to sham (t(6)=4.17, p=0.006,
d = 1.57), non-behaviorally effective (t(6) = 5.2, p = 0.002, d = 1.96),
and Type 1 responses ({(6) = 3.15, p = 0.02, d = 1.19). For the rest of
the time windows, except the 45—60s and 150—180s time win-
dows, SCC stimulation trials that produced a behavioral response
(Type 1 or Type 2) were significantly different from sham and non-
behaviorally effective trials (all p < 0.05; Fig. 2B).

Second, we examined the effects of SCC DBS on the change in
heart rate for behaviorally effective and non-effective conditions in
the left and right hemispheres relative to sham conditions. An one-
way ANOVA showed an effect of stimulation (f{2,6) = 7.02, p = 0.01,
ng = 0.54), with SCC DBS to the behaviorally effective, left hemi-
sphere stimulation causing a significant increase in HR relative to
non-effective conditions (t(6)=4.93, p=0.003, d=1.86) and to
sham (t(6) =4.82, p=0.003, d = 1.82; Fig. 2C). Right hemisphere
trials that produced behavioral responses did not show a significant
increase in HR relative to non-behaviorally effective contacts and
sham. In time window analyses, paired t-tests revealed that left SCC
DBS that led to any behavioral responses produced a significant
increase in the initial 15-s time period relative to non-behaviorally
effective (t(6) = 2.55, p = 0.04, d = 0.96), sham (¢(6) = 3.15, p = 0.02,
d=1.18), and behaviorally effective, right hemisphere stimulation
(t(6) =2.55, p=0.04, d = 0.96). For time windows between zero to
45s, and between 60 and 150s of stimulation, SCC stimulation
trials that produced any behavioral response (Type 1 or Type 2) on
the left were significantly different from sham and non-
behaviorally effective trials (p < 0.05; Fig. 2D).

Third, we estimated structural connectivity between the ipsi-
lateral SCC DBS volume of tissue activated (VTA) to four of 10
network node targets in each hemisphere known to be associated
with the antidepressant effects of SCC DBS (Mid-Cingulate Cortex,
Brodmann's Area 11, Medial Frontal Cortex, and Nucleus Accum-
bens). Consistent structural connectivity estimations were not
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Fig. 3. Heart rate change is correlated with the number of streamlines between left SCC volume of tissue activated and the left mid-cingulate cortex (*). There were no significant
findings in the correlation between Left SCC to BA11, mF10 or nAc. Normalized correlation (Fisher's Z) for each subject of the change in heart rate with left SCC stimulation and
normalized DTI connectivity from SCC to distinct ROIs in the DBS network. * = p < 0.05. MCC = Mid Cingulate Cortex, BA11 = Brodmann's Area 11, mF10 = Medial Frontal Cortex,

BA10, nAc = Nucleus Accumbens. Symbols indicate data from individual patients.
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found for the other 6 network node targets (Amygdala, Raphe
Nucleus, Ventral Tegmental Area, Caudate, Thalamus, Putamen),
and were thus not analyzed further. The normalized connectivity
values from each VTA to target ROIs were not significantly different
in the left and right hemispheres (all p > 0.05). Correlations be-
tween these estimates of structural connectivity and physiological
changes in heart rate were derived for each patient and then
normalized for group comparison using a Fisher's Z transformation.
Each patient's normalized correlation was submitted to a one-
sample t-test (comparing against a Fisher's Z of 0). Across all 7
patients, we found a significant relationship between the estimated
structural connectivity of the left SCC VTA to the mid-cingulate
cortex and the change in heart rate for stimulation of each SCC
electrode. Specifically, we found that the greater the structural
connectivity between the SCC VTA and the mid-cingulate cortex,
the more the heart rate increased for that specific stimulation trial
(¢(6)=4.18, p=0.006, d =1.57; Fig. 3). Estimated structural con-
nectivity SCC VTA for the left and right hemisphere targets did not
significantly differ from one another (ps > 0.05). We found no sig-
nificant relationships between the estimated structural

A
1.50

connectivity of the SCC VTA to any other potential connected tar-
gets and the change in heart rate (p's > 0.05).

Finally, we examined the effects of SCC DBS on electrodermal
activity or skin conductance responses (SCR). These results are
limited due to a small sample size and low power given that only 5
patients had valid intraoperative SCR recordings. Similar to the
results for heart rate, we found that the magnitude of SCRs was
greater for Type 2 responses and left SCC stimulation that produced
any behavioral response than for sham and non-effective stimula-
tion conditions, but these findings did not reach statistical signifi-
cance. Most subjects had large increases in SCR that were time-
locked to the onset of stimulation (Fig. 4).

Discussion

This study has established relationships between three variables
that have previously only been described independently. These
include the existence of clinically relevant intraoperative behaviors,
the presence of autonomic reactivity with electrical intracranial
SCC stimulation, and the requirement to precisely modulate a
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Fig. 4. Change in normalized skin conductance amplitude from SCC DBS by behavioral type (panel A) and by hemisphere (panel B). A) Average maximum change in normalized skin
conductance across 3 min of SCC DBS by type of subjective behavioral response. Normalized skin conductance amplitude was increased for Type 2 behavioral responses relative to
Type 2, no behavior, and sham conditions. B) Average maximum change in normalized skin conductance across 3 min of SCC DBS by presence of a behavioral response and

hemisphere of stimulation.
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specific network for acute antidepressant effects. Here we estab-
lished the relationships between each variable (Fig. 5). Intra-
operative SCC stimulation produces increases in autonomic
response that correspond with the type of behavioral response.
Specifically, SCC DBS generates increases in sympathetic activity
relative to sham stimulation, indicated by changes in heart rate.
Changes were observed within seconds of initiating acute stimu-
lation and before verbalization of subjective experiences. Particu-
larly, stimulation generating the most behaviorally salient
responses (Type 2) were associated with the greatest increases in
heart rate (HR). Further, left hemispheric stimulation caused a
significantly higher increase in HR than sham, while right SCC
stimulation did not. Our group previously described the relation-
ship between stimulation of the necessary white matter network
and intraoperative behaviors [8]. In this study, we further demon-
strated that the white matter between the stimulated area and the
midcingulate is the potential pathway mediating autonomic
responsivity to SCC DBS. Interestingly, structural connectivity from
left SCC to left midcingulate cortex (MCC) was the only connection
positively correlated with the increases in HR (Fig. 3). Therefore,
SCC stimulation produces autonomic and behavioral changes
intraoperatively that are explained by the modulation of networks
associated with long-term antidepressant response.

Across the entire testing period, stimulation causing Type 2
responses elicited the largest HR increases. Type 2 responses have a
distinct physiological response relative to all other conditions that
were apparent in the initial 15s of stimulation, providing an
objective measure to differentiate Type 2 responses from other
conditions. Type 1 responses also had HR increases, albeit only
numerically greater than sham. Contacts generating Type 2 re-
sponses were later selected for effective chronic stimulation in the
left hemisphere. The observation of the HR changes occurring in the
initial time windows (0—45 s) is most notable. Here, patients were
asked to be silent and there were no interviewer prompts, avoiding
confounding factors that influence sympathetic reactivity. Not only
did the most behaviorally effective contacts cause an immediate HR
increase, but these periods showed a sustained elevation in HR that
was maintained through each epoch. Changes in sympathetic

| Precise Anatomical Location

activity were strongly correlated with the most behaviorally salient
periods. These findings confirm with physiologic readouts that SCC
DBS modulates distant areas involved in autonomic regulation,
providing an objective measure of target identification [27].

The present study supports the idea that structural connectivity
between SCC and midcingulate cortex (MCC) provides a conduit for
autonomic reactivity regulation during intraoperative stimulation.
Measurements of white matter connectivity between SCC and
other regions involved in chronic DBS antidepressant response
(mF10 and 11, nucleus accumbens, subcortical areas) did not show a
relationship with measurements of autonomic reactivity. The
normalized connectivity of the left and right SCC to the target ROIs
are similar, and HR increases most with left SCC stimulation, sug-
gesting that autonomic components of SCC DBS response may be
lateralized to the left MCC. Reports of white matter disruption in
the cingulum bundle have shown lack of autonomic reactivity, and
patients with prior cingulotomies do not have changes in auto-
nomic reactivity with intraoperative subcaudate stimulation [28].
This suggests that intact connections between ACC and MCC are
required to have salient behavioral responses and autonomic
reactivity to stimulation. Other groups have described related
findings with neuroimaging [29]. A recent meta-analysis of 43 fMRI
and PET studies showed that MCC is one of the core centers for the
central autonomic processing [30]. The MCC and the dorsal anterior
cingulate cortex (dACC) are important in the generation of auto-
nomic arousal accompanying volitional cognitive behavior in fMRI.
Direct electrical stimulation of the SCC may bypass the volitional
component. Activity in dorsal anterior/midcingulate cortices cor-
relates with sympathetic cardiovascular influences [31]. Functional
imaging in patients with DBS reported that, despite local SCC
changes observed in all participants, only the responders to DBS
had remote changes in the dorsal ACC [5]. This emphasizes the need
for network modulation and a “connectomics approach” to DBS,
describing the remote activation of areas within the network.

The broader significance of this work points to several novel
insights about autonomic and behavioral effects of SCC DBS.
Beyond well-described subjective behavioral responses there is a
need for objective measures of target identification such as
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Fig. 5. Model of intraoperative autonomic and subjective responses based on prospectively planned DTI SCC targeting.
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measurements of central or peripheral activity related to SCC
stimulation. Our study provides one necessary objective measure of
target identification with the HR changes seen during acute stim-
ulation of precise SCC white matter nodes. However, these mea-
sures are not sufficient to capture the full acute antidepressant
effect. The breadth of the antidepressant effects described intra-
operatively include descriptions that exceed a purely autonomic
explanation. Despite this limitation, autonomic responses usefully
allow for intraoperative distinctions to be made between effective
and non-effective stimulation locations, and subjective responses
to sham stimulation. Further, the distinct readouts of autonomic
reactivity in this study are evidence of the distant effects that SCC
DBS generates in the network, and more precisely in its connections
to the MCC as compared to the other linked regions that are con-
nected to the SCC, like the frontal medial lobes. Our conclusions are
in line with the described role of the MCC in autonomic control.
Identification of reliable biomarkers is a necessary step in the
refinement and development of advanced DBS technologies. Simi-
larly to the use of electrophysiology in movement disorders, these
biomarkers may aid in the confirmation of adequate placement and
stimulation parameters during surgery [32]. Future studies
recording the intrinsic neuronal activity of this region and other
regions connected to the SCC will shed light on the each of the
nodes’ roles in the antidepressant effects [33,34]. Overall, intra-
operative autonomic recordings paired with careful behavioral
observations and precise anatomical mapping aid in the identifi-
cation and classification of the intraoperative phenomena.

The study has a number of limitations. First, the classification of
behaviors observed with acute stimulation into distinct categories
has been previously described but relies on clinical interpretation
of subjective responses. Behavioral responses have multiple po-
tential confounds such as pain, fatigue, or discomfort that patients
experience during awake intraoperative testing. While these re-
sponses could be misinterpreted, the objective measures of auto-
nomic peripheral activity provide support for distinction between
different behavioral responses. Second, although the intraoperative
environment was as controlled as possible for autonomic re-
cordings, it is not the best setting for sensitive recordings. The sham
stimulation conditions controlled for the environmental con-
founds. Testing of these measures in an extraoperative environ-
ment will allow for clearer autonomic data examining parameters
of electrical stimulation (location, amplitude, frequency) with
improved quality of EDA, blood pressure, pupillary reactivity, and
facial expression changes. Third, DBS delivered with standard, non-
steerable, leads does not allow for modulation of specific white
matter fibers, i.e. isolated forceps minor or cingulum bundle. Forth,
larger sample sizes will be needed to more thoroughly test the
effect of SCC DBS on changes in autonomic activity, like electro-
dermal activity. Fourth, the possibilities of stimulation parameters
are extensive, and this study did not explore the entire parameter
space in terms of current, frequency or pulse width. It is entirely
possible that different settings could produce different sets of
intraoperative responses. Future studies should explore a larger
portion of the parameter space outside of the intraoperative envi-
ronment given its time and logistical limitations. Finally, the con-
nectivity between regions in the network that do not travel through
the SCC was not analyzed. Thus, we could not see whether a direct
connection between the left medial frontal region and the MCC
could explain the Type 2 responses. These white matter pathways
have been well described in human and non-human primates [35].
Although white matter connectivity measured with DTI is sensitive
to measuring primary pathways passing through a region of in-
terest [6] and has been effective in selecting patient-specific SCC
DBS stimulation targets [7], estimating connectivity for smaller

pathways passing through the SCC might require more robust DTI
measures of white matter connectivity.

These physiological findings may have applications in opti-
mizing SCC DBS surgery, aiding in the selection of contacts and the
stimulation settings that will impact specific neural networks.
Further, changes in sympathetic activity with SCC DBS provide a
novel strategy for examining the interactions of affective experi-
ence and the autonomic nervous system in TRD. The findings of
objective autonomic measures that are seen in selected contacts
allow for better explanation of the intraoperative behavioral and
autonomic effects. Our prior work described the precision of sur-
gical targeting and the predicted intraoperative responses [8]. With
this report, we can “close the loop” and find the basis of behavioral
manifestations in autonomic measures as well as the selective
network stimulation when the combination of autonomic mea-
sures and tractography are considered.
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