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Lesion network mapping: where do we go from here?
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I read with great interest the recent article by Salvalaggio
and colleagues in Brain, ‘Post- stroke deficit prediction from
lesion and indirect structural and functional disconnection’
(Salvalaggio et al., 2020). In this article, the authors eval-
uated the relative value of lesion location and lesion-associ-
ated networks in predicting behavioural deficits in a sample
of 132 individuals with new-onset stroke. The authors com-
pared three different approaches for estimating the impact of
the lesion in disrupting a broader network of structures that
extend beyond the anatomical boundaries of the lesion: one
relying on each subject’s own functional connectivity MRI
data, a second that relied on white matter tractography data
from healthy individuals to infer structural disconnection,
and a third that relied on functional connectivity data from
healthy individuals to infer which functional networks were
disrupted by the lesion, a method referred to as lesion net-
work mapping (Boes et al., 2015). The results of this ana-
lysis were fairly conclusive—each method performed
reasonably well with the exception of lesion network map-
ping, which explained the smallest amount of variance in be-
havioural outcomes across all but one domain, visual. This
is an important and timely study that was rigorously con-
ducted. The results raise important questions about the util-
ity of the lesion network mapping approach and the
numerous studies that have been published to date using this
approach. The purpose of this letter is to review some poten-
tially important differences between the original lesion net-
work mapping study and its subsequent use, as well as offer
a perspective on where lesion network mapping goes from
here.

Lesion network mapping is simple in design. The 3D vol-
ume of a brain lesion is first mapped onto a reference brain.
The location of the lesion is used to ‘seed’ a lesion-associated

network derived from a large cohort of healthy subjects
using resting state functional connectivity MRI, which relies
on correlated patterns of spontaneous blood oxygen level-
dependent (BOLD) signal. This allows the identification of a
broader network of regions that are functionally connected
to the lesion site (Fig. 1). The resulting networks can then be
analysed in relation to symptoms, often by comparing the
distribution of networks derived from lesions associated
with a syndrome under investigation versus comparison
lesions not associated with the same syndrome. Lesion net-
work mapping provides information about what the likely
connectivity pattern of the lesioned site was prior to the le-
sion onset, which is different and potentially complementary
information relative to studies that evaluate altered patterns
of functional imaging within the brains of individuals with
focal brain lesions.

The first application of lesion network mapping was in 23
patients who experienced visual hallucinations following
small lesions of the brainstem or thalamus, known as pedun-
cular hallucinosis (Boes et al., 2015). We demonstrated that
the location of 22 of the 23 lesions was negatively correlated
with a lateral extrastriate region that had previously been
implicated in visual hallucinations. An example from the
first case in the series analysed this way is shown in Fig. 1.
These findings supported the hypothesis that lesion network
mapping could be used to identify a cortical region impli-
cated in symptom expression based on shared connectivity
to the subcortical lesion sites. The results also presented an
interesting hypothesis regarding a possible mechanism by
which small subcortical lesions may influence network dy-
namics in remote cortical regions, which has since received
some support (Geddes et al., 2016). In the same article we
evaluated whether lesion network mapping had broader
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Figure | Lesion network mapping. Lesion network mapping involves three steps: (i) a brain lesion from a patient scan acquired clinically or
for research is mapped onto a template brain; (ii) the lesion volume is used as a seed region of interest for a resting state functional connectivity
MRI analysis that uses normative data; and (iii) the lesion-associated networks can then be analysed, such as comparing network results in rela-

tion to the presence or absence of a symptom being investigated.

applicability beyond peduncular hallucinosis by evaluating
subcortical lesions that caused expressive aphasia, central
post-stroke pain, and auditory hallucinations. In each case,
lesion network mapping linked small, anatomically disparate
subcortical lesions to regions of the cerebral cortex previous-
ly implicated in symptom expression.

Since 20135, the lesion network mapping approach has
been applied by a number of investigators evaluating how
the network organization of the brain may help to explain
symptoms associated with focal brain lesions (Fischer, 2016;
Sutterer et al., 2016; Darby et al., 2017, 20184, b; Fasano
et al., 2017; Joutsa et al., 2018, 2019; Cohen et al., 2019;
Corp et al., 2019; Ferguson et al., 2019; Padmanabhan
et al., 2019; Kim et al., 2020; Phillipi ef al., 2020). A num-
ber of interesting and original contributions have come from
these efforts and may have contributed, in part, to a
renewed enthusiasm for the lesion approach in neurology
and cognitive neuroscience in recent years. However, there
has been some evolution in how the lesion network method
is applied relative to the original study, in ways that may be
problematic and require validation. A primary concern that
I have had involves the use of large lesions, such as those
from large vessel ischaemic strokes. These large lesions tend
to be heavily represented in most lesion studies, including
the Salvalaggio study. Large lesions are problematic for le-
sion network mapping on two accounts. First, these lesions
span both grey and white matter, and the grey matter within
the lesion volume contributes preferentially to the BOLD sig-
nal used to generate candidate networks, yet the white mat-
ter is often the source of the strongest associations with
deficits in lesion symptom mapping studies (Corbetta et al.,
2015; Griffis et al., 2017). Lesion network mapping is quite
limited in how it can account for disrupted white matter
contributing to deficits. Second, large lesions that are used to
‘seed’ functional connectivity analyses rely on the average
BOLD signal derived from the lesion volume. It is not clear

that meaningful information is gleaned from the average
BOLD signal derived from large regions that contain mul-
tiple discrete parcels of functionally heterogeneous tissue
combined with the white matter BOLD signal. This signal
averaging likely contributes to low dimensionality of the le-
sion-associated network data observed by Salvalaggio and
colleagues (2020). A final concern relates to the higher sensi-
tivity and lower specificity of lesion-associated networks
relative to lesion symptom mapping. The whole-brain con-
nectivity pattern resulting from each analysis presents many
opportunities to highlight network findings that fit with the
existing literature, but determining which, if any, of the
regions within the brain-wide network are causally related
to the symptoms being studied requires validation with other
methods. These issues likely contributed to the underwhelm-
ing predictions of behavioural deficits from lesion network
mapping by Salvalaggio et al., which aligns with some of my
own observations from work currently in progress that has
led to more cautious and judicious use of lesion network
mapping while attempting to better understand its
limitations.

The findings of Salvalaggio et al. provide a robust and
welcomed call to action that should propel new efforts to re-
fine and improve lesion network mapping to more optimally
integrate the lesion method with connectome data. For this
effort 1 think the future is bright. A variation of lesion net-
work mapping that avoids some of the limitations listed
above involves using lesion location information to first
identify regions maximally associated with impairment. The
results of the traditional lesion symptom mapping approach
can then be used to seed either functional connectivity or
tractography network analyses to place the findings within
the context of a broader functional network. The resulting
network can be further refined by evaluating which nodes
significantly discriminate case versus comparison groups
based on connectivity strength (Albazron er al., 2019).
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Figure 2 Extension of lesion localization to connected brain areas. (A) The somatomotor network derived from a previously published
atlas of functional connectivity data derived from normal healthy adults (Smith et al., 2009). (B) A lesion symptom map derived from somatomo-
tor network ‘lesion load’ values from A used as simulated behavioural data, where the success or failure of the lesion symptom map could be
judged based on the similarity to A. (C) A potential use of lesion network mapping in extending the lesion symptom mapping findings in B to
other functionally related brain regions, in this case identifying the medial node of the somatomotor network despite inadequate lesion coverage
in this region, evident by the absence of findings in B. (D) Similarly, lesion network mapping extends the functional network to the cerebellum
somatomotor network even though the cerebellum had no lesion coverage in this analysis. The results from lesion network mapping are on top
and the somatomotor network of the cerebellum from a published atlas is shown below for reference (Buckner, 201 ). The colour bars denote
voxel-wise Z-scores for the somatomotor network (A), the strength of association of lesion location with somatomotor network lesion load
based on multivariate lesion symptom mapping, which is output as arbitrary units from 0 to |, thresholded at 0.5 to display the strongest findings
(Pustina et al., 2018). And voxel-wise Z-scores reflecting strength of connectivity with the regions denoted in B.

While it remains to be seen whether this approach can pre-
dict behavioural deficits above and beyond those made by
lesion location alone, there is evidence that this approach
can be used to augment lesion symptom mapping in a mean-
ingful way. Figure 2 demonstrates an illustrative example of
this where where lesion network mapping extends lesion lo-
calization to functionally related brain regions that lack ad-
equate lesion coverage. Here, significant lesion symptom
mapping results were used to ‘seed’ the network. Regions
identified using this approach do not provide the same level
of causal evidence that lesion symptom mapping does, but
the results nevertheless present an unambiguous anatomical
hypothesis that could be tested in subsequent studies that
have lesion coverage of these regions.

Other promising approaches remain to be tested, such as
mapping lesion locations onto highly sampled multimodal
template brains that have been preparcellated in an individu-
alized and data-driven way to identify discrete network par-
cels and white matter tracts. Here, the connectivity pattern
of each discrete parcel of grey matter and white matter with-
in the lesion could be considered individually and aggregated
at a group level, as opposed to an ‘average’ signal within the
lesion where important and discriminating features of the
networks in which the lesion is embedded are lost. This is es-
pecially problematic with larger lesions.

The relative merit and validity of these approaches should ul-
timately be tested using a similar approach of Salvalaggio et al.
by evaluating the amount of variance that can be explained
across multiple domains in large and well-characterized sam-
ples. This will be increasingly feasible as large shared lesion
repositories with behavioural data are being developed (Liew

et al., 2020). It is likely that a combination of approaches that
incorporate both lesion location and lesion-associated net-
works, measured directly and indirectly, can be leveraged in
unique combinations to optimize predictions in different
domains. Large-scale lesion studies like that of Salvalaggio and
colleagues will be essential to the development and improve-
ment of these methods with time and provide the foundation
upon which clinical tools can eventually be developed that in-
form prognosis or guide rehabilitation strategies.

Data availability

The data that support the illustrative example in Fig. 2 are
available from the corresponding author, upon reasonable
request.
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