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Abstract

Lesion analysis is a classic approach to study brain functions. Because brain function is a result of
coherent activations of a collection of functionally related voxels, lesion-symptom relations are
generally contributed by multiple voxels simultaneously. Although voxel-based lesion symptom
mapping (VLSM) has made substantial contributions to the understanding of brain-behavior
relationships, a better understanding of the brain-behavior relationship contributed by multiple
brain regions needs a multivariate lesion symptom mapping (MLSM). The purpose of this paper
was to develop an MLSM using a machine learning-based multivariate regression algorithm:
support vector regression (SVR). In the proposed SVR-LSM, the symptom relation to the entire
lesion map as opposed to each isolated voxel is modeled using a non-linear function, so the inter-
voxel correlations are intrinsically considered, resulting in a potentially more sensitive way to
examine lesion-symptom relationships. To explore the relative merits of VLSM and SVR-LSM we
used both approaches in the analysis of a synthetic dataset. SVR-LSM showed much higher
sensitivity and specificity for detecting the synthetic lesion-behavior relations than VLSM. When
applied to lesion data and language measures from patients with brain damages, SVR-LSM
reproduced the essential pattern of previous findings identified by VLSM and showed higher
sensitivity than VLSM for identifying the lesion-behavior relations. Our data also showed the
possibility of using lesion data to predict continuous behavior scores.
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1. Introduction

Localizing brain-behavior relationships remains a key goal of cognitive neuroscience and
clinical neurology. The relationship between lesion site(s) and behavior may be assessed
using either functional or structural imaging. In functional neuroimaging (e.g., functional
MRI), brain activation is often presumed to indicate a causal role of the observed region in
some cognitive process; however, the data generally admit a variety of other explanations,
often including the possibility that the activity is epiphenomenal to the process of interest.
Structural imaging based lesion-symptom mapping (LSM) has long been used to study
brain-behavior relationships (Bates 2003, Bendfeldt et al. 2012, Burges 1998) and
complements what can be learned from functional neuroimaging by providing high-quality
evidence that the integrity of a brain region is necessary for the normal performance of the
measured function (Chatterjee 2005; Fellows et al. 2005; Rorden & Karnath 2004).

Voxel-based lesion-symptom mapping (VLSM) (Bates 2003) represents an advance over the
traditional overlap-subtraction approach by providing a statistical way to assess brain-
behavior relationships. In VLSM, the brain-behavior relationship is assessed on a voxel-by-
voxel basis. In each voxel, patients with lesions are compared to those without lesions on the
behavioral measure. The significance of the behavioral difference associated with lesion
status is then inferred using a two-sample t-test or non-parametric methods such as
permutation testing. Without using prior regions-of-interest (ROIs), VLSM provides a
means to detect effects across the whole brain. However, as a univariate method, VLSM
represents a suboptimal method for assessing the multivariate lesion-symptom relationship.
For example, it cannot consider data correlations among neighboring voxels though those
correlations can be used to increase detection power (Kimberg et al. 2007). Because VLSM
is often based on dichotomized lesion data (either 1 (present) or 0 (absent)), which produces
low variance at each voxel, hence limited power for predicting continuous behavioral
performance (e.g., functional outcomes), though that is of great clinical interest.

Multivariate approaches have the potential to overcome these limitations in VLSM;
however, multivariate LSM (MLSM) still remains new in the literature with few
publications. In (Wang et al. 2012), we used a partial least square (PLS) based MLSM for
simultaneously assessing lesion-symptom relations in the semantic and phonological
language domains. However, entering several behavioral scores into the same PLS model
makes it difficult to associate each of the loading maps with a specific behavior measure.
When only one behavior score is included, the PLS method is the same as VLSM. Chen et
al. (Chen et al. 2008) proposed a voxel-based Bayesian lesion-symptom mapping method for
detecting the nonlinear, multivariate associations between lesion locations and behavior
measures but it was designed for the dichotomized behavior scores and provides no
statistical inference for the association at each voxel. Smith et al. (Smith et al. 2013)
reported another multivariate lesion feature-based behavior prediction study. By including
ROI-based multivariate lesion features in a support vector machine (SVM) (Cortes and
Vapnik 1995) based prediction model, they achieved very high accuracy for predicting
behavior status (presence/absence of spatial neglect). Higher prediction power was showed
by including more features such as the lesion statuses of different regions into the model.
Using a combinatoric feature pruning approach, their method can also identify regions
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showing the most behavior (the presence of spatial attention deficits) prediction power.
While an important advance, the two-class SVM-classification behavior status prediction
requires a dichotomization of the continuous behavior statuses into a binary score, limiting
its use in cases where performance grades continuously between two diagnoses, or between
pathology and normality. In addition, the brute-force combinatoric feature validating
approach makes it an impractical tool for mapping the regional lesion-behavior relationship
if lesion feature is included from each voxel rather than ROIs. Logistic regression was used
in (Kummerer et al. 2013) to evaluate the effects of controlling additional nuisance
variables. Similar to the two-class SVM classification, logistic regression can only predict a
binary behavior status rather than a continuous one. In (Hope et al. 2013), high predicting
accuracy was obtained by including both lesion volume and ROI-based regional lesion
status in a Gaussian Process model Regression. Different from the other studies, Hope et al.
used continuous lesion maps rather than the binary ones.

In (Zhang et al. 2012), we piloted a machine learning regression, the support vector
regression (SVR) (Vapnik 1995), to predict language dysfunction using the spatial
geometrical features (such as lesion volume, lesion size, maximum lesion pattern diameter,
lesion pattern surface area etc) of lesions. In the present study, we extend that work into a
SVR-based MLSM (hereafter SVR-LSM).

SVR is an extension of support vector machine (SVM) (Cortes and Vapnik 1995), which has
been used in many brain imaging studies (Cox and Savoy 2003; LaConte et al. 2005;
Mourdo-Miranda et al. 2005; Wang et al. 2007) and lesion analysis as well (Smith et al.
2013). While an SVM model is trained to optimally separate the input data by categories, an
SVR model is trained to predict a continuous association variable (the behavioral measure in
LSM) with high accuracy using all independent variables (here, all voxels’ lesion statuses)
(Vapnik 1995, Smola and Schélkopf 2004). This multivariate (including all independent
variables) input-output relationship mapping fits precisely the goals of MLSM.

To assess the feasibility and efficacy of SVR-LSM, we first used synthetic data to evaluate
SVR-LSM and compare it to VLSM. The methods were compared for their performance in
detecting lesion-behavior correlations in spatially distributed regions with spatially varying
contributions to the target lesion-behavior association. We then evaluated SVR-LSM using
previously published lesion data and behavioral measures from patients with chronic, post-
stroke aphasia. The published data are from studies investigating what many believe to be a
primary distinction between the processing of word meaning (semantics) and word sounds
(phonology). For example, in the task of object naming, different cognitive operations are
involved in producing a semantically appropriate word versus producing the word’s
phonological segments. To investigate the neural basis of semantic and phonological
production, the researchers collected naming data from a large group of individuals with
aphasia, from which they culled responses that qualified as “semantic errors” (apple named
as “pear”) and those that qualified as “phonological errors” (apple named as “affen”).
Analyses of semantic errors with VLSM consistently identified a region in the left anterior
temporal lobe and, less consistently, prefrontal cortex (Schwartz et al., 2009; Walker et al.,
2011; Schwartz et al., 2012). The VLSM of phonological errors identified voxels
concentrated in a region extending from frontal cortex to anterior parietal lobe (Schwartz et
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al., 2012). The present study used the SVR-LSM method to investigate the lesions that give
rise to each of these symptoms of naming impairment: semantic errors and phonological
errors. The VLSM method was used, as well, with slight variations from the published
studies for the purpose of enabling comparison with SVR.

2. Theory

2.1 Lesion-symptom mapping (LSM) through multiple regression

Suppose the lesion maps are X = (Xg, X1, X2, - * -, XMm- 1), €ach element representing a lesion
map with N voxels: Xm = (Xm0, Xm.1, Xm2, * = *» XmN - DT, (Mm=0,..., M=1, Mis the number
of subjects), and the behavior score is y = (yo, Y1, ¥2, - - -» Ym  1)". LSM can be equivalently
expressed as a multiple regression model:

y=X"B+b ()

where, 8= (%o, B, o, - - Ay - 1) are the fitting coefficients with /3 representing the lesion-
behavior association strength at the j-th voxel Xj, and b = (bg, by, b, - - - by - 1)T are the
fitting errors.

However, solving the multiple regression model is problematic because of the co-linearity
between neighboring voxels and also the under-determinacy due to the much greater number
of unknown variables N in Eq. 1 (the number of voxels) than the number of observations M
(number of subjects). For example, a typical brain lesion map contains millions of voxels,
but there are generally at most hundreds of participants (106 in the present work). Directly
solving such an extremely under-determined problem is mathematically unstable, meaning
that there will be an infinite number of solutions. To choose a practically meaningful and
physically reasonable one, we need additional information to constrain the potential
solutions.

2.2 Support Vector Regression (SVR)

SVR is a machine-learning based multiple regression method (Drucker et al. 1996). SVR
solves the above mentioned under-determination problem by constraining the regression
model to be “flat”: to get a minimum norm for the fitting coefficients. Because the
regression model should still meet the original conditions, the model with a minimized
fitting coefficient norm will be much less sensitive to noise or perturbation in the features
and will be more stable for predicting future unknown data. Similar to SVM, SVR also takes
a trade-off between the fitting accuracy and prediction accuracy. An “insensitive” threshold
is used to zero out training data fitting errors if they are less than the threshold. By releasing
the fitting precision, SVR reduces the risk of over-fitting. Both the model flatness and small
fitting error insensitivity can result in better prediction accuracy for unknown data. When a
linear fitting is not able to meet the criteria, SVR can also project the input data into a high-
dimensional feature space using a nonlinear transform so a linear model can be still built
therein to fulfill the fitting criteria (Cortes and Vapnik 1995). The nonlinear transform
depends on certain type of kernel functions. By means of a mathematical manipulation, the
so-called kernel trick (Vapnik 1995), the real SVR learning process can avoid an explicit use
of the underlying kernel function, so projection of input data into the high dimensional
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feature space can be skipped, thereby greatly simplifying the complex model learning
process (Smola and Schélkopf 2004).

For the i-th subject’s lesion map x; and behavior score y;, SVR can be described by

yi=w’ ¢(z;)+b (2)

where ¢(x;) is the function transforming the independent variable (lesion data in this paper)
to a higher (even infinite) dimensional feature space, w = (Wg, Wy, Wy, - - -)T is the fitting
coefficient in the high dimensional space, and b is the fitting error. Except for the transform,
this model is the same as that described in Eq. 1; and both operate in a map-wise manner, in
contrast with the voxel-wise approach used in standard VLSM.

As described above, to overcome the under-determination problem, SVR obtains the
desirable solution by constraining the model to be “flat”, meaning that the norm (i.e., the
length in the high dimensional feature space) of the fitting coefficient w (|[wi|?) should be
small. With this constraint, Eq. 2 can be expressed as a Lagrangian multiplier-based
minimization problem (Smola and Schélkopf 2004):

Minimize:E(w):% ||w||2+02£61(§i_f;‘)
yi—(w, ¢(zi))—b < e+
Subjectto: §  (w, ¢(x;))+b—y; < e+&F

®

where, constant C controls the tradeoff between the flatness and the tolerable fitting error

(Hsu et al. 2010), & and ¢;* are slack variables to cope with losses outside of the soft
margins, || is an e-insensitive error function (Vapnik, 1995):

0, if || <
|§6:{ iflg]<e

|€|—e, otherwise

Since the dimension of w is very large, the constrained problem in Eq. 3 is more widely
solved in its dual form:

1 9 M—-1 . M—-1 s
Li=gllw*+C ¥ (€+8)— T (ni€i+ni &)

M-1

— 2 ai(e+&i—yit<w, ¢(z;)>+b) Q)
=0
M—1

— X of (et +yi—<w, ¢(z;)>—b)
=0

where, L is the Lagrangian, n;, n#, aj and o} are Lagrange multipliers and are no less than 0.

At the optimal solution, dpL, dyL, d¢;L and J¢+L should be all zeroes. By expressing these
properties in explicit equations, we can get a dual format of the optimization problem as
described in Eq. 3:
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M-1
_%,Zo(ai_o‘?) (aj—a3) (o(z:), d(z))

,J=

maximize M1 M1
—e > (aitai)+ 3 yi(ei—af) O)
i=0 i=0
M-1
subjectto: Y (a;—a*)=0, and oy, af €[0,C]
=0

By using a specific type of function (the so-called kernel function) which can be expressed
as an inner product: k(x;,xj) = { o(Xi), ©(X;) ), Eq. 6 can be easily solved to get (a;—a;). The
multiple regression model in Eq.2 can then be got by

M-1

Y= (ai—a}) (¢(x;), (z))+b ()

=0

By solving the dual problem shown in Eq. 6, the number of unknown variables changes
from N (number of voxels of the lesion map) in Eq. 3 to M (number of subjects) in Eqg. 6.
Since N is much greater than M (N > M), solving the dual problem requires many fewer
computations, and subsequently makes SVR a much more tractable problem. Procedures for
finding the optimal solution using Eq. 6 are beyond the scope of this paper, interested
readers are referred to Cortes and Vapnik (1995) for details. Similar to SVM, the input
variables (lesion maps in this paper) with non-zero coefficient ( «;—q?) are called support
vectors. Since ( a;—a;) is unique to each training sample, it can be alternatively denoted by
one variable \;=a;—a; for the simplicity of description.

In summary, SVR provides a practical solution to the under-determined multiple regression
problem by enforcing the model flatness and ignoring small fitting errors (Cortes and
Vapnik 1995). A computationally efficient SVR can be implemented using its dual-form.

2.2.1 SVR-LSM—In SVR-LSM, all lesion voxels are used as input to find a behavior
predictive model. To explicitly utilizing the model for LSM, the model’s parametric map
(the predictive hyperplane) needs to be back projected into the input data space (the original
brain space) in order to find the corresponding anatomical locations.

For SVR with a linear kernel k(x;, x;)=x{ x; the feature space for the SVR predictive
hyperplane is the same as that of the input data space (the 3D physical brain space), so that
the lesion-behavior relation at each voxel of the brain can be directly calculated as

M-1

F="Aixn ®
=0

For a nonlinear SVR, we need an inverse transform from the high or infinite dimensional
feature space to the original image space. However, this inverse transformation is generally
non-trivial and may not even solvable. To solve this problem, approximations have been
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taken in the so-called “pre-image” method (Mika et al. 1998, Kwok and Tsang 2004,
Dambreville et al. 2006, Arias et al. 2007). But the pre-image methods available in the
literature involve computation-intensive optimizations, which might not even converge.
Based on the specific lesion data properties and assuming the widely used radial basis
function (RBF) kernel k(x;,xj) = exp(=v|[xj = xj||2) is used, we showed in Appendix that a
pre-image method specific to SVR-LSM can be obtained by using the following
approximate back-projection:

M-1

B o D Aizh. (9

1=0

Note that A; in Eq. 9 is derived from a nonlinear SVR, which is different from the linear case
in Eq. 8.

Through this back-projection, we can get a lesion-symptom map in the natural brain space,
and use it for assessing regional brain-behavior relationship. For clarity, this map was
termed as the SVR-LSM parametric map or the SVR-LSM B-map in following sections.

Another approach to get an input-output association map in the original input data space is
“sensitivity mapping” (Zurada et al. 1994), which has been used in several studies for
visualizing a nonlinear classifier (Kjems et al., 2002, Strother et al., 2002, Rasmussen et al.
2011). Rather than taking a direct inverse transform of the kernel function, sensitivity
mapping characterizes sensitivity of the model output (behavior scores in SVR-LSM) to
each input data dimension by calculating partial derivative of the output variable to the input
variable in that dimension and then taking the sum over all input data dimensions. As we
shown in Appendix, sensitivity mapping and the above pre-image can be derived using first
order Taylor expansion-based approximation with slightly different mathematical
manipulations. We thereby only considered the pre-image approach in this study.

2.3 Statistical inference for SVR-LSM

While the prediction accuracy can be used to evaluate the SVR model, there is not a
statistical approach for assessing the SVR predictive hyperplane and the associated SVR-
LSM B-map. Similar to what is performed in SVM-based fMRI data analysis (Mouréo-
Miranda et al. 2005; Wang et al. 2007), permutation testing can be used to create a
probability map in order to infer the regional lesion-behavior relationship reflected by the
SVR-LSM B-map. To be computationally efficient, the behavior data can be randomly
shuffled to generate a series of pseudo SVR-LSM fmaps. At each voxel, the number of
permutations whose pseudo S values are greater than the one yielded from the non-permuted
data can be counted and divided by the number of permutations plus 1 to convert into a
permutation probability. With this probability, we can test the null hypothesis that the SVR
identified brain-behavior association captured by the SVR-LSM fat each voxel is the same
as that derived from random data. If the p value is lower than a certain significance level
(e.g., p = 0.01), we can claim the association found in the current voxel to be a significant,
true association. The same procedure is then repeated at all voxels to locate all behavior
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associated brain regions. A cluster extent threshold can be used to remove small
suprathreshold clusters to further control false positive rate.

3. Materials and Methods
3.1 Subjects

Patients with aphasia caused by left hemisphere stroke were recruited from the Neuro-
Cognitive Rehabilitation Research Patient Registry at the Moss Rehabilitation Research
Institute (Schwartz et al., 2005) or the Centre for Cognitive Neuroscience Patient Database
at the University of Pennsylvania. Structural MRI or CT brain imaging was done under a
protocol approved by the IRB at the University of Pennsylvania Medical School to obtain
precise anatomical data. Participants were paid for their participation and reimbursed for
travel and related expenses. Within all the subjects enrolled, 106 participants (43% female
and 46% African American) qualified for the current study. All of them were right-handed
before aphasia onset. Their mean age was 58 (range 26—79) and mean years of education
was 14 (10-21). All were > 1 month post aphasia onset and living in the community. The
great majority (86%) of them were chronic, i.e., > 6 months post onset. The median post-
onset time was 21.5 months, and the mean post-onset time was 50.6 months with a standard
deviation of 66.6 months. The median total lesion volume was 76.69 cm3, and the mean total
lesion volume was 104.79 cm3 with a standard deviation of 86.79 cm3. The individual brain
was normalized to the Montreal Neurological Institute “Colin27” brain template. Lesion
data were manually segmented based on each patient’s high resolution structural image and
converted into binary maps. Details about image segmentation and normalization can be
found in our previous publications using the same dataset (Schwartz et al. 2012).

3.2 Language data

The PNT (Philadelphia Naming Test (Roach et al., 1996), available online: http://
www.mrri.org/philadelphia-naming-test) tests basic-level object naming capability with 175
object depictions from a variety of semantic categories. A standard coding scheme classifies
each response as correct or one of 5 error types. Two error types were analyzed in this paper.
Semantic errors (SE) represent failure to select the right word based on its meaning.
Semantic errors are real words that bear a semantic relation to the target; semantic errors can
be synonyms, category coordinates, superordinates, subordinates or strong associates of the
target (e.g., BOWL to “vase”; BENCH to “park™). According to cognitive models of
anomia, semantic errors can result from a failure to represent the concept correctly in
semantic memory, or a failure to retrieve the correct word from the mental lexicon (e.g.,
Rapp and Goldrick, 2000). Phonological errors (PE) represent failure to correctly retrieve
and/or order the word’s constituent phonemes. In this context, PE are nonwords that usually
but not invariably bear a close resemblance to the target (e.g., GHOST to “goath”). For each
participant, semantic errors and phonological errors were expressed as a proportion of total
trials (175) to create the variables SE and PE, respectively.

3.3 Image acquisition and lesion segmentation

Ninety-four participants received research 3.0-T MRI (n = 56) or CT (n = 38) brain scans.
Twelve additional participants declined scanning; for those subjects, recent clinical scans (8

Hum Brain Mapp. Author manuscript; available in PMC 2014 December 01.


http://www.mrri.org/philadelphia-naming-test
http://www.mrri.org/philadelphia-naming-test

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 9

CT, 4 MRI) with clearly delineated lesion boundaries were substituted in the lesion tracing
procedure. Lesions were manually segmented on the structural image by a trained technician
or experienced neurologist, both of whom were blinded to the behavioral data (please refer
to details in Schwartz et al. 2009). The lesion overlap map for the 106 qualified participants
at the left hemisphere is shown in Fig. 1a.

3.4 Voxel-based lesion-symptom mapping method with simple regression (VLSM)

Only voxels lesioned in = 10 patients were included in the analysis. For each language
measure, SE and PE, a VLSM analysis was performed by running a simple regression
analysis, with the lesion status as the independent variable and the behavior score as the
dependent variable, at each voxel for PE and SE separately. The fitting coefficient map
(beta-map) was converted into a t-map using SPM (www.fil.ion.ucl.ac.uk/spm/, Wellcome
Institute of Imaging Neuroscience, London, UK). 1000 permutations were performed by
randomly permuting the behavior scores (SE or PE). The lesion versus no lesion contrast
map (VLSM t-map) obtained from the genuine data order was compared to those obtained
by permuting the data at each voxel, and the number of permutations yielding higher VLSM
t-value than the genuine one was divided by 1001 to get the permutation p-value.

3.5 SVR-LSM

The same lesion data were used in the SVR-LSM analysis. Only voxels lesioned in = 10
patients were included in the analysis and formed a valid voxel mask. This decision was
motivated by a desire to provide a fair comparison with VLSM methods. For each subject,
the lesion statuses of all voxels in the valid voxel mask were grouped into one column
vector. As a general preprocessing step in SVR, each subject’s lesion data vector was
normalized to have a unit norm, i.e., the square root of the sum of squared elements for each
vector equals to 1. It is important to note that this normalization process also serves as a
direct total lesion volume control procedure (hereafter dTLVC). It differs from the approach
previously adopted (Karnath et al. 2004, Schwartz et al. 2012), in which the total lesion
volume effects were directly regressed out from the behavior scores. The normalized vectors
from all participants were combined into a feature matrix with rows representing different
subjects. The language scores were also input into a column vector and normalized. libSVM
(Chang and Lin 2011) with an epsilon-SVR model was used to estimate the SVR hyperplane
with an RBF kernel. A grid searching approach was used to assess the effects of the two
SVR parameters, C and y, on SVR-LSM. 168 different combinations of C and ywith C
changing from 1 to 80, and y changing from 0.1 to 30 were evaluated for both the synthetic
data and the real SE and PE data. The behavior score prediction accuracy as well as the
reproducibility of SVR-LSM were collected to find the optimal SVR parameters. Prediction
accuracy was measured by the mean correlation coefficient between predicted scores and
testing scores with 40 5-fold cross-validations. SVR-LSM was evaluated by another 40
times subset analysis, each with a randomly selected 85 subjects, and the correlation
coefficient between any two SVR-LSM B-maps from different subsets was calculated. The
mean of those correlations was used as a reproducibility index.

Hum Brain Mapp. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 10

3.6 Simulations

SVR-LSM was evaluated with synthetic lesion-behavior relations inserted into 3 a priori
cubic ROIs (shown in Fig. 1b) based on the actual lesion data from the 106 subjects. The
ROIs were defined in the left hemisphere where the number of lesioned brains at each voxel
was at least 10. Each ROl was a 21 x 21 x 21mm3 cube. The ROIs were positioned at
different locations to produce different correlations between their lesion volume ratios and
the total lesion volume. This specification was used to evaluate the effects of total lesion
volume control on LSM using both VLSM and SVR-LSM. The correlations were 0.7301,
0.7002, and 0.2942 for ROI 1, 2, and 3, respectively.

The artificial brain-behavior relations were generated based on a weighted sum of lesion
volume ratios of the three ROIs using the following equation:

yizzkakf(ri,k) (10)

where, y; is the artificial score for the i-th subject, ay is the weight of k-th ROI to the
artificial score, rj is the lesion volume ratio of the k-th ROI in the i-th subject, which was
calculated as the ratio of the number of lesion voxels to the total number of voxels in the k-
th ROI, and f() is a function for simulating the artificial linear brain-behavior relationship
f(x) = x. Four different sets of weights: {1, 1, 1}, {1, 2, 1}, {1, 1, 2}, and {2, 1, 1} (the 3
numbers in the brackets are weights for ROI 1, 2, and 3, respectively) for the 3 ROIs were
used to generate pseudo-behavior scores with differently weighted contributions from the 3
ROls.

Both VLSM and SVR-LSM were then used to localize the predefined lesion-symptom
regions with and without dTLVC. Model performance was quantified using the receiver
operator characteristic (ROC) method (Metz 1978). To calculate the ROC curves, both the
SVR-LSM B-map and the VLSM t-map were thresholded with values descending from the
maximum to the minimum of the corresponding map values. At each threshold, a true
positive rate (proportion of suprathreshold voxels within the ROIs) and a false positive rate
(proportion of suprathreshold voxels outside the ROIs) were calculated. The ROC curves
were obtained by plotting the true positive rates versus the false positive rates for all
possible thresholds for each type of methods. A better performing LSM method should yield
a ROC curve that is closer to the true positive axis while farther away from the false positive
axis. The area under the curve (AUC) was calculated to quantify the performance, where a
larger AUC means better performance.

Statistical performance for lesion-behavior relations detection—To provide a
statistical comparison for the lesion-behavior relation detection performance of VLSM and
SVR-LSM, the above simulations were repeated 100 times. During each simulation, 3 non-
overlapping cubic ROIs were randomly generated within the mostly lesioned area (= 10
subjects were lesioned) as shown in Fig. 1a. The AUC values of all simulations were then
compared using paired t-test for LSM with or without lesion control separately.

Use of SVR-LSM to predict the continuous SE and PE scores of aphasic
patients—While the primary purpose of this study was to investigate the use of SVR for

Hum Brain Mapp. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

4. Results

Page 11

LSM, a secondary question that has yet been explored much in the literature was whether
the SVR model would be useful for predicting the continuous SE and PE scores using the
whole brain lesion map. The prediction accuracy was evaluated using 40 times 5-fold cross-
validations. Each validation used a randomly selected lesion and behavior data from 4/5 of
the entire patients to train the SVR model, and the rest 1/5 subjects for testing.

4.1 Training parameters

Fig. 2 shows the prameter evaluation results for the RBF kernel based SVR-LSM. Similar to
what reported in (Rasmussen et al. 2012), prediction accuracy and reproducibility changed
with the two parameters in an opposite maner: prediction accuracy goes down when
reproducibility goes up. While there is no golden standard for choosing the optimal values,
they were chosen to have a compromised high reproducibility and prediction accuracy. All 6
figures (Fig. 2a—2f) shows that prediction and reproducibility didn’t change dramatically
when C was between 30 and 80. Since larger C will induce overfitting, we chose 30 as the
optimal value for C. We selected y = 2 for the synthetic behavior data and y = 5 for both SE
and PE analysis based on the above mentioned criterium because the reproducibility for the
synthetic behavior data increased more rapidly than that for the real scores (SE and PE)
along with the increasing of y.

4.2 Simulation results

4.2.1 Detection of the synthetic lesion-behavior relations—Fig. 3 shows the
results of VLSM and SVR-LSM for detecting the spatially uniformly weighted (with the
weight set {1, 1, 1}) synthetic linear lesion-behavior associations. The parametric maps of
VLSM and SVR-LSM were thresholded separately to make the number of suprathreshold
voxels inside and outside the ROIs equal the total number of voxels in the 3 ROIs, in order
to directly compare both the true positive and false positive voxels. When no dTLVC was
used, all voxels in ROI 3 and most voxels in ROl 1 went undetected by both methods,
although both methods successfully detected most voxels in ROI 2 (Fig. 3a and 3c). Without
dTLVC, both methods yielded many false positive voxels in the area between ROI 1 and
ROI 2. Since the lesion status of voxels between ROI 1 and 2 was highly correlated with the
total lesion volume, as indicated by the lesion overlap map in Fig. 1c, it appears that total
lesion volume had a strong effect on LSM results. When dTLVC was applied, SVR-LSM
showed much increased sensitivity in ROl 1 and 3 (Fig. 3d). VLSM showed relatively
increased sensitivity for ROI 1, but it produced false postive voxels in areas that were not
revealed without dTLVC (Fig. 1c).

Fig. 4 shows the ROC curves of VLSM and SVR-LSM methods for the same synthetic data
used above. Curves that are closer to the upper left corner mean higher true positive
detection rate at the same level of false positive detection rate. Consistent with results shown
in Fig. 3, SVR-LSM with dTLVC yielded the best ROC performance as indicated by the
AUC value. Without dTLVC, VLSM and SVR-LSM methods achieved similar ROC
performance with slightly higher AUC in SVR-LSM.
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4.2.2 Statistical performance of SVR-LSM for the synthetic lesion-behavior
relation detection—Fig. 5 shows box plots of the AUC values of VLSM and SVR-LSM
without or with lesion volume control. When no lesion volume control was applied (Fig. 5a),
VLSM and SVR-LSM showed no significant performance difference (p = 0.5428). When
lesion volume control was applied (Fig. 5b), SVR-LSM showed significantly better AUC
performance (p < 0.001).

4.2.3 LSM for detecting spatially nonuniformly weighted lesion-behavior
relations—Table 1 lists the AUC values of the ROC curves as well as the average S value
(for SVR-LSM) and average z-scores (for VLSM, converted from the t-scores before
averaging) for LSM simulations using the aforementioned spatially nonuniformly weighted
lesion-behavior relations. For most of simulations listed there, SVR-LSM produced larger
AUC values than VLSM with or without dTLVC. Using dTLVC, the SVR-LSM f values in
the 3 ROIs showed a high coincidence with the a priori specified weights for generating the
synthetic data.

4.3 LSM for Semantic Errors (SE)

Figs. 6a—6c¢ show the non-thresholded VLSM t-map, the SVR-LSM £ - map, and the
suprathreshold permutation probability maps (p < 0.001, cluster size>50) for the lesion-SE
relations, respectively. dTLVC was applied for both VLSM and SVR-LSM. The non-
thresholded parametric maps of VLSM and SVR-LSM were very similar, with a map-wise
correlation coefficient of 0.9401. This confirms the previously reported association between
semantic error production and damage in inferior frontal gyrus (Brodmann area 44, 45 and
47) as well as damage in the left middle temporal gyrus (Brodmann area 21) (Schwartz et al.
2009).

4.4 LSM for Phonological Errors (PE)

Figs. 6d-6f are the non-thresholded VLSM t-map, SVR-LSM S — map of the lesion-PE
relations, and the thresholded permutation testing results (p < 0.001, cluster size>50),
respectively. VLSM and SVR-LSM (both with dTLVC) produced very similar lesion-PE
association results with a map-wise correlation coefficient of 0.8709. Both methods
identified robust lesion-PE associations in central, supra-Sylvian cortices of the left
hemisphere, involving mainly pre- and postcentral gyrus (Brodmann areas 4/6 and 1/2/3,
respectively) and the supramarginal gyrus; and both yielded few supra-threshold voxels in
the auditory- and linguistic-sensitive cortices of the posterior superior and middle temporal

gyri.

4.5 Lesion-based behavior prediction accuracy

With the 5-fold cross-validations, SVR-LSM showed a mean prediction accuracy of 0.10 (R
square: the square of thePearson correlation coefficient between the predicted value and the
true scores, p < 0.001) and 0.11 (R square: the square of the Pearson correlation coefficient,
p < 0.001) for SE and PE, respectively. The total lesion volume showed a correlation
coefficient of 0.3021 and 0.1687 for SE and PE, respectively.
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5. Discussion

We report a support vector regression based multivariate lesion-symptom mapping method,
SVR-LSM. Rather than assessing the brain-behavior relation at each voxel separately as in
the standard VLSM, SVR-LSM identifies the entire lesion-behavior association pattern
simultaneously. This multivariate learning process and the nonlinear transform for
projecting the input data into a high dimensional feature space both take account of the
spatial correlations between different lesion voxels into account. The resultant multivariate
lesion-symptom relation map reflected by the model hyperplane is more influenced by
voxels with strong lesion-symptom associations. Meanwhile, the weak lesion-symptom
relations that might be caused by noise are suppressed, resulting in improved lesion-
behavior detection sensitivity and reduced false positive rate. Our simulations clearly
showed the benefit of using SVR-LSM for detecting the synthetic lesion-behavior
relationship, in terms of higher sensitivity and specificity than VLSM. This scenario is
similar to making statistical inference for a cluster of correlated voxels.

Lesion volume control is an important component of LSM. In previous studies, lesion
volume has been regressed out from the behavior scores (Karnath et al. 2004, Schwartz et
al. 2012) to control its effects. Because local lesion statuses are correlated with total lesion
volume and both contribute to brain dysfunctions, regressing out lesion volumes from the
behavior scores will inevitably suppress the relation between local lesion status and behavior
score. One consequence is that lesions in regions that are highly correlated with total lesion
volume may be treated as total lesion volume effects and inappropriately excluded from the
final results. To avoid this over-correction, a better approach is to apply volume control
directly to the lesion data similar to the volume control used in the voxel-based
morphometry (Ashburner and Friston 2000). This direct total volume control (dTLVC) turns
out to be a routine preprocessing step in SVR. Our simulations showed that dTLVC plays a
significant role in SVR-LSM. First, SVR without dTLVC could not reach the optimal
performance, as expected. Second, the synthetic data had a strong volume effect, so the false
positive rate was high in voxels adjacent to the prior ROls. Removing volume effects greatly
suppressed those false positives, due to the multivariate processing. In the analysis of actual
patient data, SVR-LSM with dTLVC identified reliable brain-SE relations in a region (left
lateral prefrontal cortex) that in our earlier studies had failed to survive correction for total
lesion volume control (Walker et al., 2011; see also Schwartz et al., 2009). We maintain that
the previously used method, which corrected for lesion volume by regressing it out of the
behavioral measure (SE), may be excessively conservative.

Using previously published aphasia patient data, SVR-LSM showed much higher sensitivity
than VLSM for identifying both brain-SE and brain-PE relations. Major significant clusters
found by SVR-LSM confirmed and extended our previous findings with VLSM. In
particular, the SVR analysis of SE identified a cluster in the mid-to-anterior part of the left
middle temporal gyrus and another in the left lateral prefrontal cortex (Schwartz et al., 2009;
Walker et al., 2011). The former area is strongly linked to verbal semantic processing
(Patterson, Nestor &Rogers, 2007; Mesulam et al., 2013), the latter to executive control of
semantic retrieval (Bookheimer, 2002; Schnur et al., 2009). Therefore, it may be that lesions
in these areas cause semantic errors for different reasons. Regardless, it can be inferred from
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the present findings that these temporo-frontal areas form a deficit-contributing network for
SE. This is because unlike VLSM, the multivariate LSM picks up the coherence
(correlation) of the different areas, as well as their independent contributions.

The SVR-LSM analysis of PE confirmed our previous findings with VLSM associating
phonological errors in naming with lesions in premotor and anterior parietal cortices, and
not Wernicke’s area (Schwartz et al., 2012; see also Cloutman et al., 2009; Foundas et al.,
1998). Such convergence of results from two very different lesion mapping techniques
inspires confidence in the results. This is important, because the results for PE were not
predictable from current theorizing. The identified brain-PE relationships go against the
long-held view that phonological errors in naming are symptomatic of impaired retrieval of
abstract or auditory-based phonemic representations stored in posterior temporal cortices
(Dell et al., 1997; Indefrey & Levelt, 2004; Wernicke, 1874/1969; Wilson, Isenberg &
Hickok, 2009), aligning better with newer models featuring close interdependence of
phonological and sensori-motor processes in production (Hickok, 2012).

Fig. 6 suggests little if any overlap between the SE and PE associated regions. Since the data
that entered into these separate analyses came from the same group of patients and the very
same task (picture naming), it appears likely that semantic and phonological operations in
word production are subserved by different brain systems, the former localized to temporo-
frontal regions of the left hemisphere, the latter to fronto-parietal regions.

Parameter determinations for nonlinear SVR are important but non-trivial. For output
prediction, small C allows a better prediction performance, large C yields small fitting errors
for the training data; small y allows a better model flexibility (wider kernel and smoother
SVR hyperplane). However, higher prediction accuracy does not mean a better spatial
pattern interpretation for the model predictive hyperplane (Rasmussen et al. 2011). In
(Rasmussen et al. 2011), the pattern reproducibility across various subsets of the entire
samples was suggested as an additional index for determining parameters. In this study, we
took a balance between prediction accuracy and model reproducibility to find the optimal
values for the two involved parameters. While the optimal values were determined using the
106 patients’ data, similar values should work for other data too as we empirically tested
(data not shown). Nevertheless, a reasonable range for C and vy of [1~50] and [0.5~10]
respectively can be used as the searching range. For using SVR to predict behavior scores,
the parameters should be separately tuned using the prediction accuracy as the optimization
objective function during cross-validations. While we only reported a prediction accuracy
using the parameters selected for a best LSM detection, additional experiments using
parameters tuned for a better prediction accuracy did the job by increasing the SE prediction
accuracy (R-square) from 0.10 to 0.18 though that is still low.

Nonlinear SVR was used in SVR-LSM. While a linear SVR could still be used, nonlinear
SVR provides more flexibility for model selection in order to get either better prediction
accuracy or better association localization. Additional data analysis showed (Fig. 7) that
linear SVR was suboptimal as compared to the nonlinear SVR even with the optimized cost
parameter C for linear SVR (C = 11). But re-mapping the nonlinear SVR model back into
the input data space has been a challenge. Based on the lesion data properties, we derived an
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approximate pre-image method, which turns out to be dual to the “sensitivity mapping”
approach. Additional data analysis (data not shown) showed that SVR-LSM B-maps were
nearly the same as the sensitivity maps derived from the sensitivity mapping process.

Multiple comparison correction is a big topic in neuroimaging and LSM because of its over-
conservation even after considering the spatial correlations between neighboring voxels. In
SVR-LSM, the lesion-symptom associations at all voxels are identified simultaneously
rather than being pursued as independent events, so there are no multiple comparisons
involved for getting the association parametric map. While SVR doesn’t provide a statistical
framework for inferring the model hyperplane, an approximate approach is using cross
validations to find the prediction accuracy and its probability. For inferring the regional
effects (thresholding the SVR-LSM sensitivity map), it is still not clear whether a multiple
comparison correction should be applied or not. A compromise approach might be getting a
conditional probability for each voxel by combining the probability of the model prediction
power and the permutation probability. Nevertheless, this will be an interesting topic in
future study.

While the major focus of this study was to exploit the utility of SVR for LSM, we also
provided the first evidence that multivariate lesion-behavior relationship patterns can be
useful for predicting continuous behavioral scores.

In conclusion, SVR-LSM with dTLVC is a useful method for lesion symptom analysis with
higher sensitivity and specificity than standard VLSM. It is also potentially useful for using
brain lesion status to predict behavioral performance in clinical practice.
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Appendix
SVR with a linear kernel

For SVR model with a linear kernel k(x;, x;)=x; x; the model in Eq. 7 could be written as

M—1
y= Z A -xz -x+b. (1)

Since linear kernel doesn’t transform the lesion data into high dimension, the coefficient for
each voxel’s lesion status in the brain image space could be expressed by

* M-1 . .. . i . .
B =Zi:0 Ai- Xﬁ, which is identical to the sensitivity map for a linear kernel (Rasmussen
etal. 2011).

SVR with the RBF model

The RBF kernel function K(xj, xj) can be described by the inner product of o(x;)T and o(X))

K (xi, %)) =0(x1) "6 (55)=exp (—v]xi—x]*) ()

With the trained coefficients \;=a;—af (i=0~M—1), the lesion-brain model can be written
as

y=w"o(x)= 2 AipT (%) p(x)= 2N K(XIJ?XJ)
= e Tl oy s e e e @9
where e is Euler’s number (e ~ 2.71). Since the total lesion volume of subjects is typically
very large (typically hundreds of thousands to even millions of lesion voxels), the
normalized lesion data value x; j and x; are very small. We can then use the first Taylor
expansion-based approximation of eX — 1 & x (& means approximation) and get

N ZZ)\i(l—’VX?,-) (1427yx %5) (1=7%7)
_ZE)‘ (1 e ]+27X1 JXi— 2'7 X ]X]) (1 7X2)
_ZZ)\ (1— fyxll—|—2fyx, %5 — 27 xE =y AP — 297 x x4 293xE xP

:ZZ)\ —I—ZZ?)/)\ Xi X+ 2 A (= A)/Xl,.] 272 Xi’jX] VX 21~ XI] ] —292x%; ]x 3123 X )
joi joi

(@4)

Because lesion data are normalized to have a norm of 1,

DN ) =AY () =1 S A= 1-1)==27) =0, Since 0 <
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Xi,j, Xj << 1, the greater than 3-order terms are very small and can be then removed.
Considering all these facts and ZjA; = 0, we can get:

YZZJﬂij ~ Zj(Z?’MiXi,j)Xj (a5)

and

B~ 27) Aixij (a6)

The other type of approximate pre-image expression can be derived by approximating Eq.
(a2) with its first order Taylor expansion:

Y:f(x):ZiAiZJ’K(XLj ) Xj):/\TkX
~ £(0)+ Ly

N M
=exp (=) DA+ T (B) @
i j i = =X

_<N M [ OATky
_Z‘] ZiXi 121( 6Xj )X:X]

where

ATk,
G

=Y M2y (xl—x)exp(—yllxi—x[*) (@)

which is exactly the same as “sensitivity mapping” (Zurada et al. 1994, Rasmussen et al.
2011). This sensitivity mapping formula is known to have a sign cancellation problem
(Rasmussen et al. 2011). But it is less problematic for lesion data because there are large
amount of subjects don’t have lesion at many voxels, so they won’t contribute to the
summation process. Additionally those subjects showing large distance from the evaluated
one (||x; — x||?) will have very minor contribution because the exponential term becomes
close to 0. A quadratic formula can still be used if there is severe sign cancellation.
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Figure 1.
Lesion overlap map and predefined ROIs for generating synthetic scores in simulations. a)

Lesion overlap map of 106 subjects. Colorbar on the right indicates the number of lesion
subjects. The text above each slice indicates the spatial location of the sagittal slice in the
MNI space. b) Three pre-defined ROIs used for generating the synthetic score in
simulations. ¢) The correlation map between the lesion status of each voxel and the total
lesion volume. Correlation coefficients to the total lesion volume for ROl 1~3 are 0.7301,
0.7002 and 0.2942, respectively.
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b) Reproducibility of the synthetic lesion-behavior relation
identified by SVR-LSM

c) Prediction accuracy for Semantic errors
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Figure 2.

d) Reproducibility of the lesion-SE relation identified
by SVR-LSM

f) Reproducibility of the lesion-PE relation identified
by SVR-LSM

SVR parameter evaluation results. a), ¢), and e) are the cross-validation prediction accuracy
for synthetic score, SE- and PE versus lesion association analysis, respectively; b), d), and f)
show the reproducibility of the SVR-LSM [-map for the 3 datasets, respectively.
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Figure 3.
LSM results for the synthetic linear brain-behavior relations. a) and c) are results of VLSM

and SVR-LSM methods without dTLVC; b) and d) are results of VLSM and SVR-LSM
methods with dTLVC. The blue cubes indicate a priori ROIs used for inserting the pseudo
brain-behavior relations. Only the sagittal slice at x=—41 mm in the MNI space are shown;
the seemingly different number of voxels in different figures was caused by different
distributions of the suprathreshold voxels across different sagittal slices.
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Figure 4.

ROC curves of SVR-LSM and VLSM with or without dTLVC for detecting the synthetic
brain-behavior relationship. The numbers in the legend are the AUC value for different
methods.
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Figure 5.
Statistic comparison results for the AUC values of VLSM and SVR-LSM without dTLVC a)

and with dTLVC b).
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Figure 6.
Lesion-symptom relation mapping results using 106 Aphasia patients’ data, both VLSM and

SVR-LSM implements include dTLVC to control the effect of total lesion volume. a)-c) are
for lesion-SE relations, and d)-f) are for lesion-PE relations. a) The non-thresholded VLSM
t-map; b) the non-thresholded SVR-LSM f-map; c) thresholded (p < 0.001, cluster size>50)
permutation probability maps of the lesion-SE relations detected by VLSM (blue color) and
SVR-LSM (red color); d) The non-thresholded VLSM t-map; e) The non-thresholded SVR-
LSM p-map; f) thresholded (p < 0.001, cluster size>50) permutation probability maps of the
lesion-PE associations detected by VLSM (blue color) and SVR-LSM (red color). The text
above each slice indicates the spatial location of the sagittal slice in the MNI space.
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Figure 7.
Thresholded (p < 0.001, cluster size>50) permutation probability maps of the nonlinear

SVR-LSM (Red) and linear SVR-LSM (Blue). a) results for SE-lesion relations, b) results
for PE-lesion relations. The text above each slice indicates the spatial location of the sagittal
slice in the MNI space.
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