because of additional mechanisms suppressing
stable B-T interactions in GCs.

During the selection process in GCs, many
GC B cells die and are visible by histology as
“tingible bodies” inside macrophages (/). The cell
bodies of dying GFP" GC B cells were observed
to undergo fragmentation (Fig. 4G), but surpris-
ingly, this occurred outside of macrophages
(movie S11). Blebs of dead GFP" GC B cells
appeared to be taken up by multiple macrophages
(movie S11), although some blebs moved rapidly
away from the original location of cell death, as if
carried by motile cells (movie S2). Indeed, some
GFP" B cell blebs were attached to and carried by
rapidly migrating CFP" T cells (Fig. 4, H and 1,
and movie S12). All T cells that carried GFP"
B cell blebs had a median velocity greater than
10 pm/min (Fig. 4E), suggesting that they were
not undergoing stable interactions with living B
cells. The GFP* GC B cells represent only about
1 to 2% of GC B cells, and we observed about
0.5% of T cells carrying GFP" blebs; by ex-
trapolation, at least one quarter of the GC T cells
may be associated with one or more blebs from
dead GC B cells. A higher frequency of bleb-T
cell interactions were stable compared with live
B cell-T cell interactions (Fig. 4, C and J), sug-
gesting that these dead B cell fragments may
affect the availability of T cell help in GCs.

Our findings reveal that GC B cells are high-
ly motile and exhibit a probing behavior as they
travel over the antigen-bearing FDC network.
The lack of GC B cell pausing suggests that the
selection mechanism does not involve competi-
tion for adhesion to FDCs, whereas the rapid

movement of B cells in close proximity to each
other raises the possibility that high-affinity cells
remove surface-bound antigen from lower-
affinity cells. The observed migration of GC B
cells from light to dark zones is consistent with
GC B cells undergoing repeated rounds of mu-
tation and selection within a given GC (/7). Our
estimate that GC B cells spend only several
hours in the light zone suggests a limited amount
of time to access helper T cells. Given that stable
interactions of GC B cells with GC T cells were
infrequent, it seems possible that T cell help is a
limiting factor driving selection of higher-
affinity B cell clones. In vitro studies have
shown that T cells responding to antigen-
presenting B cells can be sensitive to variations
in the affinity of the B cell receptor across sev-
eral orders of magnitude (/8). We propose a
selection model in which newly arising mutated
GC B cells with higher affinity for antigen
obtain and process greater amounts of antigen in
a given period of time and then outcompete the
surrounding B cells and B cell blebs for the
attention of GC T cells.
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Damage to the Insula Disrupts
Addiction to Cigarette Smoking

Nasir H. Naqvi,* David Rudrauf,™? Hanna Damasio,>* Antoine Bechara

1,3,4%

A number of brain systems have been implicated in addictive behavior, but none have yet been
shown to be necessary for maintaining the addiction to cigarette smoking. We found that smokers
with brain damage involving the insula, a region implicated in conscious urges, were more likely
than smokers with brain damage not involving the insula to undergo a disruption of smoking
addiction, characterized by the ability to quit smoking easily, immediately, without relapse, and
without persistence of the urge to smoke. This result suggests that the insula is a critical neural

substrate in the addiction to smoking.

igarette smoking, the most common pre-
‘ ventable cause of morbidity and mortal-

ity in the developed world (7), is an
addictive behavior. Despite being aware of neg-
ative consequences, many smokers have difficul-
ty quitting, and even those who quit experience
urges to smoke and tend to relapse (2, 3). These
phenomena appear to arise from long-term adap-
tations within specific neural systems. Subcortical
regions, such as the amygdala, the nucleus
accumbens, and the mesotelencephalic dopamine
system, have been shown in animal models to

promote the self-administration of drugs of abuse
(4, 5). Functional imaging studies have shown
that exposure to drug-associated cues activates
cortical regions such as the anterior cingulate
cortex, the orbitofrontal cortex, and the insula
(6-13). Among these regions, the insula is of
particular interest because of its potential role in
conscious urges. The insula has been proposed to
function in conscious emotional feelings through
its role in the representation of bodily (intero-
ceptive) states (/4—16). Activity within the in-
sula on both sides of the brain has been shown to

correlate with subjective cue-induced drug urges
(7, 8, 11). It has also been shown that a high
amount of activity in the right insula during a
simple decision-making task is associated with
relapse to drug use (/7). Given its potential role
in cognitive and emotional processes that pro-
mote drug use, the question arises as to whether
the insula is necessary for maintaining addic-
tion to smoking. We hypothesized that the in-
sula is a critical neural substrate in the addiction
to smoking. We predicted, therefore, that dam-
age to the insula would disrupt addiction to
smoking.

We identified 19 cigarette smokers who had
acquired brain damage that included the insula
(18). Six of these patients had right insula
damage, and 13 had left insula damage. We also
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Fig. 1. Number (V) of
patients with lesion in each
of the regions identified in
this study, mapped onto a
reference brain. Bounda-
ries of anatomically de-
fined regions are drawn
on the brain surface. Re-
gions names are provided
in the Materials and Meth-
ods. Regions not assigned
a color contained no le-
sions. (Top) All patients.
The horizontal line marks
the transverse section of
the brain shown in the top
row. The vertical line
marks the coronal section
shown in the bottom row.
(Middle) Patients with
lesions that involved the
insula. (Bottom) Patients
with lesions that did not
involve the insula.

Fig. 2. Patients who
quit smoking after lesion
onset and patients who
underwent a disruption
of smoking addiction af-
ter lesion onset. (A) Tree
diagram showing the be-
havioral classification of
patients. (B) Pie charts
illustrating the proportion
of patients in each ana-
tomical group who fell
into each of the behavior-
al categories. The colors
correspond to the be-
havioral group depicted
in (A). These actual pro-
portions are shown in the
Materials and Methods.
The proportion of patients

with a disruption of smoking addiction was higher among both left insula—lesioned patients and right insula—
lesioned patients compared with among noninsula-lesioned patients.

Insula
(N=19)

Non-
insula
(N=50)

69
Total
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o

16
No disruption
of smoking
addiction

Non- Total
insula insula
4
6
"I1 5
)
31 ) 12
Left Right
insula insula
1
5 0
7
1 5
[l Non-quitters
[ Quitters with no disruption of smoking addiction
B Quitters with of

identified a group of 50 cigarette smokers who
had acquired damage that did not include the
insula. All of these patients had been smoking
more than five cigarettes per day for more than 2
years at the time of lesion onset. The groups
were matched with respect to several character-
istics, including the number of cigarettes they
were smoking at lesion onset, the total number
of years they had been smoking at lesion onset,
and the etiology of their brain damage (Fig. | and
table S1).

First, we performed a logistic regression
analysis in which the dependent variable was
whether or not patients quit smoking some time
after lesion onset (i.e., whether or not they were
smoking at the time of the study). The inde-
pendent variable of interest was the extent of
damage in the insula on a given side. An es-
timate of the total extent of the lesion was
entered as a nuisance covariable (Materials and
Methods). We found that the likelihood of quit-
ting smoking after a lesion in either the right or
the left insula was not significantly higher than
the likelihood of quitting after a noninsula lesion
(odds ratio = 2.94, x> = 2.74, and P = 0.10).
When we examined the right and left insulae
separately, we found that the likelihood of quit-
ting smoking was not significantly higher after a
right insula lesion than after a noninsula lesion
(odds ratio = 2.53, xz =2.98, and P=0.08), nor
was it significantly higher after a left insula le-
sion compared with after a noninsula lesion
(odds ratio = 1.44, x*=1.12, and P=0.29) (Fig. 2
and table S3). One explanation of this null find-
ing is that, whereas the insula-lesioned patients
may have quit smoking due to a disruption of
smoking addiction, the noninsula-lesioned pa-
tients may have quit smoking at a similar rate
because they were concerned about the negative
consequences of smoking. Simply determining
whether the patients were smoking at the time of
the study did not address this distinction.

To more specifically assess a disruption of
smoking addiction, we asked all of the patients
who quit smoking after lesion onset a set of
questions aimed at their recollection of the
experience of quitting. Patients were classified
as having had a disruption of smoking addiction
if they fulfilled all four of the following criteria:
(1) reporting quitting smoking less than 1 day
after lesion onset, (ii) reporting that they did not
start smoking again after they quit, (iii) rating the
difficulty of quitting as less than three on a scale
of one to seven, and (iv) reporting feeling no
urges to smoke since quitting. According to these
criteria, 16 of the patients who quit smoking after
lesion onset were classified as having a disrup-
tion of smoking addiction. The 16 quitters who
failed to meet all four of these criteria, along with
all 37 nonquitters, were considered to have no
disruption of smoking addiction (Fig. 2).

We performed a logistic regression in which
the dependent variable was whether or not pa-
tients underwent a disruption of smoking ad-
diction after lesion onset as defined by the above
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criteria. As before, the independent variable of
interest was the extent of damage to the insula on
a given side, whereas the estimate of the total
extent of the lesion was entered as a nuisance
covariable. We found that the likelihood of
having a disruption of smoking addiction after
a lesion in either the right or the left insula was
significantly higher than the likelihood of having
a disruption of smoking addiction after a non-
insula lesion (odds ratio = 22.05, xz =16.64, and
P =0.0005). When we examined the right and
left insulae separately, we found that the like-
lihood of having a disruption of smoking ad-
diction was significantly higher after a right
insula lesion than after a noninsula lesion (odds
ratio = 10.87, xz =12.90, and P = 0.0003) and
was also significantly higher after a left insula
lesion compared with after a noninsula lesion
(odds ratio = 3.61, x> = 10.33, and P = 0.001)
(Fig. 2 and table S3). Although it appears that
effects may be somewhat larger with right in-
sula lesions compared with left insula lesions,
the sample sizes were too small to confirm this
statistically.

We then conducted a similar logistic regres-
sion that included only the patients in our sample
who quit smoking after lesion onset (thus, we
were not required to assume that patients who
continued to smoke after lesion onset had an
intact smoking addiction). We found that five of
five of the patients who quit smoking after a
right insula lesion and seven of eight of the
patients who quit smoking after a left insula
lesion met the criteria for having a disruption of
smoking addiction, compared to 4 of 19 of the
patients who quit smoking after a noninsula
lesion (right insula—lesioned patients versus
noninsula-lesioned patients: odds ratio = 6.55,

x2 = 7.76, and P = 0.005; left insula—lesioned
patients versus noninsula-lesioned patients: odds
ratio = 7.19, x> = 10.06, and P = 0.002). Putting
the right and left sides together, 12 of 13 patients
who quit smoking after a lesion in the insula did
so with a disruption of smoking addiction. Rel-
ative to noninsula-lesioned patients, this trans-
lates into an odds ratio of 136.49 as estimated
by the logistic regression (x> = 15.48 and P =
0.00008) (Fig. 2 and table S3).

In our sample, the patients with insula lesions
tended also to have damage in adjacent areas
(Fig. 1). This raises the question of whether the
observed effects were necessarily due to insula
damage or whether they required damage in one
or more areas adjacent to the insula. To address
this issue, we performed a region-by-region
logistic regression analysis that estimated, for
each region of the brain that we sampled, the
likelihood of having a disruption of smoking
addiction after a lesion that included the region
compared to a lesion that did not include the
region. This analysis included all of the patients
in the sample. We found that the only regions in
which lesions were significantly associated with
an increased likelihood of having a disruption of
smoking addiction were the right and left insulae
(Fig. 3). On the left side, there were near-
significant effects in regions adjacent to the
insula, such as the putamen. We cannot rule out
the possibility that some of these regions inde-
pendently or cumulatively play a role in smok-
ing addiction. For example, evidence from
animal studies suggests that the dorsal striatum,
which includes the putamen, is involved in
learning and expression of drug-use habits (4).
However, for most of these regions the patients
with lesions who had a disruption of smoking

Fig. 3. Whole-brain region-by-region logistic regression analysis. The color of each region
corresponds to a 2 statistic given the sign of regression coefficient obtained from the logistic
regression analysis. The only regions that were assigned a color were those for which the number of
patients was sufficient to detect a statistically significant effect (Materials and Methods). Regions
for which there was a statistically significant association between a lesion and a disruption of
smoking addiction (P < 0.05, uncorrected) are highlighted in red. The insula is the only region on
either side of the brain where a lesion was significantly associated with a disruption of smoking
addiction. There were nonsignificant effects in regions on the left side that are adjacent to the
insula; however, patients with damage in these regions also tended to have damage in the insula
(Materials and Methods). The likelihood of having a disruption of smoking addiction was not
increased after damage in the orbitofrontal cortex.

REPORTS

addiction also had damage in the insula (table
S4), suggesting that apparent effects of lesions in
these regions were due to a bystander effect. We
did find four patients who had a disruption of
smoking addiction after suffering from brain
damage that did not involve the insula. When we
examined their lesions, we found that each of
them had damage in a unique set of regions
(table S5). This raises the possibility that certain
patients may undergo a disruption of smoking
addiction as a general effect of suffering from a
brain injury.

The results indicate that smokers who ac-
quire insula damage are very likely to quit
smoking easily and immediately and to remain
abstinent. In addition, smokers with insula dam-
age are very likely to no longer experience
conscious urges to smoke after quitting. These
findings are consistent with previous functional
imaging evidence showing that activity in the
insula is correlated with subjective drug urges
(7, 8, 11). Additionally, the results provide
evidence that subjective urges are an important
factor in maintaining smoking addiction. How-
ever, urges may not be the only factor that pro-
motes smoking. Recent theories of addiction
propose that usual drug use in addicted individ-
uals is driven primarily by automatic or implicit
motivational processes, such as habits (4) and
incentive salience wanting (/9). Conscious
urges come into play when there is an impedi-
ment to drug use, such as an attempt to quit or to
resist relapse (20). The present results are con-
sistent with this view. However, it remains to be
seen whether insula damage spares the auto-
matic tendency to smoke. It also remains to be
seen whether patients with insula damage still
obtain pleasure from smoking, because pleasure
and urge may be dissociable facets of smoking
reward (/9).

Our sample included a number of patients
with damage to the orbitofrontal cortex (Fig. 1),
aregion that, like the insula, has been implicated
by functional imaging studies to play a role in
conscious drug urges (6, 8, 9, 1/-13). We found
no association between lesions in the orbito-
frontal cortex and a disruption of smoking ad-
diction (Fig. 3 and table S4). One explanation of
this result is that smokers who acquire orbito-
frontal damage experience a reduction in con-
scious urges but continue to smoke because their
automatic tendency to smoke is still intact. At
the same time, these patients may have a low
likelihood of attempting to quit smoking after
suffering from a brain injury, because the
orbitofrontal region is critical for decisions that
override the automatic tendency to obtain im-
mediate rewards in order to avoid future negative
consequences (21, 22). Insula-lesioned patients,
in contrast, may not have such severe decision-
making deficits and thus may be likely to at-
tempt to quit smoking after suffering from a
brain injury.

The results of this study suggest that the
insula is a critical neural substrate for the urge to
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smoke, although they do not in themselves in-
dicate why the insula, a region known to play a
role in the representation of the bodily states
(16), would play such an important role in urge.
A clue may be provided by the account of one
patient in our sample who quit smoking im-
mediately after he suffered a stroke that dam-
aged his left insula. He stated that he quit
because his “body forgot the urge to smoke”
(23). His experience suggests that the insula
plays a role in the feeling that smoking is a
bodily need. Indeed, much of the pleasure and
satiety that is obtained from smoking is derived
from its bodily effects, in particular its impact on
the airway (24, 25). In addition, nicotine with-
drawal is associated with changes in autonomic
and endocrine function (26, 27), which may
contribute to its unpleasantness. Current evi-
dence suggests that the insula plays a role in
conscious feelings by anticipating the bodily
effects of emotional events (/4, 15). The insula
may therefore function in the conscious urge to
smoke by anticipating pleasure from the airway
effects of smoking and/or relief from the aver-
sive autonomic effects of nicotine withdrawal.
Thus, damage to the insula could lead a smoker
to feel that his or her body has “forgotten” the
urge to smoke.

An important question pertains to whether
insula lesions cause a disruption of motivated
behaviors other than smoking. In a follow-up
survey, we found that none of the patients with
insula damage who had a disruption of smoking
addiction admitted to any reductions in their
pleasure from eating, their desire to eat, or their
intake of food. This does not preclude the pos-
sibility that these patients had some impairment
of taste perception (28, 29) or had deficits in
other motivated behaviors that we did not assess.
One possibility is that motivated behaviors that
are fundamental to survival, such as eating, are
supported by redundant neural mechanisms that
are difficult to disrupt with a lesion in a single
brain region. A related possibility is that the in-
sula is critical for behaviors whose bodily effects
become pleasurable through learning; although
the bodily effects of eating are inherently plea-
surable, the bodily effects of smoking are ini-
tially aversive and become pleasurable as
addiction develops (25). It would be interesting
to see how insula damage affects other learned
pleasures.

Our findings suggest that therapies that mod-
ulate the function of the insula will be useful in
helping smokers quit. For example, sensory
replacements for smoking, such as denicotinized
cigarettes and irritant inhalers, are highly effec-

tive in reducing urges and promoting abstinence
(30, 31). Such therapies may work by engaging
sensory representations of the airway within the
insula, thereby satistying the “bodily need” to
smoke. Future pharmacologic therapies may
target neurotransmitter receptors that are ex-
pressed within the insula. In addition, the efficacy
of various smoking cessation therapies may be
monitored by measuring activity within the
insula with functional brain imaging. Lastly, the
findings of this study demonstrate that conscious
feelings, such as urges, are an important com-
ponent of addiction.
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SUPPORTING MATERIALS

Detailed Methods

Subjects. All of the patients included in this study were drawn from the Patient Registry
of the Division of Behavioral Neurology and Cognitive Neuroscience, Department of
Neurology, University of lowa. We reviewed the patients in the Registry to determine if
they met the following inclusion criteria: they did not suffer from amnesia; they were not
severely aphasic; their lesions were stable (i.e. non-progressive) and chronic (>6 months
old); their lesions could be visualized using T1-weighted MRI or CT; and they were not
addicted to other drugs of abuse at the time of lesion onset per their medical records. A
total of 307 patients who met these inclusion criteria were contacted for this study to
determine their smoking history. One hundred and seventy-nine of these patients
reported never smoking. Fifty-nine reported smoking at some time, but quitting a
number of years before lesion onset. Sixty-nine reported that they were smoking more
than 5 cigarettes per day for more than 2 years at the time of lesion onset. These patients
were the subjects of this study.

We recorded the following information for each subject: sex, current age, age at lesion
onset, years since lesion onset, number of cigarettes smoked per day at lesion onset,
current number of cigarettes smoked per day (current smokers only), number of years
smoking at lesion onset, length of hospital stay, and psychotropic drugs administered
during the hospital stay, including antidepressants, antipsychotics, anxiolytics and

antiseizure medications. Medication records were obtained from the medical chart. For



patients with strokes, the time of lesion onset was defined as the day on which the stroke
occurred. For patients with surgical resection of meningiomas and epileptic foci, the time
of lesion onset was defined as the day of the surgery. Insula lesioned patients and non-
insula lesioned patients were compared with respect to each of these parameters, using

unpaired t-tests to compare means and y2 tests to compare proportions (Supporting Table

1).

Behavioral Classification. The patients who were smoking at lesion onset were
administered a brief interview in order to determine their smoking patterns before lesion
onset and how these changed in relation to lesion onset. Information was obtained from
collaterals when necessary. This interview was conducted by someone who did not know
the anatomy of the lesion. All of the patients were asked whether or not they had smoked
in the past month. Patients who reported not smoking in the past month were classified
as “quitters.” Patients who reported smoking during the past month were classified as
“non-quitters.”

All of the quitters were asked a series of retrospective questions aimed at their
experience of quitting smoking in relation to the onset of their lesions. These were: 1)
“How soon after your brain injury did you quit smoking?” 2) “How difficult was it to quit
smoking after your brain injury, on a scale of 1-7, with 1 being very easy and 7 being
very difficult?” 3) “How many times have you started smoking again since your brain
injury?” and 4) “Have you experienced any urge to smoke since you (most recently) quit
smoking?” Patients who reported that they quit smoking less than 1 day after their brain

injury, who rated the difficulty of quitting as less than 3 on a scale of 1-7, who reported
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not starting smoking again since their brain injury, and who reported that they felt no
urge to smoke since quitting were classified as having a “disruption of smoking

addiction.”

Anatomy. Most of the patients underwent T1-weighted MR imaging in order to
visualize their lesions. Several patients underwent CT imaging instead of MR imaging
due to the presence of ferromagnetic elements in their bodies. Lesions were examined by
an expert (H.D.) who determined the proportion of damage to each of 54 different regions
of interest (ROIs) (Supporting Figure 1, Supporting Table 2). These ROIs correspond to
the historical research interests of our laboratory. The parcellation of ROIs is based upon
sulci, gyri and other gross anatomical landmarks, as previously described (1). All cortical
regions included both gray matter and sub-adjacent white matter.

The proportion of damage to each ROI was specified as follows: 0 = no lesion at all
within the ROI, 1 = 0-25% of the ROI damaged by the lesion, 2 = 25-75% of the ROI
damaged by the lesion and 3 = 75-100% of the ROI damaged by the lesion. For each
patient, 3 different parameters were calculated to describe the extent of damage to the
insula. First the proportion of damage to the insula on a given side was estimated by
averaging the numbers representing the proportions of damage to the anterior and
posterior insulae, respectively, on that side. Next, the proportion of damage to the total
insula (left or right) was estimated by averaging the numbers representing the proportions
of insula damage to the anterior and posterior insula on the right and left sides. This

calculation treated the right and left insulae as a single region.



For each subject, we estimated an index of the total extent of the lesion by adding the
numbers representing the proportion of damage in a region across all of the regions
damaged in that subject. The index of total lesion extent was found to be significantly
larger for subjects with insula lesions (mean = 15.1, S.D. = 10.9) than for subjects with
non-insula lesions (mean = 7.7, S.D. = 5.7) [t(68) = 3.28, p = 0.002]. This raised the
possibility that effects seemingly due to insula lesions were instead due to a greater
number of anatomically distinct regions affected. For this reason, the index of total
lesion extent was entered as a nuisance covariable in all of the logistic regression
analyses (see below).

To illustrate how the various lesion-related parameters were calculated, we will
describe the lesion of patient N., who reported that his “body forgot the urge to smoke.”
(Supporting Figure 2). The proportion of damage in the different ROIs affected by the
lesion was as follows: 2 in the left transverse temporal gyrus, 3 in the left posterior
superior temporal gyrus, 2 in the left supramarginal gyrus, 1 in the left anterior insula, 3
in the left posterior insula, and 1 in the left putamen. The estimated proportion of
damage to the left insula was 2 [(1+3)/2 = 2], corresponding to 25-75% of damage. The
estimated proportion of damage to the right insula was 0, since the lesion did not include
any damage on the right side. The estimated proportion of total insula damage was 1
[(1+3+0+0)/4 = 1], corresponding to 0-25% of total insula damage. The estimated total

lesion extent was 12 (2+3+2+1+3+1 = 12).

Statistical Analysis and Data Processing. Three different sets of logistic regression

analyses were performed that were focused on different behavioral effects of insula



lesions. In the first set of analyses, the binary dependent variable was whether a patient
was classified as being a quitter (“1”) or a non-quitter (“0”) after lesion onset. In the
second set of analyses, the binary dependent variable was whether a patient met all of the
criteria for having a disruption of smoking addiction after lesion onset (“1”) or did not
meet all of these criteria (“0”). This set of analyses included all 69 patients, including the
37 patients who did not quit smoking after lesion onset. By definition, patients who did
not quit smoking after lesion onset did not meet the criteria for having a disruption of
smoking addiction (i.e. they were assigned a “0”’). In the third set of analyses, the binary
dependent variable was again whether a patient met all of the criteria for having a
disruption of smoking addiction (“1”) or did not meet all of these criteria (“0”).
However, this third set of analyses was limited to the 32 subjects who quit smoking after
lesion onset. Because this analysis excluded non-quitters, it did not require us to assume
that non-quitters had an intact smoking addiction.

The first analysis in each set compared the effects of insula lesions on either side of
the brain to the effects of non-insular lesions. For this analysis, the independent variable
of interest was the estimated proportion of the total insula lesioned, as calculated above.
The second analysis in each set compared the effects of left insula lesions to the effects of
non-insular lesions. For this analysis, the independent variable of interest was the
estimated proportion of damage to the left insula, as calculated above. This analysis
excluded subjects with right insula lesions. The third analysis compared the effects of
right insula lesions to the effects of non-insular lesions. For this analysis, the
independent variable of interest was the estimated proportion of damage to the right

insula, as calculated above. This analysis excluded subjects with left insula lesions. For



each analysis, the index of the total lesion extent was entered as a nuisance covariable.
The thresholds for statistical significance were Bonferroni corrected, to adjust for
multiple comparisons (uncorrected o = 0.05).

Next, a whole-brain analysis was performed to address the possibility that apparent
effects of insula lesions on smoking addiction were actually due to lesions in regions
adjacent to the insula. This analysis included all of the patients in the sample. Each
region of the brain was treated as a separate analysis. For each region, the independent
variable of interest was the proportion of damage to that region, as estimated above. The
binary dependent variable was whether the patient met all of the criteria for having a
disruption of smoking addiction after lesion onset (“1”’) or did not meet all of these
criteria (“0”). The index of the total lesion extent was entered as a nuisance covariable.
The thresholds for statistical significance were uncorrected, so that significant effects in
regions near the insula were less likely to be excluded due to Type-II error.

Note that for the analyses of the effects of insula lesions vs. non-insula lesions (Table
1), patients with lesions in the insula on a given side were compared to patients without
insula lesions (i.e. patients with lesions in the contralateral insula were excluded). In
contrast, in the whole-brain region-by-region analysis, patients with insula lesions on a
given side were compared to patients with lesions in all other regions, including the
contralateral insula. This could in part explain differences in results between these two
analyses. Further differences may be explained by the fact that whereas the whole brain
analysis considered the anterior and posterior insula as separate regions, the comparison

of insula lesions to non-insula lesions did not.



All of the logistic regression analyses used Frith’s penalized likelihood estimation (2),
adapted for logistic regression (3). This approach is preferable to the more commonly
used Wald test since it reduces bias in maximum likelihood estimates and provides a
solution to the problem of separation, or monotonous likelihood. This occurs when one
of the independent variables perfectly predicts the dependent variable, which is more
likely to occur in small samples. For example, only 4 subjects in our sample had lesions
in the right posterior insula and all of them met the criteria for having a disruption of
smoking addiction.

Penalized likelihood estimation contrasts the full model with a nested model that does
not contain the independent variable of interest. This results in a penalized likelihood
ratio that described the likelihood of having a particular behavioral outcome (e.g. quitting
smoking) given the proportion of damage within a specific region (the independent
variable), controlling for the estimated total extent of the lesion (the nuisance covariable).
The log of this penalized likelihood ratio is multiplied by a coefficient to obtain a
parameter that is equivalent to a x2 statistic. Statistical significance is then tested using a
standard y2 distribution, with the degrees of freedom equal to the number of covariates in
the full model minus the number of covariates in the nested model (there was 1 degree of
freedom for all of the analyses that we performed).

For certain ROIs in the whole-brain region-by-region analysis, only a very small
number of subjects had a lesion in the region, leading to problems of statistical power.
We therefore attempted to differentiate between ROIs in which significant results could
not be observed because of a low sample size and ROIs in which significant results could

not be observed because of the absence of an actual effect. We did this by calculating,
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for each ROI, the minimum number of subjects necessary to reach significance in the
case where the independent variable of interest perfectly predicted the dependent
variable, controlling for the nuisance covariable. We used this number as a threshold in
all of the statistical parametric maps, assigning values/colors only to ROIs that passed
this threshold. Note that this threshold depended upon the total number of subjects with
lesions in the ROI, which is the same for all the analyses, as well as upon the total
number of subjects who had the behavioral outcome of interest, which differed depending
upon the specific behavioral outcome being examined.

The analyses were performed in Matlab (MathWorks, Inc., Natick, MA), which
invoked an R package (www.r-project.org) that performed the logistic regression (4).
The data describing the number of subjects with lesions in each ROI and the %2 values
resulting from the logistic regression for each ROI were mapped, using Matlab, onto
lateral, mesial, coronal and horizontal views of the same reference brain used in all of the
figures. The ROIs were traced onto the reference brain using the aforementioned
parcellation scheme. In order to facilitate the interpretation of the results, we mapped the
¥2 statistic using the sign of the regression coefficient describing the slope of the
relationship between the dependent variable and the independent variable of interest.
This allowed us to indicate both the strength and direction of the effect using a single
color scale. As stated above, only ROIs in which there were a sufficient number of
subjects to detect statistically significant effects if they existed were assigned a color.
Regions in which the y2 value surpassed the threshold for statistical significance (p<0.05,

2-tailed, uncorrected) were highlighted in red.



Supporting Figure 1




Supporting Figure 2




Supporting Table 1

Insula (N=19) Non-insula (N=50) t(67)/x2(1)
N females 6 19 0.24
Age 57.2 (9.6) 53.7 (11.4) 1.20
Age at lesion onset 48.4 (14.1) 45.4 (12.0) 0.88
Years since lesion onset 8.8 (8.3) 8.2 (7.5) 0.26
Cigarettes/day at lesion onset 27.0 (13.9) 27.1 (14.6) 0.03
Years smoking at lesion onset 27.8 (12.8) 26.74 (12.4) 0.31
Days in hospital 12.1 (11.7) 11.4 (13.5) 0.18
N antidepressant in hospital 2 3 0.41
N anti-anxiety in hospital 2 6 0.01
N anti-seizure in hospital 4 5 1.48
N antipsychotic in hospital 1 1 0.43

Means were compared using t-tests (standard deviations are in parentheses). Proportions were compared

using y°tests. There were no significant differences between the two groups with respect to any of these

parameters (p<0.05, uncorrected).



Supporting Table 2

Number Region Name
1 anterior cingulate gyrus
2 posterior cingulate gyrus
3 supplementary motor area
4 medial prefrontal region
5 medial somatomotor region
6 frontal operculum
7 prefrontal region
8 lateral somatomotor region
9 frontal paraventricular white matter

10 frontal supraventricular area
11 frontal pole
12 orbitofrontal cortex
13 basal forebrain
14 subventricular region
15 anterior middle temporal gyrus

16 posterior middle temporal gyrus
17 anterior inferior temporal gyrus
18 posterior inferior temporal gyrus
19 transverse temporal gyrus
20 anterior superior temporal gyrus
21 posterior superior temporal gyrus
22 anterior parahippocampal gyrus
23 posterior parahippocampal gyrus
24 temporal pole
25 supramarginal gyrus
26 angular gyrus
27 lateral superior parietal lobule

Number Region Name
28 medial superior parietal lobule
29 parietal paraventricular region
30 parietal supraventricular region
31 infracalcarine region
32 supracalcarine region
33 temporo-occipital junction
34 lateral inferior occipital region
35 medial superior occipital region
36 occipital paraventricular area
37 forceps major
38 anterior insula
39 posterior insula
40 head caudate nucleus
41 body caudate nucleus
42 putamen
43 globus pallidus
44 anterior thalamus
45 posterior thalamus
46 lateral thalamus
47 mesial thalamus
48 anterior limb internal capsule
49 posterior limb internal capsule
50 genu internal capsule
51 hypothalamus
52 genu corpus callosum
53 body corpus callosum
54 splenium corpus callosum

The numbers identify the brain regions in Supplementary Figure 1



Supporting Table 3

Left Right Total Non-

insula insula insula insula
% Quitting 61.5 83.3 68.4 38.0
% DSA - all patients 53.8* 83.3** 63.2** 8.0
% DSA - quitters only 87.5* 100* 92.3** 21.1

DSA: disruption of smoking addiction. Symbols next to the percentages reflect p-values for the
comparisons between patients in a particular insula lesioned group and patients with non-insula

lesions, calculated using logistic regression (*p< 0.05; **p<0.005, Bonferroni corrected).



Supporting Table 4

N DSA -
Side Region Total N Nt?)g:" insu_la also g, B B, Pseudo-R? ?:t?: X p

lesioned
R Anterior insula 6 5 5 -1.49 119 0.52 10.37 3.27 6.41 0.01
R Posterior insula 4 4 4 -1.42 147 0.48 8.81 4.35 5.47 0.02
R Frontal operculum 7 4 3 -1.31 027 0.57 0.73 1.31 0.45 0.50
R Somatomotor region 6 3 3 -1.26 016  0.59 0.13 1.17 0.08 0.77
R Supramarginal gyrus 6 3 3 -1.26 0.10 0.61 0.07 1.10 0.04 0.84
R Putamen 4 2 2 -1.32 048 0.59 1.41 1.61 0.88 0.35
R Orbitofrontal cortex 9 1 0 -1.15 -0.32 0.75 0.74 0.74 0.45 0.50
L Anterior insula 12 7 7 -1.52 055 0.51 5.98 1.73 3.64 0.06
L Posterior insula 9 6 6 -1.55 0.74 0.52 9.06 2.09 5.54 0.02
L Frontal operculum 6 4 3 -1.39 049 0.51 3.54 1.64 217 0.14
L Somatomotor region 10 5 4 -143 047 0.56 3.01 1.60 1.85 0.17
L Supramarginal gyrus 11 5 5 -1.42 040 0.60 2.66 1.50 1.63 0.20
L Putamen 8 5 5 -1.45 056 0.55 5.17 1.75 3.17 0.08
L Orbitofrontal cortex 8 1 1 -1.11 -050 0.70 248 0.61 1.52 0.22

Total N: the total number of patients with damage involving the region. N DSA - total: the number of patients
with damage in the region who had a disruption of smoking addiction. N DSA - insula also lesioned: the number
of patients with damage in the region who had a disruption of smoking addiction and who also had damage in
the insula. The Bo, B1, B2, pseudo-Rz, odds ratio and xz are all parameters calculated by the logistic regression

analyses.



Supporting Table 5

675 2662 2991 3165
L - frontal operculum R - orbitofrontal cortex L - parahippocampal gyrus R - supplementary motor area
L - somatomotor cortex R - temporal pole L - infracalcarine cortex R - medial somatomotor area

L - temporoccital junction
L - posterior thalamus
R - temporoccital junction

Patients with brain damage that did not include the insula who underwent a disruption of smoking addiction. The
patient ID is listed in the top row. Each column contains the regions damaged in that patient. Each patient has

damage in a unique set of brain regions, i.e, there is no overlap of brain damage.



SUPPORTING FIGURE LEGENDS

Supporting Figure 1. Regions of interest (ROIs) included in this study. A few ROIs
that are not displayed in this figure were included, but these contained very few subjects.
The numbers correspond to the regions listed in Supporting Table 2. Radiological
convention (left on the figure = patient’s right side) is used in all brain maps included in

this study.

Supporting Figure 2. T1-weighted MR images of N.’s brain, showing brain damage
caused by a stroke. The lines drawn on the lateral view indicate the planes of coronal
(orange) and horizontal (blue) section. The main area of damage is in the left hemisphere,
in the posterior half of the superior temporal gyrus, the lower portion of the supra-
marginal gyrus immediately above, and in the posterior two thirds of the insula (the
insula includes the cortex, along with the underlying white matter). There is also some
damage in the most posterior aspect of the frontal operculum. There is minimal damage

to the left putamen.
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