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Abstract
Objective
We applied direct cortical stimulation (DCS) to the orbitofrontal cortex (OFC) in neurosurgical patients implanted with intracranial electrodes to probe, with high anatomic precision,
the causal link between the OFC and human subjective experience.
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Methods
We administered 272 instances of DCS at 172 OFC sites in 22 patients with intractable focal
epilepsy (from 2011 to 2017), none of whom had seizures originating from the OFC.
Results
Our observations revealed a rich variety of aﬀective, olfactory, gustatory, and somatosensory
changes in the subjective domain. Elicited experiences were largely neutral or negatively
valenced (e.g., aversive smells and tastes, sadness, and anger). Evidence was found for preferential left lateralization of negatively valenced experiences and strong right lateralization of
neutral eﬀects. Moreover, most of the elicited eﬀects were observed after stimulation of OFC
tissue around the transverse orbital sulcus, and none were seen in the most anterior aspects of
the OFC.
Conclusions
Our study yielded 3 central ﬁndings: ﬁrst, a dissociation between the “silent” anterior and
nonsilent middle/posterior OFC where stimulation clearly elicits changes in subjective experience; second, evidence that the OFC might play a causal role in integrating aﬀect and
multimodal sensory experiences; and third, clear evidence for left lateralization of negatively
valenced eﬀects. Our ﬁndings provide important information for clinicians treating OFC injury
or planning OFC resection and scientists seeking to understand the brain basis for the integration of sensation, cognition, and aﬀect.
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Glossary
DCS = direct cortical stimulation; OFC = orbitofrontal cortex; MNI = Montreal Neurological Institute.

The orbitofrontal cortex (OFC), consisting of the ventral portions of the prefrontal cortex (ﬁgure 1), ﬁgures prominently in
many higher-order theories of emotion,1–3 decision making,4
reward processing,5 and taste and olfaction.6,7 Damage to the
OFC often results from both cerebrovascular accidents8 and
traumatic brain injury9 and can have debilitating eﬀects on
patients’ quality of life. A more detailed understanding is
therefore critical for neurologists treating OFC injury, neurosurgeons planning OFC resection (e.g., for intractable epilepsy),
and psychiatrists and neuroscientists seeking to understand the
OFC’s role in higher cognitive-aﬀective abilities.
Investigations in nonhuman primates have shown that the
OFC receives multimodal sensory inputs, including olfactory,10 gustatory,11 and somatosensory information,12 and
has widespread connections throughout the brain, including
to the amygdala, anterior cingulate, insula, and hypothalamus.5 The OFC therefore appears well placed to represent
both aﬀective and multimodal sensory information. This
prediction is corroborated by neurophysiologic investigations of the OFC in animals: individual OFC neurons
can encode stimulus modality13 and even identity,14 as well
as reward value.15 In humans, functional neuroimaging has
shown that the OFC is activated by stimuli of every sensory
modality,5 abstract reinforcers such as money,16,17 and
a wide variety of emotions.18,19 Moreover, humans with
OFC lesions show impaired stimulus-reward learning,

impaired identiﬁcation of emotional expression, and exaggerated emotional experience.20,21 Direct cortical stimulation (DCS) in humans with intracranial electrodes can
provide a unique contribution to understanding regional
function.22 Here, we conduct a comprehensive investigation
of the subjective phenomena elicited by DCS of the OFC.

Methods
Patient characteristics
Data were drawn from a pool of 114 patients admitted to the
Stanford Hospital for intracranial EEG monitoring of medically
refractory epilepsy between 2008 and 2017. We identiﬁed
patients with electrode coverage in the OFC who also had CT
scans and high-resolution T1-weighted MRI scans available for
precise reconstruction of electrode locations in standard space.
Ultimately, our sample comprised 22 patients tested between
2011 and 2017 (all details are available in table 1).
Standard protocol approvals, registrations,
and patient consents
All patients provided informed consent in accordance with the
Stanford Institutional Review Board for human experiments.
Electrode placement and localization
Patients were implanted with either subdural grid/strip electrode arrays (n = 9), depth electrodes (n = 12), or a mix of

Figure 1 Summary of all effective vs null results

Summary of effective (red) and null (black) results. The overall elicitation rate was 17.4%: stimulation at n = 30 electrodes yielded some reliable subjective
effect, whereas stimulation at 142 electrodes elicited no effects (right panel). The elicitation rate differed significantly along an anterior-posterior axis (results
displayed for 143 electrodes, where Montreal Neurological Institute coordinates were available; see Methods): between y-coordinates 20 and 40, the rate was
approximately 20% effective, whereas anterior to y = 40, the elicitation rate dropped nearly to zero. Electrodes from both sides of the brain have been
projected onto a single hemisphere for clarity in demonstrating the gradient of the elicitation rate; for effects displayed bilaterally, see figures 2 and 3.
Approximate Brodmann areas are indicated in gray numerals. Brain with Brodmann areas adapted from figure 2 in reference 5, modified and extended from
the work of Öngür and Price.42
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Table 1 Summary of patient characteristics arranged by the number of unique sites stimulated
Patient
ID

Age (years)

Sex

Handedness

Type

Electrodes
stimulated

Effective/null
results

General effects

94

35

Male

Right

S

20

1/19

Smells

81

45

Male

Right

S

18

6/12

Smells; negative emotions

76

23

Female

Right

S

15

0/15

No effects

58

60

Male

Right

D

13

4/9

Smells; tastes

86

36

Female

Right

S

11

2/9

Smells

40

47

Male

Right

D

10

4/6

Smells; tastes; negative
emotions

25

57

Female

Right

S

10

2/8

Somatosensory effects

68

42

Male

Right

D/S

10

0/10

No effects

99

30

Male

Right

D

9

2/7

Smells; somatosensory
effects

85

49

Male

Right

D

8

4/4

Somatosensory effects

67

35

Male

Right

S

8

1/7

Somatosensory effects

66

65

Female

Right

S

6

2/4

Smells; tastes

100

22

Female

Right

D

6

0/6

No effects

60

34

Male

Right

S

4

2/2

Smells

48

41

Male

Right

D

4

0/4

No effects

59

63

Female

Right

D

4

0/4

No effects

39

50

Male

Left

D

4

0/4

No effects

107

32

Female

Right

D

4

0/4

No effects

112

29

Male

—

D

3

0/3

No effects

51

33

Female

Right

D

2

0/2

No effects

109

50

Male

Right

D

2

0/2

No effects

78

38

Female

Right

S

1

0/1

No effects

Mean = 41.6 ±
12.3 y

13 Male, 9
Female

1 Left, 20
Right

172 (Mean = 7.8 ±
5.2)

30/142

Abbreviations: D = depth electrodes; S = surface (grid or strip) electrodes.
Data are sorted in descending order by the number of unique electrodes stimulated in each patient.
A long dash (“—”) indicates that these data were not available for a given patient.

both (n = 1), made by Ad-Tech Medical Instruments
(Racine, WI). Placement of all electrodes was determined
strictly according to clinical criteria. To precisely determine
electrode locations for each patient, electrodes localized in
a postoperative CT scan were nonlinearly projected to the
cortical surface reconstructed from a preoperative T1weighted MRI scan.23 To pool results for visualization purposes, electrodes in patient-speciﬁc space were normalized
to Montreal Neurological Institute (MNI) space and displayed on the MNI Colin 27 brain. In total, 18 of 22 patients
had all the requisite data and scans to ultimately be displayed
(ﬁgures 1–3). Data from patients 39, 51, 58, and 85 were not
visualized because of missing ﬁles that precluded accurate
transformation into standard (MNI) space but were
Neurology.org/N

included in the summary of subjective eﬀects. Data not visualized in ﬁgures 1–3 include 19 null eﬀects, 1 olfactory
eﬀect, 2 gustatory eﬀects, 1 smell + taste eﬀect, and 4 somatosensory eﬀects.
Delineating the OFC
We deﬁned the OFC according to standard neuroanatomic
landmarks for each patient, identiﬁed in the patient’s native
brain space. Broadly speaking, the OFC includes the entire
ventral surface of the frontal lobe; electrodes in grids or strips
along this ventral surface were included in the study, as were
some depth electrodes with contacts near the ventral surface.
Depth electrodes were visualized on coronal brain sections for
each patient, and only electrode contacts that fell within the
Neurology | Volume 91, Number 16 | October 16, 2018
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Figure 2 Anatomic location and category of subjective phenomena elicited

Summary of 30 elicited effects and 142 null effects after electrical stimulation of the orbitofrontal cortex (OFC) bilaterally. Electrodes on the ventral surface are
indicated by circles; those at some depth are indicated with diamonds (projected onto the ventral surface). The right hand panel shows a histogram of effect
types. Note that all stimulation sites located within the OFC have been translated ventrally to be displayed on the ventral orbitofrontal surface. Sites that
appear to lie on the temporal pole are actually situated just superior to temporopolar cortex in the OFC. Note that it was not possible to visualize electrode
location data from 4 patients; for details of missing data, see Methods.

gray matter of the gyri along the ventral surface of the frontal
lobe were included in our analyses.
Direct cortical stimulation
Patients underwent DCS as part of a routine clinical mapping
procedure to determine localization of function. The speciﬁcs
of stimulation were at the discretion of the clinician administering the DCS session. Typically, bipolar stimulation was

delivered using an alternating square wave current applied
across 2 adjacent electrodes at 50 Hz, 2–8 mA current, and
pulse width of 200–300 ms. Further details of stimulation
methods and parameters are described extensively in our
previous work24,25 (data available from Dryad, table e-1, doi.
org/10.5061/dryad.3h3k08d). Occasional sham stimulations
were also randomly delivered to control for demand characteristics. During sham stimulation, the experimenter behaved

Figure 3 Evidence for lateralization of effect valence

Collapsing across the effect type for all subjective experiences (n = 30), valence was mostly negative (n = 11) or neutral (n = 15), with a handful of positive effects
(n = 4; right panel). Montreal Neurological Institute (MNI) coordinates were available for electrode sites for 22 of these effects (see Methods for details of
missing data). Of these 22 electrodes sites, neutral effects (n = 13) showed evidence of right-hemisphere preference (mean x = 21, light green diamond),
whereas negatively valenced effects (n = 9) showed a tendency toward left lateralization (mean x = −9, dark green diamond; left panel). This difference was
significant (t[20] = 2.998, p = 0.007), and the size of the effect was large (Cohen d = 1.3). In contrast, the difference in the anterior-posterior position (mean ycoordinates) was not significant (p = 0.21). Coordinates are in standard (MNI) space; the orbitofrontal surface is shown for illustrative purposes only, and
electrode locations are not exact (see figure 2 for precise locations). Note that it was not possible to visualize electrode location data from 4 of 22 patients; for
details of missing data, see Methods.
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exactly as during veridical stimulation, adjusting settings on
the stimulator and pressing the same buttons, followed by the
same standardized questions about any changes in subjective
experience, the only diﬀerence being that no current was actually delivered. Because some patients had few OFC electrodes and received correspondingly few administrations of
DCS, or never reported subjective eﬀects (table 1), sham
stimulations were delivered only in 12 patients, rather than
every patient in our sample.
Evaluating and classifying subjective effects
of stimulation
We considered a subjective eﬀect of stimulation to the OFC
valid only if (1) the anatomic location was conﬁrmed via
electrode localization as being within the OFC; (2) the tissue
stimulated was not later determined to be pathologic or
resected; (3) stimulation at a given site did not result in
seizure(s) or after-discharges; (4) repeated stimulation at the
same site in the same patient produced the same or a very
similar eﬀect (e.g., a more or less intense instance of the same
smell); and (5) sham stimulation at a given site did not result
in subjective phenomena. Repeated stimulation at sites
yielding positive eﬀects was conducted whenever possible, but
time and other considerations precluded replication of every
observed eﬀect; for details of eﬀects and replications, see the
detailed annotated data available from Dryad (table e-1, doi.
org/10.5061/dryad.3h3k08d).
After DCS or sham stimulation, patients were asked standardized, open-ended questions about any experiences
evoked (e.g., “Did you notice anything?” or “Any change?”),
with follow-up questions, as needed, to further clarify the
character and emotional valence of eﬀects (e.g., “Is it something you would prefer to approach or avoid?”).
Speciﬁc DCS parameters and elicited subjective experiences (or
lack thereof) were logged for each stimulation. Raters blinded to
the aims of the study (S.L.P., L.E.L., and D.D.M.) subsequently
viewed and coded digitized DCS reports and video-EEG
recordings to conﬁrm results. After reviewing these accounts, we
noticed that the elicited subjective experiences could be classiﬁed in part within the following data-driven categories: (1)
smells, (2) tastes, (3) somatosensations (e.g., tingling and pain),
and (4) emotional experiences. The valence of experiences
(positive, negative, or neutral) was also classiﬁed, and occasional
multimodal experiences we had not anticipated were considered
a separate category: (5) combined smell and taste. When active
stimulations did not elicit any subjective eﬀects, they were
classiﬁed as (6) “null” results or “no eﬀect.”
To examine the possibility of functional-anatomic gradients
(e.g., a left-right or anterior-posterior axis of eﬀects), the mean
x- and y-coordinates in MNI space for electrodes where eﬀects
were elicited were computed for both negative and neutral
valence (collapsing across eﬀect category) but not for positive
valence (which was represented only in 4 eﬀects, and for
which MNI coordinates were not available in the patients
Neurology.org/N

reporting these eﬀects). Mean x-coordinates for each valence
category were used to provide an indication of any hemispheric preference and y-coordinates to determine whether
any anterior-posterior gradients were present. As data were
approximately normally distributed, parametric independent t
tests were conducted to determine whether mean laterality of
eﬀects was signiﬁcantly diﬀerent using SPSS 20 (IBM Corp,
Armonk, NY). Because negative emotions are not necessarily
equivalent to negatively valenced sensory eﬀects, these analyses were also conducted with all negative emotion eﬀects
excluded to ensure that these were not driving or biasing any
lateralization eﬀects.
Visual inspection of our data further suggested that more anterior regions of the OFC almost always yielded null eﬀects,
suggesting anterior-posterior gradients in the eﬀective rate of
stimulation (regardless of the eﬀect type). To formally examine
this possibility, we therefore divided our data into six 10 mm
bins (y = 11–20, 21–30, 31–40, 41–50, 51–60, and 61–70) to
visualize the elicitation rate throughout the OFC (ﬁgure 1).
Rates were used to control for the density of electrodes in each
bin. Because of our relatively small sample size of electrodes, an
analysis of variance comparing all bins would have been severely underpowered. Therefore, to provide a more statistically
powerful test, we pooled all data into 2 broader bins based on
the midpoint of our data set (y ≤ 40 vs y > 40). Visual inspection of the binarized data (eﬀective or null) revealed that
the elicitation rate was not normally distributed; a nonparametric Mann-Whitney U test was therefore conducted to
compare the elicitation rate for each bin using SPSS 20.
Controlling for ictal phenomena and other
potential confounds
To preclude the confounding eﬀects of any ictal phenomena,
we ensured that none of the patients had an epileptic focus
within, or required resection of, the OFC. Some patients had
electrode grids placed over the ventral surface of the OFC;
any smell-related eﬀects elicited by stimulation of electrodes
along the midline of the ventral surface were excluded from all
analyses as potentially confounded by stimulation of the olfactory nerve.
Data availability
Data on patient demographics and electrode coverage and
stimulation are available in table 1. Summary data on elicited
subjective eﬀects are available in table 2 and displayed in ﬁgures
1–3. For full details of all trials leading to elicitation of subjective
eﬀects, including stimulation parameters, exact MNI coordinates, and summaries of ﬁrst-person reports, see data available
from Dryad (table e-1, doi.org/10.5061/dryad.3h3k08d).

Results
Overall rates and functional-anatomic
gradients of effective stimulation
Pooling all 22 patients, a total of 272 electrical stimulations
were delivered throughout 172 unique electrodes in the OFC
Neurology | Volume 91, Number 16 | October 16, 2018

Copyright ª 2018 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

e1523

Table 2 Summary of subjective effects elicited
Valence of effects
Count

2

∘

+

Subjective effects elicited

30

11

15

4

Smell

13

6

6

1

Somatosensory

8

2

6

0

Taste

3

0

1

2

Smell + taste

3

0

2

1

Negative emotions

3

3

0

0

(86 in the right hemisphere and 92 in the left; M ± SD = 7.8 ±
5.2 electrodes per patient). Stimulation of about one-ﬁfth (n =
30; 17.4%) of the electrodes elicited some subjective experience according to patients’ ﬁrst-person reports (ﬁgure 1 and
table 2). Although only 11 of our 22 patients (50%) reported
DCS-elicited eﬀects, most patients who never reported eﬀects
had more anterior rather than posterior OFC coverage and
relatively few (≤6) electrodes in the OFC stimulated during
the clinical mapping procedure (table 1). Of 143 electrodes
for which MNI coordinates were available, more posterior (y
≤ 40) OFC sites showed a markedly higher rate of elicitation
(M = 20.4%) than more anterior (y > 40) sites (M = 2.5%);
the distributions of the 2 bins diﬀered signiﬁcantly (MannWhitney U = 1,691.5, n1 = 103, n2 = 40, p = 0.008, 2-tailed).
Categories of elicited subjective effects
The most commonly elicited eﬀects were olfactory phenomena (n = 13), most of which were either unpleasant (n =
6) or neutral (n = 6), but one report was rated as pleasant (n =
1). A variety of somatosensory (n = 8) and taste (n = 3) eﬀects
were also elicited in several participants, and multimodal
experiences of smell + taste eﬀects (n = 3) were also reported.
Negative emotions (anger and sadness/despair) were also
occasionally elicited (n = 2). In one additional case, a mix of
negative emotions (both anger and sadness) was associated
with recall of an old memory event (see patient 40, data
available from Dryad, table e-1, doi.org/10.5061/dryad.
3h3k08d).
To control for any demand characteristics, we randomly administered a total of 43 sham stimulations in 12 patients,
followed by the same standardized questions about any
changes in subjective experience. Of these, just 3 yielded falsepositive reports (all from patient 66), whereas 40 (93%) had
no eﬀect.
Lateralization of effect valence
Collapsing across all eﬀect types, we found that negatively
valenced eﬀects tended to be left lateralized (mean x = −9),
whereas neutral eﬀects tended to be right lateralized (mean x
= 21) (ﬁgure 3). This diﬀerence was signiﬁcant (t[20] =
2.998, p = 0.007), and the size of the eﬀect was large (Cohen
e1524
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d = 1.30). In contrast, the diﬀerence in the mean anteriorposterior position between negative (mean y = 35) and
neutral (mean y = 31) eﬀects was not signiﬁcant (p = 0.21). As
noted in the Methods section, because negative emotions
might not necessarily be equivalent to negatively valenced
smells and tastes, we also conducted this analysis with all
negative emotion eﬀects excluded. With these 3 emotion
eﬀects removed, our observed eﬀect remained consistent (and
in fact was more prominent): negatively valenced eﬀects were
left lateralized (mean x = −19), neutral eﬀects were right
lateralized (mean x = 21), and the diﬀerence remained signiﬁcant (t[17] = 4.108, p < 0.001); again, the mean anteriorposterior position (y-coordinates) did not diﬀer signiﬁcantly
(p = 0.76).

Discussion
Our study yields 3 important ﬁndings. First, we provide evidence for a dissociation between “silent” anterior OFC areas
that do not respond to DCS and middle/posterior OFC areas
that often yield subjective experiences (ﬁgure 1)—a pattern of
OFC functional specialization that mirrors recent ﬁndings of
“silent” and “nonsilent” areas in the human posteromedial
cortex.25 Second, we provide evidence that the OFC could
play a causal role in integrating aﬀect and multimodal sensory
experiences in humans (ﬁgure 2)—replicating and expanding
on electrophysiologic work in rodents14 and nonhuman
primates,13,15 and corroborating correlational ﬁndings from
human neuroimaging and inferences from lesion patients.2
Third, we show that negatively valenced eﬀects are strongly
left lateralized (ﬁgure 3), providing unique DCS data from
humans that contributes to the fraught debate over lateralization of valence eﬀects in the prefrontal cortex26; tellingly,
our results corroborate anatomically speciﬁc ﬁndings from
functional neuroimaging27 but contradict ﬁndings from
lower-resolution scalp EEG.26
The majority of eﬀects were elicited at more posterior (y ≤
40) sites within the range of our OFC electrodes (ﬁgure 1). In
contrast, stimulation of more anterior electrodes (y > 40)
yielded only a single eﬀect (patient 81, negative emotion effect at y = 48). These results show evidence for a possible
anatomic boundary diﬀerentiating “silent” vs “nonsilent” parts
of the OFC, although this ﬁnding must be interpreted cautiously, given the relatively small number of anterior OFC
electrodes in our cohort. Of note, our ﬁndings are broadly
consistent with patterns of anatomic connectivity: more rostral prefrontal regions (e.g., Brodmann area 10) receive few if
any direct inputs from unimodal or multimodal sensory areas,
but are instead connected predominantly, and perhaps exclusively, to other “transmodal” association areas in both
prefrontal cortex and anterior temporal cortex that primarily
encode and process more abstract information.28,29 The direct
anatomic connections between more posterior aspects of the
OFC and various limbic and sensory areas5 could explain why
stimulation here yields subjective eﬀects far more frequently.
Neurology.org/N
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The diﬀerential elicitation rate we observed in the OFC
parallels results recently reported in the posteromedial cortex.25 These intriguing patterns of “silent” and “nonsilent”
cortex warrant careful exploration in further investigations to
extend these ﬁndings to other parts of the brain, particularly
transmodal cortical areas of the default25,30 and executive networks that are distant from sensory inputs.31 Our interpretation
of an anterior-posterior gradient in the elicitation rate is based
on the assumption that stimulation at further electrode sites in
the most posterior OFC areas (y < 20) is likely to yield subjective eﬀects. However, subjective eﬀects may be induced
primarily by stimulation of a cluster of OFC tissue in the central
region near y y 30 (i.e., the approximate location of the
transverse orbital sulcus, which bisects the OFC). This would
align well with data from neuroimaging, which suggest that
neural recruitment related to olfaction is considerably more
anterior in the OFC of humans than was expected based on
electrophysiologic and anatomic tracing data from animals.7
Indeed, a meta-analysis of 13 neuroimaging investigations
found that the peak of activation across studies was centered on
the transverse orbital sulcus and roughly equidistant from the
medial and lateral boundaries of the frontal lobe—closely in line
with our own ﬁndings (cf. ﬁgure 6 in reference 7).
In the subjective domain, we observed a rich variety of olfactory, gustatory, and somatosensory eﬀects, as well as
multimodal (smell + taste) experiences. The ﬁnding that
smell and taste experiences could occur both in isolation and
also conjointly is consistent with neurophysiologic evidence
that both unimodal and bimodal neurons are present in the
OFC13—although, given the spread of electrical charge to
neighboring neuronal populations,24 these bimodal results are
much more parsimoniously explained by simultaneous stimulation of multiple unimodal units. Spread of electrical charge
could also potentially have activated other nearby sensory and
limbic areas beyond the OFC, yielding some of the elicited
subjective eﬀects—a limitation that should be kept in mind
when interpreting our results. Further research examining the
relationship between delivered current, spread of electrical
charge, and corresponding changes in subjective
experience—as examined recently, for instance, in the visual
cortex24—could mitigate these concerns in the future.
Several instances of negative emotion were elicited in an idiosyncratic fashion across patients, including high-intensity
emotions such as anger (patient 40), as well as less-arousing
emotions described as “despair” (accompanied by a negatively
valenced smell; patient 81) and “sadness” (patient 40). Of note,
1 instance of intense, mixed anger and sadness (patient 40) was
accompanied by long-term memory recall of a traumatic car
accident the patient had experienced some 15–20 years prior,
and the patient explicitly described experiencing the same
emotional state at the time of the accident (data available from
Dryad, table e-1, doi.org/10.5061/dryad.3h3k08d). Although
anecdotal, this eﬀect is suggestive of mood-dependent memory
evocation.32 Furthermore, although not identiﬁed explicitly as
emotions, several instances of disgust at the smells elicited were
Neurology.org/N

evident from the reports of patient 81 (data available from
Dryad, table e-1, doi.org/10.5061/dryad.3h3k08d). The variety
of negative emotions elicited supports the notion that discrete
emotions are not localized to speciﬁc brain regions, but rather
that the OFC processes general aﬀective signiﬁcance, in particular goal relevance3 and valence.18 Our ﬁndings are consistent with the OFC’s putative role in emotion processing and its
anatomic connections with various limbic areas, especially the
amygdala.
Research has long suggested that emotional processing in the
frontal lobe is lateralized,26 and we found that negatively
valenced eﬀects tended to be left lateralized, whereas neutral
eﬀects were right lateralized. Moreover, this trend remained
(indeed, was strengthened) when only negatively valenced
sensory eﬀects were included (and negative emotion eﬀects
excluded). Our DCS ﬁndings parallel the results of a metaanalysis of 65 neuroimaging investigations, which found that
activations for negatively valenced emotions were left lateralized in the OFC and vice versa for positive aﬀect.27 Although
our directly elicited and anatomically precise ﬁndings contribute unique data to the ongoing discussion regarding lateralization of aﬀective valence in the frontal lobe,26 the eﬀects
we observed here tended to be quite simple and cannot speak
to the debate on lateralization of higher-order processes in the
OFC. Moreover, our valence lateralization eﬀect should be
interpreted with caution, given our relatively small sample size
and the paucity of positively valenced eﬀects (which precludes
examination of the double dissociations reported by
others27).
Laterality eﬀects aside, there is an apparent overall negativity
bias to experiences elicited by OFC stimulation. Only 4
positively valenced experiences were elicited (ﬁgure 3), and
moreover, some “neutral” experiences, although not explicitly
identiﬁed by patients as negative or unpleasant, were by no
means pleasant or rewarding: reports of “saline” tastes,
“damp” and “smoky” smells, and “tingling” somatosensations
(data available from Dryad, table e-1, doi.org/10.5061/dryad.
3h3k08d) could reasonably be categorized as negative using
more liberal criteria. This apparent negativity bias needs to be
qualiﬁed, however, by the ﬁnding that elicitation of positively
valenced experiences of any kind is extremely rare with DCS
(for some exceptions, references 33–36), whereas elicitation
of pain, negative emotions, and aversive sensory phenomena
is common.37 A facile interpretation of these ﬁndings might be
that the human brain is predisposed toward interpreting the
eﬀect of delivered electrical pulses as negative rather than
positive. This suggests that the negativity bias observed here
(ﬁgure 3), and extensively in previous research,37 could be an
artifact of speciﬁc stimulation parameters or the manner in
which artiﬁcial stimulation propagates throughout the
brain—neither of which is well understood.24,38
Several other studies have previously reported ﬁndings of
subjective eﬀects elicited by DCS to the OFC.39–41 Mahl
et al.39 reported memory recall, hallucinations, illusions,
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motor expression, and even changes in personality after
stimulation of the OFC in a single patient, but few of these
eﬀects were replicated in our larger cohort. Begum et al.41
reported tingling sensations and muscle twitching in the lower
face after OFC stimulation in a single patient. Although somatosensory experiences are consonant with our own ﬁndings, we observed no motor eﬀects in any of our patients, and
the authors themselves suggested that motor twitching was
likely elicited via spreading of current to the facial nerve. Most
recently, Mulak et al.40 reported that 3 stimulations to the
ventromedial aspects of the OFC resulted in epigastric and
retrosternal sensations (the number of unique patients in
whom these eﬀects were elicited is not clear but is ≤3).
However, this study reported exclusively on “digestive sensations” elicited from a large cohort (N = 339) over 15 years;
because other eﬀects of stimulation to the OFC in this cohort
were not reported, assessing the importance of these
ﬁndings—or of the fact that we found no comparable results
in our sample—is problematic. Overall then, while ﬁndings
from our 22 patients partially corroborate previous reports,
we also expand greatly on them, clarifying where stimulation
tends to elicit eﬀects (ﬁgure 1), the relative frequency of
diﬀerent eﬀect types (ﬁgure 2), and general tendencies in
eﬀect valence (ﬁgure 3).
Although our study contributes a large pool of patients to the
sparse literature on OFC stimulation, we advise caution in the
interpretation of our ﬁndings. First, as already noted, DCS can
result in current spread to nearby parts of the brain (in millimeter space), as well as interregional signal propagation to
areas that are anatomically connected with the OFC.22
Therefore, the subjective eﬀects produced by DCS most likely
are due to engagement of a distributed network rather than
a small area of the OFC alone. Second, DCS likely perturbs
activity in hundreds of thousands of neurons, so detailed
understanding of eﬀects at the local circuit or single-cell level
is not possible. Third, the mechanisms of DCS—i.e., whether
it potentiates, inhibits, or otherwise perturbs ongoing neuronal activity, or some combination thereof—remain poorly
understood.22 Finally, our investigation mostly explored the
aﬀective and sensory experiences elicited by stimulation of the
OFC and did not investigate the eﬀects of stimulation on
either enhancing or disrupting higher-order cognitiveaﬀective processes or task performance. We hope that future studies can investigate the causal role of precisely located
OFC neuronal populations in higher-order cognitive-aﬀective
abilities, such as decision making and reward processing, using
targeted electrical stimulation of these populations during
experimental tasks known to recruit the OFC.
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