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Large-scale lesion symptom mapping
of depression identifies brain regions
for risk and resilience

Nicholas T. Tr.shpp,l’2 Joel E. Bruss,> Kenneth Manzel,>* Jordan Grafman,’
Daniel Tranel>>* and @Aaron D. Boes"*>°

See Klingbeil and Saur (https://doi.org/10.1093/brain/awad067) for a scientific commentary on this article.

Understanding neural circuits that support mood is a central goal of affective neuroscience, and improved understand-
ing of the anatomy could inform more targeted interventions in mood disorders. Lesion studies provide a method of
inferring the anatomical sites causally related to specific functions, including mood. Here, we performed a large-scale
study evaluating the location of acquired, focal brain lesions in relation to symptoms of depression. Five hundred and
twenty-six individuals participated in the study across two sites (356 male, average age 52.4 + 14.5 years). Each subject
had a focal brain lesion identified on structural imaging and an assessment of depression using the Beck Depression
Inventory-II, both obtained in the chronic period post-lesion (>3 months). Multivariate lesion-symptom mapping
was performed to identify lesion sites associated with higher or lower depression symptom burden, which we refer
to as ‘risk’ versus ‘resilience’ regions. The brain networks and white matter tracts associated with peak regional find-
ings were identified using functional and structural lesion network mapping, respectively. Lesion-symptom mapping
identified brain regions significantly associated with both higher and lower depression severity (r=0.11; P=0.01). Peak
‘risk’ regions include the bilateral anterior insula, bilateral dorsolateral prefrontal cortex and left dorsomedial prefront-
al cortex. Functional lesion network mapping demonstrated that these ‘risk’ regions localized to nodes of the salience
network. Peak ‘resilience’ regions include the right orbitofrontal cortex, right medial prefrontal cortex and right infer-
olateral temporal cortex, nodes of the default mode network. Structural lesion network mapping implicated dorsal pre-
frontal white matter tracts as ‘risk’ tracts and ventral prefrontal white matter tracts as ‘resilience’ tracts, although the
structural lesion network mapping findings did not survive correction for multiple comparisons. Taken together, these
results demonstrate that lesions to specific nodes of the salience network and default mode network are associated
with greater risk versus resiliency for depression symptoms in the setting of focal brain lesions.
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BDI-II =Beck Depression Inventory-II; DMN = default mode network; LNM =lesion-network mapping;
mPFC=medial prefrontal cortex; OFC=orbitofrontal cortex; PFC=prefrontal cortex; rs-fcMRI=resting state
functional connectivity MRI; VHIS = Vietnam Head Injury Study

Introduction

Depression is the leading cause of disability worldwide and the
leading cause of disease burden in the US." A central goal of trans-
lational research on depression is to understand the anatomy of
neural networks that contribute to symptoms of depression. With
recent advances in therapeutic neuromodulation there is a very dir-
ect path for translating advances in understanding the neuroana-
tomical substrates of depression to improved treatments. Yet, our
current understanding of which anatomical regions and networks
to target to alleviate specific symptoms of depression is incomplete.
One of the challenges with this line of research is that work in hu-
mans relies heavily on correlational data from functional im-
aging,”” which limits causal inferences. Thus, there is a critical
need to revisit these questions on the functional neuroanatomy
of mood and depression using methods that facilitate causal infer-
ences and have the potential to improve upon existing models.

Human lesion studies provide a strong method for drawing cau-
sal inferences relating brain anatomy to function. Lesion studies
have provided important insights upon which current models of
human brain function have been built, with seminal contributions
in domains of memory, language, motor, and attention. This ap-
proach, termed lesion-symptom mapping, has also been success-
fully utilized for symptoms relevant to psychiatric disorders,
including executive dysfunction,® hallucinations®*°
regulation.’>'? Yet, there is a relative paucity of large-scale system-
atic efforts to leverage modern methods for mapping the anatomy
of depressed mood following focal brain lesions. Prior studies have
examined whether lesion location relates to one’s risk for develop-
ing depression*™8 or resistance to depression.'* Some studies im-
plicate lesions of the left frontal lobe closer to the frontal pole as
increasing risk for post-stroke depression, whereas lesions of the
ventromedial prefrontal cortex have been associated with lower
depression ratings. However, these findings have not been reliably
replicated, matching the overall trend in the literature.'’-'%7¢
Potential reasons for this include the complexity of depressive
symptoms themselves, combined with heterogeneity of behaviour-
alrating scales across studies, small sample sizes or crude lesion lo-
cation information. Another limitation relates to the challenge of
‘localizing’ a constellation of symptoms that may map onto spatial-
ly distributed networks as opposed to a single anatomical location;
this can result in a lack of lesion localization due to insufficient
power.%’

Symptoms associated with focal brain lesions can also be con-
sidered in relation to their role in disrupting anatomically distribu-
ted brain networks.?® Newer imaging tools have been utilized to
investigate the network effects of focal lesions in relation to de-
pressed mood. This includes studies that have performed function-
al imaging of individuals with lesions®® as well as studies that have
used connectivity information from healthy cohorts to infer the
network effects of focal lesions, termed lesion-network mapping
(LNM).*®*® One recent study of depressed mood, which had a null
result for lesion-symptom mapping of depression ratings, used
LNM to demonstrate that lesions functionally connected to the
left prefrontal cortex (PFC) were associated with higher levels of de-
pression than lesions not connected to this site.’® This brain-wide
network spanned multiple regions beyond the left PFC, and while

and emotion

this is an important advance, it has the same limitations of func-
tional MRIin that it is unclear which regions within the brain-wide
functional network are the most critical for depression.

Our study was designed such that it may overcome some of the
challenges of prior lesion studies of depression. We utilize a larger
sample size than prior studies and employ a widely used and validated
depression rating scale across all participants, the Beck Depression
Inventory-II (BDI-II).*° This study also uses multivariate lesion-symp-
tom mapping for depression, a statistical approach for linking lesion
location and outcomes that has advantages over a mass univariate ap-
proach when multiple nodes of a network may be critical for the ex-
pression of symptoms, as is likely the case for depression.*
Leveraging a combination of large sample size, uniform assessment
method and multivariate statistical approach, we investigate whether
there are brain regions that, when damaged, are significantly asso-
ciated with higher levels of depression—here referred to as depression
‘risk’—and whether there are brain regions that, when damaged, are
associated with a relative lack of depression, or ‘resilience’. In addition,
we perform LNM of brain regions having the strongest association
with depression ratings from the lesion-symptom mapping analysis.*?
Structural and functional networks are derived from these regions
using normative data to identify the networks most associated with
depressed mood following focal acquired brain lesions.

Materials and methods

Participants included 526 individuals who met study criteria, selected
from the Patient Registry of the Division of Behavioral Neurology and
Cognitive Neuroscience at the University of lowa Department of
Neurology (Iowa cohort; n=330) and the Vietnam Head Injury Study
(VHIS cohort; n=196).** For the University of lowa Registry, inclusion
criteria were presence of a stable, acquired focal brain lesion and de-
pression assessment using the BDI-II, performed as part of a neuro-
psychological testing battery.** Each participant was enrolled
approximately 3 months or greater after the lesion onset. Exclusion
criteria for the Patient Registry included a history of significant alcohol
or substance abuse, psychiatric disorder prior to the brain lesion,
medically intractable epilepsy, or other neurologic disorder unrelated
to the lesion. For the VHIS cohort, all subjects were drawn from the
W.F. Caveness Vietnam Head Injury Study registry, which consists
of military veterans who suffered penetrating head trauma while in
combat during the Vietham War era (1967-1970). Subjects were in-
cluded if they had neuroimaging of their lesion and had completed
a BDI-II in the chronic phase post-injury, defined as >3 months later.
All VHIS combat veterans had been declared fit for duty at the time of
their enlistment in the military prior to their head injury. In accord-
ance with federal and institutional guidelines, all procedures includ-
ing informed consent were approved by the Institutional Review
Boards of the participating institutions and are in accordance with
the Declaration of Helsinki.

The BDI-II is a 21-item self-reported questionnaire that evaluates
characteristic attitudes and symptoms of depression experienced
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over the preceding 2 weeks. The items correspond to affective, cog-
nitive, somatic and vegetative symptoms of depression that align
with the criteria used to diagnose major depression in the fourth
edition of the Diagnostic and Statistical Manual (DSM-IV). Test-re-
test reliability is high at 0.93, which suggests a robustness against
daily mood variations; the validity is further supported by high
correlations with Hamilton Depression Rating Scale (r=0.71)
and Minnesota Multiphasic Personality Inventory—Depression
Subscale (r=0.77).%° For the current study, if participants had re-
peat assessments, the highest score was selected.

Each participant included in the analysis had a focal brain lesion
with visible boundaries evident from research-quality structural
imaging from T; and T, sequences on MRI. CT scans were used in
the VHIS and in rare cases in the lowa Registry when MRI was con-
traindicated (n=35 of 330 lowa subjects). All imaging was per-
formed in the chronic epoch (>3 months since onset) to ensure
relative stability of the lesion. Lesions were manually segmented
in three dimensions by a rater blind to mood ratings, and anatom-
ical accuracy of each tracing was reviewed by a neurologist (A.D.B.)
in both native space and upon transformation to Montreal
Neurologic Institute Structural MRI Template (MNI152) 1-mm tem-
plate brain using a combination of linear and non-linear registra-
tion techniques. Additional details of lesion segmentation are
provided in Supplementary material, Appendix 1.

Lesion-symptom mapping analyses were performed on the BDI-II
mood rating results using sparse canonical correlation analysis
(SCCAN) as implemented in LESYMAP,* a package available in R
(https://github.com/dorianps/LESYMAP). The SCCAN method in-
volves an optimization procedure that finds voxel weights that
maximize the multivariate correlation between voxel values and
BDI-II depression scores. The predictive value and sparseness of
the model is derived empirically using a 4-fold, within-sample cor-
relation between model-predicted and actual BDI-II scores.
LESYMAP deems a map ‘valid’ if it is associated with a statistically
significant predictive correlation. Briefly, SCCAN builds a model
using 75% of the sample, applies it to the remaining 25% of the sam-
plein order to predict the BDI-II scores from lesion location and cor-
relates these predictions with actual BDI-II scores. Thus, this
approach tests the statistical significance of the entire map at
once and avoids the pitfalls associated with voxel-wise (i.e. mass
univariate) methods, such as inflated rates of false-positive errors.
This previously validated method has been demonstrated as more
accurate than mass univariate methods and is better able to iden-
tify when multiple brain regions are associated with a behavioural
variable.*?

Functional lesion network mapping was performed similarly to
prior work,*?*¢ in which networks were derived from regional
peak brain-behaviour associations identified from the lesion-
symptom map. This differs from the approach of using each lesion
mask to ‘seed’ the network analysis® to avoid some of the problems
associated with signal averaging from large lesions.*”"*® To identify
peak regions of interest with the strongest association with BDI-II
ratings from the lesion-symptom map, a cluster tool in FSL was
used. Peaks were identified for ‘risk’ and ‘resilience’ maps and
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assigned to grey or white matter using brain masks for each tissue
class.

Four-millimetre spherical regions of interest were placed at
each of the peak grey matter coordinates and used to seed separate
functional connectivity analyses. Resting state functional connect-
ivity MRI (rs-fcMRI) data from a normative database (n=98) were
used, as in previous work.***°=>! The rs-fcMRI data were processed
in accordance with previously described methods and are de-
scribed in detail in Supplementary material, Appendix 1.>27°
Global signal regression was included in the primary analysis. For
all datasets the time course of the average blood oygen level-
dependent (BOLD) signal within each spherical region of interest
was compared with the BOLD signal time course of other brain vox-
els to identify regions with positive and negative correlations.
Pearson correlation coefficients were converted to normally distrib-
uted Z-scores using the Fisher transformation.

A group mean t-test was performed separately for the positive
and negative maps of Z-scores using FSL flameo using ordinary
least-squares, and then clustered for significance at an alpha level
of 0.05, t>3.1. These maps of significant positive and negative
rs-fcMRI correlations were combined to generate a single positive
and a single negative rs-fcMRI map for each individual in the nor-
mative dataset derived from the spherical regions of interest.
Next, the individual positive and negative rs-fcMRI maps were en-
tered into separate weighted principal components analyses (PCA)
using MATLAB (2012b, Natick, MA, USA)*? in order to identify the
principal component networks that explain the most variance in
network maps derived from ‘risk’ and ‘resilience’ regions. These
network maps were compared to the Yeo et al. canonical resting
state functional MRI 7-network parcellation using spatial correl-
ation analysis to relate our findings to previously described
rs-fcMRI networks.>® Additional details of LNM methods are pro-
vided in Supplementary material, Appendix 1. To ensure the results
were not unique to the specific methodological approach to lesion
network mapping, two secondary analyses were conducted: one
using ‘each lesion mask as a seed’ and another using the first principal
component of the rs-fcMRI signal computed from within the lesioned
area as the seed.” The resulting relationship between the rs-fcMRI
and BDI scores was evaluated with a voxel-wise permutation analysis
of linear models (FSL PALM), as performed previously®®*° and de-
scribed in more detail in Supplementary material, Appendix 1.

To evaluate structural networks associated with lesion location,
each lesion mask was used to seed an individual deterministic
tractography analysis using Lead-DBS software® as performed
previously.**®1%? This method employs a normative dataset of
neurologically healthy individuals with high-quality diffusion ten-
sor imaging data included in the Human Connectome Project’s
MGH 32-fold group connectome (https:/ida.loni.usc.edu/login.
jsp).®® For structural lesion-network mapping the challenges of sig-
nal averaging within a large lesion mask that occur with BOLD do
not apply, and thus individual lesion masks were used to seed net-
works rather than regional peaks derived from the lesion-symptom
maps. The direction of streamlines was not constrained to any other
region of interest beyond the starting ‘seed’ region of interest. The
526 unthresholded individual lesion-derived tractography maps
were evaluated in FSL using a voxel-wise permutation analysis
of linear models (PALM, https:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/
Randomise/UserGuide). The BDI rating was the behavioural variable
in the general linear model, with lesion volume entered as a
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Figure 1 Overview of methods demonstrating the procedures used for lesion symptom mapping, functional lesion network mapping (top row) and
structural lesion network mapping (bottom row) in the primary analysis. Details are further described in the ‘Materials and methods’ section and

Supplementary material, Appendix 1.

covariate and statistical significance evaluated with threshold free
cluster enhancement, 2-tailed significance and 2000 permutations.
Regional findings for the ‘risk’ and ‘resilience’ peaks were compared
to the HCP-842 and JHU white matter tractography atlases using spa-
tial correlation analysis to relate our findings to common white mat-
ter tracts.®*®® A visual outline of the lesion-symptom mapping and
lesion-network mapping methods is provided in Fig. 1.

Data availability

The data that support the findings of this study are available from
the corresponding author, upon reasonable request. The data are
not publicly available, and some data cannot be made available
due to containing information that could compromise the privacy
of research participants.

Results
Demographics

Across the two datasets, 526 lesion subjects were included in the
primary analysis (67.7% male, average age 52.4 years at time of as-
sessment). The lowa cohort (n=330) was 48.5% male, average age
48.9 years. In contrast, the VHIS cohort was entirely male (100%),
average age 58.3 years. Both populations were predominantly right-
handed (88.2 and 83.7%, respectively) and predominantly White
(97.6 and 90.8%, respectively). The Iowa cohort consisted of various
lesion aetiologies, with ischaemic stroke representing the largest
proportion (43.0%); the VHIS cohort consisted entirely of lesions
due to penetrating head injury. Additional demographic details
can be found in Table 1.

Lesion coverage

Lesion overlap maps show greatest lesion coverage in the medial
PFC (mPFC), with slightly greater coverage on the right hemisphere
in both cohorts of patients (maximum overlap 60; Fig. 2). Areas

with the least coverage include the brainstem, cerebellum and
thalamus.

Beck Depression Inventory

Figure 3 shows the distribution of BDI-II scores across the two sam-
ples. Individual BDI-II scores ranged from O to 48 (scale maximum is
63) across the two samples, with fair representation across all de-
pression severities. Three hundred and forty-seven patients quali-
fied as having ‘minimal depression’ by BDI-II standards (score <14),
84 patients had ‘mild depression’ (BDI-II score 14-19) and 95
patients met criteria for ‘moderate to severe depression’ (BDI-II
score >19).*°

Lesion-symptom mapping results

Multivariate lesion-symptom mapping results demonstrated sev-
eral brain regions that were significantly associated with higher
and lower levels of depression severity (r=0.11, P=0.013; Fig. 4A).
The most robust ‘risk’ regional findings were in the bilateral mid-
to anterior insula and the left prefrontal deep white matter. Many
regions of the left and right dorsolateral PFC and underlying white
matter were included, as well as the left dorsomedial PFC. The most
robust ‘resilience’ peaks were in the R > L orbitofrontal cortex (OFC)
and medial PFC (mPFC) and the right inferolateral temporal cortex.
In total, the clustering analysis identified 24 ‘risk’ peak regions of
interest (15 grey matter peaks, 9 white matter peaks) and 20 ‘resili-
ence’ peak regions of interest (13 grey matter peaks, 7 white matter
peaks), shown in Fig. 4B and Supplementary Fig. 1. The cross-
validated correlation value, a measure of the strength of the correl-
ation, for this dataset is modest (r=0.11), and running each dataset
individually fails to reach statistical significance (lowa r=0.09, P=
0.12; VHIS r=0.13, P=0.06).

A post hoc analysis of the lesion-symptom mapping findings was
undertaken to evaluate whether ‘resilience’ regions in fact reflected
distinctly ‘sub-normal’ depression levels, as opposed to represent-
ing an artefact associated with ‘lack of risk’. We assessed the
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Table 1 Demographics
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Iowa cohort

VHIS cohort

Combined cohort

(n=330) (n=196) (n=526)
Demographic
Population Civilian Military -
Age at assessment, years (SD) 48.9 (17.2) 58.3(3.1) 52.4 (14.5)
Gender 160 M (48.5%) 196 M (100%) 356 M (67.7%)
Time from lesion to scan, years (SD) 4.0 (8.1)2 >30 -
Time from lesion to BDI-II assessment, years (SD) 4.9 (8.8) >30 -
BDI-II total score, average (SD) 12.8 (9.3) 9.3(9.1) 11.5 (9.4)
Handedness 291 R (88.2%) 164 R (83.7%) 455 R (86.5%)
32L 27 L 59 L (11.2%)
7 ambidextrous 5 ambidextrous 12 ambidextrous
Race 322 White (97.6%) 178 White (90.8%) 500 White (95.0%)
3 Black 14 Black 17 Black (3.2%)
3 American Indian 2 Asian American 9 Other (1.7%)
1 other 1 American Indian
1 unidentified 1 other
Ethnicity 329 Non-Hispanic 187 Non-Hispanic 516 Non-Hispanic
(99.7%) (95.4%) (98.1%)
Years of education (SD) 13.8 (2.4) 14.8 (2.5)° 14.2 (2.5)
Lesion aetiology (% of sample)
Stroke, ischaemic 43.0% 0% 27.0%
Stroke, haemorrhagic 19.7% 0% 12.4%
Tumour resection (primarily benign meningiomas) 18.8% 0% 11.8%
Subarachnoid haemorrhage 6.1% 0% 3.8%
Head trauma 3.9% 100% 39.7%
Other (AVM, cavernoma resection, encephalitis, cyst + resection, 8.5% 0% 5.3%

abscess resection, developmental)

Demographics for the two cohorts included in the primary analysis, reported separately and combined. Bold font in the lesion aetiology section indicates the most highly

represented aetiology for each cohort.

aSixty-two cases were missing data, average time from lesion to scan was calculated for remaining n=268.
PThree cases were missing data, average years of education was calculated for remaining n=193.

percentage of patients with clinically significant depression (de-
fined as a BDI-II score >13)*° based on the proportion of the ‘risk’
or ‘resilience’ map that was lesioned. As shown in Fig. 5, patients
with lesions that involve an increasing proportion of the ‘risk’
map had a higher rate of clinically significant depression; the op-
posite is true for ‘resilience’ regions, where patients with lesions
overlapping with a greater proportion of the ‘resilience’ map had
a lower rate of clinically significant depression. The average BDI-II
scores from patients that overlap with >10% of the ‘risk’ or ‘resili-
ence’ maps were significantly higher (BDI-II 17.7 +10.3, n=66, P=
0.0000082) and lower (BDI-II 5.7+5.9, n=49, P=0.000020) than a
comparison group of patients whose lesions did not overlap either
the ‘risk’ or ‘resilience’ regions (n =135, BDI-I1 10.8 + 9.0). The dispar-
ity between the BDI-II scores in the ‘risk’ and ‘resilience’ groups and
a lesion comparison group suggest that the lesions associated with
‘risk’ and ‘resilience’ are each uniquely associated with higher and
lower levels of depression than average, respectively. This supports
the notion that lesions involving ‘resilience’ regions are associated
with significantly lower overall depression symptoms, rather than
simply being regions not associated with higher depression sever-
ity. Further support comes by way of a large normative
community-dwelling sample® having average BDI-II scores of 8.6
+7.7 (n=356), which is significantly greater than 5.7 + 5.9 (P=0.011).

In evaluating potential confounding relationships that may im-
pact our results, we evaluated the roles of lesion size, education le-
vel (as an available correlate for socioeconomic status) and
post-lesion IQ (as a correlate for overall cognitive function). We first

evaluated the potential role of lesion size. Lesion volume was not
correlated with BDI-II scores (r =0.02, P=0.64). Controlling for lesion
size in the analysis had minimal bearing on the statistical map
(spatial correlation with the primary map=0.98). We next evalu-
ated the effect of education level and found this to have a weak
but statistically significant correlation with BDI-II scores in the pa-
tients for whom education level was recorded (n=522, r=0.14, P=
0.001). When SCCAN was performed while controlling for lesion
volume and education level, the cross-validation correlation value
improved from 0.11 in the primary finding to 0.13 (n=522, P=
0.002), and the map looked largely similar to the primary lesion-
symptom map (spatial correlation=0.92). We also evaluated the
relationship of our findings to cognitive function as estimated
with full scale IQ post-lesion. We again observed a weak but sig-
nificant correlation between IQ and BDI-II scores in a subset of
subjects with available IQ scores (n=248, r=-0.18, P=0.005).
However, a lesion symptom mapping analysis of full-scale IQ
using SCCAN was not statistically significant and localized to dif-
ferent brain regions than BDI-II (spatial correlation <0.01), sug-
gesting that lesion localization of depressed mood was unlikely
to be associated with lesion-associated differences in cognition.
Unfortunately, additional measures of post-lesion cognitive sta-
tus and functional status were not systematically available or
readily accessible for the majority of subjects at parallel time
points to allow for more extensive evaluation of the relationship
between post-lesion functional status and depressive symptom
burden.
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Figure 2 Lesion groups and overlap maps. Lesion cohorts demonstrate lesion coverage over most of the brain, with highest representation of medial
prefrontal cortex lesions. Posterior medial structures and deep midline structures such as the thalamus, brainstem and cerebellum show the least

representation.
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Figure 3 Distribution of BDI-II scores. The Iowa cohort (teal, left) and
VHIS cohort (red, right) are represented here as a scatter plot. The thick
dashed line represents the mean BDI-II score and the thin dashed lines
represent the range based on a single standard deviation above or below.
Individual BDI-II scores ranged from O to 48 (scale maximum is 63) across
the two samples. Three hundred and forty-seven patients qualified as
having ‘minimal depression’ (BDI-II score <14), 84 patients had ‘mild de-
pression’ (score 14-19) and 95 patients met criteria for ‘moderate to se-
vere depression’ (score >19).

Lesion-network mapping results

Functional LNM

The first principal components derived from the 15 ‘risk’ grey matter
peaks and the 13 ‘resilience’ peaks are shown in Fig. 6B. They

accounted for 43 and 39% of the variance of individual maps, re-
spectively. The ‘risk’ PCA network was most similar to the sali-
ence/ventral attention network (r=0.805) and the ‘resilience’
PCA network was most similar to the default mode network
(DMN, r=0.914; Fig. 6B and C). The results of the other components
and their relation to canonical networks are shown in
Supplementary Figs 2-4. The topography of ‘risk’ and ‘resilience’
networks was similar when employing alternate approaches,
such as using each lesion mask to ‘seed’ the rs-fcMRI network (sec-
ondary analysis 1, r=0.742 and —0.762 for ‘risk’ and ‘resilience’, re-
spectively, Supplementary Fig. 5) or using the first principal
component of the rs-fcMRI signal within the lesion as the seed
(secondary analysis 2, r=0.747 and -0.752 for ‘risk’ and ‘resili-
ence’, respectively, Supplementary Fig. 5). These alternate meth-
ods generated almost identical maps to one another (r=0.996)
and also highlight the salience/ventral attention network and de-
fault mode networks as the most strongly correlated and anticor-
related networks within the Yeo 7-network parcellation (r=0.749
and 0.765 for salience/ventral attention, —0.832 and —0.836 for de-
fault mode, respectively). To assess whether our findings were
being driven by one cohort of subjects over another (Ilowa cohort
versus VHIS cohort), the above analyses were re-run for each indi-
vidual cohort. The uncorrected lesion network mapping results
were highly correlated between the Iowa and VHIS cohorts
(Supplementary Fig. 6) using both the results of secondary ana-
lysis 1 (r=0.368) and secondary analysis 2 (r=0.423), and each de-
monstrated similar regions of significance which were relevant to
the peak findings in our primary lesion symptom mapping result.
No findings in either individual cohort survived multiple compar-
isons correction.

€20z 1snbny g1 uo 1senb Aq ¥2ZzZ29/2.9117/9Y L/81o1e/uleIq/Wwo0 dno-olWwepeo.//:sdjly Wolj pspeojumoq


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac361#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac361#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac361#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac361#supplementary-data

1678 | BRAIN 2023: 146; 1672-1685 N. T. Trapp et al.

A8

ANTERIOR VIEW

LEFT HEMISPHERE RIGHT HEMISPHERE

PEAK RISK REGIONS PEAK RESILIENCE REGIONS

Figure 4 Lesion-symptom mapping results for combined Iowa and VHIS cohorts. (A) Brain surface image showing all cortical regions where a lesion
was significantly associated with a higher (red-yellow) or lower (blue-green) BDI-II depression scale score (n =526, P =0.013). We refer to the red regions
as ‘risk’ regions and the blue regions as ‘resilience’ regions based on these associations. (B) Axial brain slices highlighting regions of interest with peak
LESYMAP correlations for both ‘risk’ (red circles, left images) and ‘resilience’ (blue circles, right images) lesions. See Supplementary Table 1 for the MNI
coordinates associated with peak clusters.

Per cent of Subjects with Depression
(BDI>13)

n=5 n=1
0.0% 0.0%
>0% >1% >5% >10% >20% >30%

Proportion of Map Lesioned

M Risk Map Lesions M Resilience Map Lesions Control Lesions

Figure 5 The prevalence of clinically significant depression relates to the extent a lesion overlaps with the ‘risk’ or ‘resilience’ lesion-symptom maps.
Lesions affecting increasingly larger portions of the ‘risk’ map lead to higher rate of depressive symptoms (red bars, beginning with n = 320), whereas
lesions affecting increasing portions of the ‘resilience’ map lead to lower rates of depressive symptoms (blue bars, beginning with n = 290). The yellow
bar (n = 135) depicts the rate of depression in a sample of patients with brain lesions that do not overlap with either the ‘risk’ or ‘resilience’ maps. The
numbers at the bottom of each bar indicate the number of subjects included in the analysis. For example, the rate of clinically significant depression
was more than 60% when >20% of the ‘risk’ regions were lesioned (n=23, average BDI-II=19.6). This is in stark contrast to subjects with >20% of the
‘resilience’ regions lesioned, where 0% had significant depressive symptoms (n=5, average BDI-II 3.6).

Structural LNM minor and the uncinate fasciculus, with all findings stronger in

White matter tracts maximally associated with ‘risk’ for depres-
sion included dorsal frontal white matter pathways on the left
more so than the right, including frontopontine fibre tracts, front-
al aslant tracts and association fibre tracts (r=0.354, 0.335, 0.334,
respectively). ‘Resilience’ tracts included cerebellar outflow tracts
as well as ventral frontal white matter tracts, primarily forceps

the right hemisphere (r=0.139, 0.128, and 0.111, respectively;
Fig. 7). These findings were each significant at P values
<0.000001, but no findings survived a whole-brain voxel-wise
correction for multiple comparisons using family-wise error cor-
rection. Additional details and images are provided in
Supplementary Fig. 7.
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LESYMAP
Results

“Risk"
Network PCA
Component 1

"Resilience"”
Network PCA
Component 1

Canonical
Networks:
Ventral Attention/
Salience Network
(Red)

Default Mode
Network
(Blue)

Figure 6 Identifying ‘risk’ and ‘resilience’ networks—functional lesion network mapping results. (A) Lesion symptom mapping (LESYMAP) results
demonstrate brain regions with positive (red-yellow, peak in right insula) or negative (blue-green, peaks in right orbitofrontal and lateral anterior tem-
poral regions) associations with BDI-II depression scores post-lesion, reproduced from Fig. 4. This is used to identify peak regions with the most robust
relationships to depressive symptoms (24 positive ‘risk’ regions of interest and 20 negative ‘resilience’regions of interest). (B) Principal component ana-
lysis of individual functional connectivity maps was used to identify an aggregate ‘risk’ and ‘resilience’ network (explaining 43.2 and 39.1% of the vari-
ance, respectively). In each image, hot colours (e.g. red-yellow) denote regions with positive functional connectivity to the region of interest group
whereas cool colours (e.g. blue-green) denote regions with negative connectivity to the region of interest group. (C) The ‘risk’ and ‘resilience’ networks
depicted in (B) appear to overlap closely with the salience/ventral attention (‘risk’, spatial correlation 0.805) and default mode (‘resilience’, spatial cor-

relation 0.914) networks described by Yeo et al.>®

Discussion

Our results demonstrate that specific brain regions, when lesioned,
have an association with higher depressive symptoms. The most
prominent of these ‘risk’ regions are the bilateral anterior insula
and dorsolateral PFC, including grey and white matter. We also
identified regions that, when lesioned, were associated with lower
depressive symptoms. These ‘resilience’ regions are the right OFC,
right mPFC and right inferolateral temporal lobe. Moreover, our
functional LNM results suggest that these regions are not randomly
distributed, but fall primarily within two functional networks, with
lesions of the salience network associated with increased depres-
sive symptoms (‘risk’ nodes) and lesions of the DMN associated
with reduced depressive symptoms (‘resilience’ nodes). Activity
patterns in these networks are negatively correlated with each
other at rest (Fig. 6B and Supplementary Fig. 4) and our results sup-
port an inverse relationship with mood when lesioned. This may
help to inform the robust literature that exists on the role of these
two networks in depression,’®”* as discussed below.

Our results also highlight why lesion studies of depression have
been challenging. The strength of association in the brain-behaviour
relationship is weak compared to other neurological functions,
with an r value of 0.11. By comparison, we obtained an r-value

of 0.62 for naming, using the same lesion-symptom mapping ap-
proach in a similarly large sample.*? Prior work with conflicting
or null findings could potentially be explained by insufficient
power, which is underscored by the fact that dividing our two sam-
ples into individual cohorts fails to detect a significant relationship,
despite similar correlation values to the combined sample (0.09 and
0.13). Moreover, the regional findings were distributed across several
brain areas spanning the cerebral cortex, white matter and subcortical
sites. As such, the multivariate approach used here was likely import-
ant for identifying the distributed regional patterns. For example, an-
other large-scale lesion symptom mapping study employing a
multivariate analysis with a similar sample size identified some simi-
lar regions of interest (e.g. right basal ganglia and right mesial tem-
poral lobe structures; see Supplementary Fig. 1B for reference) as
associated with greater post-lesion depression symptoms.”®
However, this study was limited to include only subjects with ischae-
mic stroke and lacked lesion coverage of medial prefrontal regions,
likely limiting its ability to detect some of the ‘resilience’ regions iden-
tified here. In the next paragraphs we discuss our strongest individual
findings and relate them to other literature on depression.

The anterior to mid-insula is the ‘risk’ region with the strongest
findings in both hemispheres. Interestingly, few lesion-symptom
mapping studies implicate the insula as a cortical region associated
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Forceps Minor - MNI (12, 26, -11)

-3 GO 35

Figure 7 Structural lesion network mapping results. t-Stat map highlighting the significant white matter findings from the voxel-wise permutational
analysis of linear models for both ‘risk’ (red-yellow) and ‘resilience’ (blue-green) and how they align with common white matter tracts (white outlined
in black). The three white matter tracts with the highest spatial correlation for both the ‘risk’ and ‘resilience’ stat maps are shown with representative
brain slices. ‘Risk’ findings tended to align with dorsal prefrontal pathways and ‘resilience’ findings tended to overlap with ventral prefrontal tracts and

cerebellar outflow tracts.

with depression when lesioned, despite its known role in emotion
processing. This brain region is associated with prediction,”” emo-
tion regulation after stroke,”® autonomic functioning, interoception
and integration of emotional valence with our physiological state.
Furthermore, the anterior insula demonstrates altered grey matter
volume and abnormal functional connectivity in studies of depres-
sion’®#° and has been implicated in other forms of psychopath-
ology,”*®#2 as well as in the generation of ecstatic or blissful
experiences with stimulation.®®

Interestingly, the anterior insula also serves as a hub for the sa-
lience/ventral attention network of the brain,®*®” which has nodes
in other ‘risk’ regions identified in this study including the dorsolat-
eral PFC, dorsomedial PFC and dorsal anterior cingulate cortex.®®
Additionally, one of the key white matter tracts connecting cortical
regions of the salience network is the frontal aslant tract, also a pri-
mary tract associated with white matter ‘risk’ regions in the struc-
tural LNM results.®® This relationship between ‘risk’ regions and the
salience network is especially informative from a treatment per-
spective—studies suggest salience network connectivity abnormal-
ities correlate with depressive symptoms® and are predictive of
antidepressant response in patients undergoing transcranial mag-
netic stimulation (TMS).°* The dorsolateral PFC was included as a
‘risk’ region, as implicated by others in lesion studies.’*'*' The
dorsolateral PFC includes a node of the salience network®® with
connectivity to the anterior insula; this salience node of the PFC is
in the region of the TMS target for treating depression.®*™’ Finally,
the dorsomedial PFC and dorsal anterior cingulate, both ‘risk’ regions,
have also been implicated as potential targets for neuromodulation of
mood, with stimulation inducing antidepressant responses, laughter,
and the will to persevere.’® ' The dorsolateral PFC, dorsomedial PFC
and dorsal cingulate cortex regions have all been associated with

increases in activity in depression remitters following antidepressant
medication administration.’®*

The ‘resilience’ regions—those locations where a lesion was as-
sociated with less depressive symptom burden—were the OFC,
mPFC (right>left) and the right inferolateral anterior temporal
lobe. These brain regions are involved in impulse control, decision
making, reward and emotion processing (OFC, mPFC)'*?7% and
higher-order visual processing (inferolateral anterior temporal
lobe).'®” They are also notably hubs of the DMN, a network involved
in self-referential thinking.'® In depressed patients, research
suggests hyperconnectivity within the DMN is associated with
negative rumination and depressive symptoms,” %12 and exces-
sive connectivity between the DMN and attentional, externally fo-
cused brain networks also correlates with depression, possibly
related to patients struggling to ‘disengage’ from their internally fo-
cused state. Some studies suggest that stimulating brain networks
anticorrelated with the DMN can have an antidepressant ef-
fect,>>97113-117 and lesioning or ‘virtually lesioning’ DMN structures
such as the mPFC and nearby white matter tracts has been hypothe-
sized to have antidepressant effects in prior studies.'* Indeed, the ‘re-
silience’ findings from the structural LNM results here implicate two
of the three mPFC white matter tracts targeted with deep brain
stimulation for treatment-refractory depression in some studies, a
technique thought to induce a virtual lesion or disruption of patho-
logical information processing.*®

The purported functional contributions of the salience and DMN
to mood and depression offer a potentially parsimonious explan-
ation for our findings. The salience network, here found to be the
primary ‘risk’ network for post-lesion depression, is considered im-
portant for task-switching to reallocate neural processing re-
sources towards meaningful stimuli. In fact, the strongest
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regional ‘risk’ findings of anywhere in the brain correspond closely
to the right dorsal anterior insula, which has a hypothesized role of
acting as a network ‘switch’.’*® In doing so, the salience network
may have a role in coordinating transitions in attention between in-
ternally mediated thought processes supported by the DMN and ex-
ternally focused processes supported by other ‘task positive’ brain
networks.”> Damage to the integrity of the salience network (such as
via an insula lesion) theoretically would result in impairments disen-
gaging from internally focused processing in favour of orienting one’s
attention to the environment, as is observed in association with de-
pressive symptoms. Indeed, one study identified emotional process-
ing deficits as the most commonly reported symptom category after
salience network disturbance.’® In contrast, the DMN supports self-
referential thinking, including negative rumination and depressive
symptoms.”"*%*'? prior work from our lab demonstrated that lesions
of the DMN reduce mind wandering,*** and one could postulate that a
lesion to this network may similarly reduce negative rumination in a
way that is protective against depressed mood.

This study is not without limitations. First, although the sample
size was large, we did not have sufficient coverage of some brain
areas, particularly subcortical sites like the brainstem, thalamus
and cerebellum; as sample size can influence the results of
LNM,"*? we cannot draw conclusions about the relationship of de-
pression to lesions in poorly sampled regions.'**

Second, our sample also incorporated some subjects that were
included in other lesion analyses, and thus we must be cautious
in interpreting our findings in light of other published studies using
overlapping datasets.'**® For example, Koenigs et al.* conducted
seminal work identifying ventral mPFC lesions as associated with
lower depression scores, and this dataset included n=18 subjects
that are in our Iowa (n=7) and VHIS (n=11) patient samples. To ensure
our findings were not being unduly influenced by this cohort, we also
conducted our lesion symptom mapping analysis excluding these 18
subjects (n=>508 remaining). Our findings in this unique cohort
showed statistically significant findings (r =0.09, P=0.037) largely simi-
lar to our primary analysis results, with a spatial correlation of 0.93.

Next, although the Iowa cohort incorporated patients with no
known psychiatric disorders, the pre-lesion psychiatric history of
patients in the VHIS cohort is unknown; however, all VHIS subjects
were deemed fit for combat in Vietnam. Thus, interindividual dif-
ferences in mood, personality/temperament, psychosocial circum-
stance (combat exposure, other trauma history, family history) or
structural and functional connectivity that preceded the onset of
the lesion may reduce the strength of the brain-behaviour relation-
ship??*1?6; this could be addressed in future studies by assessing
these pre-lesion factors at the time of the injury or studying a popu-
lation with pre-lesion clinical and neuroimaging data available.

The studies had a variable degree of time from the lesion occur-
rence to the depression assessment and imaging. Assessments
were obtained in the chronic phase (>3 months post-injury), which
attempts to minimize the confounds of acute functional or psycho-
social effects of the lesion on depressive symptom reporting, but
simultaneously also limits any inferences that can be made about
direct causality of the lesion on depressive symptoms. The timing
of assessments was not standardized beyond this and thus cannot
control for chronic effects of brain network reorganization or other
post-lesion psychosocial or biological changes affecting depression
ratings. For example, damage to the OFC, mPFC or DMN could influ-
ence one’s emotional reasoning,***?” moral judgement'® and asso-
ciated self-referential introspection. This could alter one’s
appraisal and self-report on his or her internal state, although fam-
ily reports tend to confirm self-reports in some studies.'?® Similarly,
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clinical depressive disorders are often episodic in nature. Although
some studies suggest that depressive symptoms persisting 6
months post-lesion frequently develop a chronic course,?>'?° the
natural history of post-lesion depression can be variable.’*® Thus,
the severity of symptoms captured by a depression inventory pro-
vides only a snapshot of active symptoms that cannot characterize
the longitudinal nature of symptoms or the effect of ongoing treat-
ments. Although we were unable to thoroughly evaluate the relation-
ship between post-lesion depression and post-lesion functional
impairment in our sample, our evaluation of confounding cognitive
status was reassuring. In general, the relationship between post-
lesion cognitive or functional impairment and post-lesion depressive
symptoms is mixed in prior literature,”?***"*32 and our lack of de-
pression ‘risk’ findings in regions classically associated with the
most obvious functional impairments (e.g. Broca’s area, primary
motor cortices) provides further reassurance that the findings in
this study are not confounded by functional impairment.
Furthermore, despite the identification of mood-relevant brain
regions and networks in our analyses, the findings and conclu-
sions are restricted to depression manifested following focal
brain lesions; we cannot generalize or extrapolate to make con-
clusions about primary mood disorders such as major depressive
disorder, which likely have unique pathophysiology.

Due to the variety of lesion aetiologies included in this study,
there is a chance that the underlying pathology leading to the lesion
may have an influence on the development of depression (i.e. sub-
jects with cardiovascular disease may be at higher risk for both is-
chaemic stroke with a specific regional distribution and depression,
which could present a confound).

Finally, this study was conducted on a cohort of subjects that
was predominantly White and predominantly male. Further study
of gender, racial and ethnic differences is prudent, as these findings
require validation in other demographic groups before they can be
generalized.

In conclusion, we present findings from one of the largest
lesion-symptom mapping studies of depressive symptoms to
date. Our results suggest that lesions to certain brain regions are as-
sociated with a higher post-lesion depression symptom burden, in-
cluding the anterior insula, dorsolateral PFC and left dorsomedial
PFC—regions that are nodes of the salience network. Equally intri-
guing, certain brain lesion locations are associated with lower than
expected post-lesion depressive symptoms, including lesions to
the OFC, mPFC and inferolateral anterior temporal lobe; these
best correspond with regions of the DMN. Future studies will focus
on lesion-symptom mapping of specific depression subtypes or
symptom categories as well as longitudinal evaluation of the rela-
tionship between salience network or DMN connectivity and devel-
opment of depressive symptoms after lesion onset.
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