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Chronic Broca's Aphasia Is Caused by Damage to Broca's and Wernicke's Areas
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Despite being perhaps the most studied form of aphasia, the critical
lesion location for Broca's aphasia has long been debated, and in
chronic patients, cortical damage often extends far beyond Broca's
area. In a group of 70 patients, we examined brain damage asso-
ciated with Broca's aphasia using voxel-wise lesion-symptom
mapping (VLSM). We found that damage to the posterior portion of
Broca's area, the pars opercularis, is associated with Broca's
aphasia. However, several individuals with other aphasic patterns
had considerable damage to pars opercularis, suggesting that in-
volvement of this region is not sufficient to cause Broca's aphasia.
When examining only individuals with pars opercularis damage, we
found that patients with Broca's aphasia had greater damage in the
left superior temporal gyrus (STG; roughly Wernicke's area) than
those with other aphasia types. Using discriminant function analysis
and logistic regression, based on proportional damage to the pars op-
ercularis and Wernicke's area, to predict whether individuals had
Broca's or another types of aphasia, over 95% were classified cor-
rectly. Our findings suggest that persons with Broca's aphasia have
damage to both Broca's and Wernicke's areas, a conclusion that is
incongruent with classical neuropsychology, which has rarely con-
sidered the effects of damage to both areas.
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Introduction

Broca’s aphasia is one of the most common and, perhaps,
iconic types of aphasia. Individuals with Broca’s aphasia typic-
ally have impaired speech production, relatively spared,
though not necessarily normal, auditory comprehension, and,
in most cases, agrammatism (Goodglass 1993). It is a form of
aphasia that is easily distinguished by experienced clinicians
from other types of aphasia such as conduction, global, or
Wernicke’s aphasia. Although the type of speech impairment
that characterized Paul Broca’s most famous case, Leborgne
(1861) has been disputed (LaPointe 2012; Code 2013), it seems
clear that he did not have what would be considered typical
Broca’s aphasia. Leborgne was almost completely mute and
mostly spoke only one word, “tan,” the name by which he was
later identified. Following the examination of several others
whose damage included the left frontal lobe, Broca (1865) con-
cluded that the third frontal convolution, an area commonly re-
ferred to today as Broca’s area, is the seat of articulate
language. This claim was disputed by many of Broca’s contem-
poraries (e.g., Jackson 1866; Freud 1891; see Lorch 2008 for a
more detailed discussion), but perhaps the most fervent chal-
lenge was posed by one of Broca’s former interns, Pierre
Marie. In a seminal paper that focused on a large number of
case studies in aphasia, Marie (1906a) asserted that the third
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frontal convolution plays no role in language, a clairr%that
shocked the neurological society establishment in Fran€e as
well as abroad. Marie next reviewed Broca’s writin%? on
aphasia and challenged many of Broca’s assumptions, espe-
cially in regard to the seat of articulate language (Marie 1996¢).
Marie suggested that aphasia required damage to Wernigke’s
area and that “Broca’s aphasia” was a combination of aplgz_lsia,
caused by damage to Wernicke’s area, and anarthria, a 1fiotor
speech problem caused by damage to what he referred o as
the “lenticular zone,” a collection of subcortical structuresgsuch
as the putamen and pallidum (Marie 1906a). Jules Dejerigle, a
prominent academic neurologist and a rival of Marie, defeaded
Broca’s original position, arguing that damage to Broca’:@area
was necessary for Broca’s aphasia, although he acknowle&ged
the important contribution of other brain structures such 295 the
insula, parietal regions, and underlying white matter (Dej%rine
1906a,b, 1914, as discussed in Paciaroni and Bogousslagrsky
2011; Krestel et al. 2013). However, Marie counteredZthat
Dejerine (and others) failed to observe a consistent relzﬁ;lon-
ship between damage to the third frontal convolut1ori§and
Broca’s aphasia: that is, some individuals presented with sggmp-
toms of Broca’s aphasia and yet had the third frontal Congolu—
tion completely intact, while other patients who had da%age
to the third frontal convolution did not have the speech s%np-
toms of Broca’s aphasia (Marie 1906b,d). The idea that Broca’s
aphasia could not be attributed to localized brain damag@,was
later promoted by proponents of more holistic views of ap?yasm
such as Goldstein (1910) and Head (1926).

A century after Broca’s initial description of Leborgne, t@e lo-
calizationist view of aphasia was resurrected, primarily by G&sch-
wind (1965, 1970). Geschwind asserted that Broca’s aphagia is
caused by damage to Broca’s area. As before, this view was<hal-
lenged on the grounds that (1) damage confined to Broca’sSarea
often does not lead to Broca’s aphasia and (2) those with Bx%ca s
aphasia typically have damage that extends beyond Broca’@,area
and involves structures such as the left insula and regions m the
parietal lobe (Mohr et al. 1978). This observation was uﬁder—
scored by Dronkers et al. (2007) who used high-resolutiorBMRI
to re-examine Leborgne’s brain and found that his cortical Igsion
extended far beyond inferior frontal gyrus and included $fruc-
tures such as the insula and the inferior parietal lobe. In Some
cases, the damage that causes Broca’s aphasia actually spares
Broca’s area (e.g., Fridriksson et al. 2007). Although the deBates
about the region(s) causing Broca’s aphasia have continued for
well over a century, the current consensus is that the damage
probably includes parts of Broca’s area and some other adjacent
structures (Dejerine 1906a,b; Geschwind 1970; Mohr et al. 1978;
Lazar and Mohr 2011). It remains unknown, however, what
exactly those other adjacent structures are.

Broca’s aphasia has received disproportionate attention in
the literature compared with other aphasia types over the past



few decades, perhaps because individuals with Broca’s
aphasia have grammatical processing problems that manifest
in both speech production and comprehension and display a
distinctive non-fluent speech pattern. One reason for this inter-
est may be based on the premise that grammatical problems
displayed by such patients can tell us something about the
neural architecture that supports syntax (Caramazza and Zurif
1976; Grodzinsky and Friederici 2006). However, since the
lesion location that causes Broca’s aphasia still eludes us, it is
difficult to see what we can assume in this matter or, for
example, if the symptoms of Broca’s aphasia can be related to
contemporary neuroanatomical models of speech processing
(Hickok and Poeppel 2007; Hickok 2012). To identify the
pattern of cortical damage that gives rise to Broca’s aphasia,
we examined a group of 70 participants of whom 20 had
Broca’s aphasia. Each of the 70 participants underwent clinical
examination as well as high-resolution MRI. Voxel-wise lesion-
symptom mapping (VLSM) was utilized to compare patients
with Broca’s aphasia with patients with aphasia of other kinds.

Methods

Participants

The study sample was selected from a database that includes 76 pa-
tients with chronic left hemispheric stroke. All patients were at least
6 months post-stroke and the mean time since stroke onset was 36.7
months (SD =45.51; range = 6-2706). Six persons with global aphasia
were excluded from the study as these patients have severe speech and
language deficits in both production and comprehension. Aphasia
types were classified according to the Western Aphasia Battery (WAB;
Kertesz 1982). Of the 70 participants whose data comprised the final
study sample, 20 had Broca’s aphasia, 29 anomic aphasia, 10 conduc-
tion aphasia, 6 Wernicke’s aphasia, and 1 transcortical motor aphasia.
An additional 4 participants were diagnosed by 2 speech-language
pathologists as having apraxia of speech with mild anomia. The mean
sample age was 61.04 (SD=12.14; range=36-83), and 30 were
women. There was no significant difference between the individuals
with Broca’s aphasia and the rest of sample concerning time post-
stroke, t=0.93, P=0.35. However, participants with Broca’s aphasia
(mean age =55.7; SD = 10.76) tended to be younger than their counter-
parts with other types of aphasia (mean age =63.2; SD =12.1), t=2.43,
P=0.02. Figure 1 shows lesion overlay maps for the individuals in-
cluded in the final sample (V=70). A lesion map that included all parti-
cipants revealed the greatest lesion overlap in the white matter
underlying the left superior, anterior insula (MNI: —30,2,18), where 48
participants had damage. The greatest lesion overlap for individuals
with Broca’s aphasia was in the anterior insula (MNI: —42,0,15) and in
the white matter deep to the temporal-parietal junction for participants
who had other types of aphasia (MNI: —38,-40,24).

Image Acquisition and Image Preprocessing

For the purpose of lesion detection and demarcation, each participant
underwent MRI using a Siemens 3-T system equipped with a
12-element head-coil. The following imaging sequences were utilized:
T>-MRI with a 3D SPACE (Sampling Perfection with Application opti-
mized Contrasts by using different flip angle Evolutions) protocol, field
of view (FOV) =256 x 256 mm, 160 sagittal slices, variable flip angle,
repetition time (TR)=3200 ms, echo time (TE)=352 ms, using the
same slice positioning and angulation as the 77 sequence; 7;-MRI
using a magnetization prepared rapid gradient echo - turbo field echo
sequence, FOV = 256 x 256 mm, 160 sagittal slices, a 9-degree flip angle,
TR = 2250 ms, inversion time = 900 ms, TE =4.2 ms. Using MRIcron (http
//www.mccauslandcenter.sc.edu/mricro/mricron/), lesions were de-
marcated on individually on 7>-MRI, using the 7;-MRI for guidance, in
native space by the first author (J.F.) or post-doctoral fellows and
graduate students who were closely supervised by him. We typically
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Figure 1. Lesion overlay maps for all 70 individuals included in the study (top panel),
individuals with Broca's aphasia (middle panel), and individuals with forms other than
Broca's aphasia (bottom panel). The crosshairs denote the voxel where the highest lesion
overlap occurred. The color bars represent the degree of overlap in each lesion map. Note
that the upper limits for the color bars are based on the maximum lesion overlap for each
lesion overlay map. Slice numbers in standard space are denoted above each image.


http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/
http://www.mccauslandcenter.sc.edu/mricro/mricron/

demarcate lesions on 7, images to appreciate the extent of gliosis,
which is not visible on T images. The following data pipeline was
used to transform the lesions into standard space: first, the 7;-MRI
images, 7>-MRI images, and lesions were co-registered. Then, the
T1-MRI images were segmented and normalized to the 2-mm’® ICBM
standard brain template using cost function masking of the lesion with
the following parameters: [2 2 2 4] Gaussians per class, 60 mm bias full-
width at half maximum, very light regularization, 3 mm sampling dis-
tance, and trilinear interpolation. The lesions, as demarcated on the
T,-MRI, were yoked into the standard space with the 7;-MRI images.

VLSM Analyses

Lesion comparisons between participants with or without Broca’s
aphasia were implemented using non-parametric mapping (NPM;
Rorden et al. 2007) with which independent group #-tests compared
the presence or absence of a lesion in a given cortical area on a
voxel-by-voxel basis between the 2 groups. Permutation thresholding
with 1000 iterations was used to apply corrections for multiple com-
parisons (using family-wise error) in the whole-brain analyses. Import-
antly, only results that survived correction for multiple comparisons
are presented herein. To verify the specific anatomical location of our
results, MRIcron (www.mricro.com) was used to overlay regions of sig-
nificance onto the Automatic Anatomical Labeling standard brain map
(Tzourio-Mazoyer et al. 2002).

To further validate the NPM results, a leave-one-out cross-validation
(LOOCV) method was used to classify individuals as having either
Broca’s or some other types of aphasia based on the extent of damage
to the cortical areas identified in the VLSM analyses. For a sample size
of 70, the LOOCV approach uses data from 69 participants to predict
the aphasia type of the 70th participant. More specifically, 70 linear re-
gression analyses were run where data from 69 participants were used
to predict the aphasia type of the 70th participant. Once the analysis
had been run 70 times, the average accuracy of the prediction is re-
ported (i.e., how often the aphasia type of the 70th participant was pre-
dicted correctly). This analysis relied on the discriminant analysis
function in SPSS, version 21 (IBM Corp., Armonk, NY, USA). In add-
ition, a logistic regression approach was utilized to predict aphasia

type.

Results

A whole-brain NPM analysis revealed that individuals with
Broca’s aphasia are more likely to have damage to the left in-
ferior frontal gyrus compared with those who have other kinds
of aphasia (Fig. 2). Specifically, most of the damage that pre-
dicts Broca’s aphasia is located in the posterior portion of
Broca’s area, the pars opercularis. For the purpose of clarity,
this area is henceforth referred to as the “Broca’s area cluster”
(BAQ). The threshold for statistical significance was Z=4.79
(corrected, P<0.01) and the maximum voxel value was
Z=8.67. No statistically significant result was found where in-
dividuals with other types of aphasia were more likely to have
damage than their Broca’s aphasia counterparts. Although
damage to the BAC was strongly related to having Broca’s
aphasia, several individuals who did not have Broca’s aphasia
had considerable damage to this region (4 individuals without
Broca’s aphasia had >75% damage; 6 had >50% damage, and
12 had at least 25% damage). Accordingly, damage to the BAC
is a strong but not a perfect predictor of Broca’s aphasia. In a
follow-up VLSM analysis that included only those individuals
who had considerable involvement in the BAC, we again com-
pared participants with and without Broca’s aphasia. This ana-
lysis was run in 3 parts: The first analysis included those who
had at least 75% damage to the BAC (12 with Broca’s aphasia;
4 who did not have Broca’s aphasia); the second analysis in-
cluded individuals who had at least 50% damage to the BAC
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Figure 2. VLSM analysis that compared brain damage in individuals with gfoca’s
aphasia (M = 20) with individuals with other types of aphasia (N = 50). The5lesion
cluster that predicts Broca's aphasia is mostly confined within the posterior poiion of
Broca's area, the pars opercularis. The color bar represents Z-scores in the voxé_!_s that
comprise the statistically significant cluster and the crosshairs denote the voxel with
the highest Z-score. @
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(18 with Broca’s aphasia; 6 who did not have Broca’s aphé;ia);
and the third analysis included individuals whose lesioﬁ in-
cluded at least 25% of the BAC (18 with Broca’s aplﬁsia;
12 who did not have Broca’s aphasia). These analyses rev&aled
that individuals with Broca’s aphasia are more likely to gxave
damage in an area that is mostly confined within the superior
temporal gyrus (STG) and, to a lesser extent, inferior pagletal
cortex than participants who also have considerable damafge to
the portion of the pars opercularis seen in Figure 2, but d§ not
have Broca’s aphasia (Fig. 3). For the purpose of clarity3 this
area is henceforth referred to as the “Wernicke’s area cldster”
(WAQ). For each of the 3 analyses, the statistical signifi@nce
values were as follows (Z threshold, P-value, and maxighum
voxel Z-score): “Damage >75%” Zyresh = 4.23, P<0.05, ZS5.x =
4.28; “Damage >50%" Zpresn=5.97, P<0.01, Zn..=19.18;
“Damage >25%” Zyresh = 5.26, P<0.01, Z,. = 7.48. Bas%i on
these whole-brain analyses, it appears that participantswcwith
Broca’s aphasia have considerable damage to portions ¢ the
pars opercularis and regions that are classically considered
part of Wernicke’s area. S

To corroborate the whole-brain VLSM results, 3 sepgrate
LOOCY classification analyses were conducted whereby parti-
cipants were classified as having Broca’s or some other &pes
of aphasia based on proportional damage to the BAGand
WAC. For this analysis, the WAC is defined based on the ré&sults
from the analysis that included only participants whose
damage included at least 50% of the BAC (cluster shown in
green and yellow in Fig. 3). This analysis splits the study group
in 2 based on the extent of damage to both BAC and WAC;
patients had to have at least the required extent of damage to
both regions to be grouped together. Proportions examined
were 25%, 50%, and 75%. Then, proportional damage was
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Figure 3. VLSM analyses that included only individuals with different degrees of damage to the pars opercularis region shown in this figure (referred to as area BAC in the text) afil
compared individuals with and without Broca’s aphasia. Results from individuals with at least 25% BAC damage are shown in red, with at least 50% damage in green (overlap WB?I

>25% damage shown in yellow), and at least 75% damage in blue (overlap with >25% damage shown in violet).
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Figure 4. Percent accuracy (Y-axis) for discriminant function analyses that included
different proportions of damage (<0.25, 0.50, and 0.75) to BAC and WAC or lesion
size as predictors of the presence of Broca's aphasia. For each pair of columns,
classification accuracy for Broca’s aphasia is shown on the left and for other types of
aphasia on the right. For 100% classification accuracy, the left column would be
completely dark gray and the right column completely light gray. The overall accuracy
for each classification analysis is shown above each column pair.

used to classify patients’ aphasia type (Broca’s vs. other types
of aphasia) using the leave-one-out method. For example, the
first classification analysis grouped participants together who
had at least 25% damage to both BAC and WAC versus those
who had <25% damage to either BAC, WAC, or both.

For the “damage >25%” analysis, the overall classification ac-
curacy was 91.4% (Fig. 4). Broca’s aphasia was classified with
90% accuracy (18/20 correctly classified) and those with other
types of aphasia with 92% accuracy (46/50 correctly classified).
For the “damage >50%” analysis, the overall classification
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accuracy was 95.7%. This analysis classified individuals wﬂﬂn
Broca’s aphasia with 85% accuracy (17/20 classified correctl@
and those with other types of aphasia with 100% accuracy (5¢/
50 classified correctly). The overall accuracy of the ‘Damaé
>75% analysis was 88.6%. Here, those with Broca’s aphasg
were correctly classified with 60% accuracy (12/20 classified
correctly) and those with other types of aphasia with 100% aa-
curacy (50/50 patients classified correctly). In this context, it %
important to note that numerical differences in prediction ag—
curacy across different predictors does not necessarily mez&i
one predictor is significantly better than another. Although thée
extent of damage to both BAC and WAC seems to be importa#t
for classifying Broca’s aphasia, it could be the case that larg§
lesions are more likely to hit both areas and, consequentl@
result in Broca’s aphasia. To examine this possibility, a fourth
analysis included lesion size as classifier. For the purpose &
this analysis, the number of voxels that comprised the lesion i°§
each participant was entered as a classifier using the LOOCEg
approach. The overall accuracy of this analysis was 81.4‘7@
Broca’s aphasia was classified with 75% accuracy (15/20 clas%
fied correctly), and other aphasia classified with 84% accura(‘(g
(42/50 classified correctly). —x
We also conducted a logistic regression using the propom(ﬁl
of injury to both the BAC and WAC as our 2 independent vaﬁg’—
ables to predict the presence or absence of Broca’s aphasi@
The logistic regression found that both BAC (P<0.0006) andl
WAC (P<0.0011) improved a predictive value after the othé}
was known, and the combined model was statistically mgmﬁ-
cant (4> =56.4, df =2, P<0.0001) correctly categorizing 66 &f
the 70 participants (94.3% accuracy). This model used the co
ficients 6.0335 and 4.9948 (with odds ratios of 417.2 ar&l
147.7) for the proportion of injury to BAC and WAC, respectiv&-
ly, with an intercept of —3.8. In a subsequent analysis, we alsg
examined the interaction between BAC damage and WAE
damage. The accuracy of the model was the same (94.3%) andl
the significance of the individual factors remained (P<0.0 It
and <0.022) with the interaction also reaching significangg
(P=0.049). Finally, we conducted a logistic regression that 118
cluded the proportional injury to BAC, proportional injury to
WAC, and overall lesion volume as predictors (we modeled this
as a proportion of the largest injury simply to make the scale of
the coefficients similar to the other predictors). This model
was able to classify 95.7% of the participants with coefficients
(with odds ratios and P-values) of 6.7449 (849, P<0.0005),
5.9346 (378, P<0.0008), and 5.1564 (174, P<0.03) for BAC,



WAC, and lesion volume, respectively, with an intercept of
—5.56. Note that in each of these analyses, the extent of WAC
injury was a reliable and positive predictor for Broca’s aphasia
once variability associated with BAC injury had been removed
(furthermore, when considered as single factors in isolation
both WAC [y?=6.3, df=1, P<0.0123] and lesion volume
[;(2=7.1, df=1, P<0.0079] are reliable predictors of Broca’s
aphasia using logistic regression).

Discussion

The current study demonstrates that although damage to the
posterior portion of Broca’s area is a strong predictor of
Broca’s aphasia, it is insufficient as an absolute predictor.
Rather, individuals with Broca’s aphasia also tend to have
damage to the left STG, Wernicke’s area. When only one of
these regions is damaged, some other form of speech or lan-
guage impairment is likely to occur. These findings were af-
firmed in 3 separate analyses. First, VLSM that compared
binary lesions among persons with and without Broca’s
aphasia confirmed that damage in the pars opercularis was
more likely to occur in individuals with Broca’s aphasia than in
those with other aphasic symptomatology. A second VLSM
analysis that included only participants whose cortical damage
involved the pars opercularis region identified in the first ana-
lysis, compared those with and without Broca’s aphasia. This
analysis revealed that damage to a portion of Wernicke’s area
was more likely to occur in individuals with Broca’s aphasia
than their counterparts who had damage to the pars opercu-
laris but did not have Broca’s aphasia. Finally, to further
strengthen the VLSM results, we used discriminant function
analyses and logistic regression with proportional damage to
the pars opercularis and Wernicke’s area as independent
factors to predict whether individuals did or did not have
Broca’s aphasia. The discriminant function analyses and logis-
tic regression predicted Broca’s aphasia with 95.7% and 94.1%
accuracy, respectively.

Although it is commonly accepted that the damage in
Broca’s aphasia is likely to involve several cortical structures,
what exactly those structures are remained unclear, until now.
Our findings suggest that chronic Broca’s aphasia is not typic-
ally caused by damage to a single region. This damage is likely
to include 2 structures: the pars opercularis and Wernicke’s
area. From a historical perspective, it is tempting to suggest
that these findings support Marie’s ideas about Broca’s
aphasia. Indeed, Marie argued that Broca’s aphasia had to
include damage to Wernicke’s area (which he suggested was
comprised of the STG and the inferior parietal lobule; Marie
1906a,c). However, he also argued that Broca’s aphasia would
not involve Broca’s area damage, a claim that is not supported
by the current data. In contrast, Dejerine, and several others,
argued that the damage that causes Broca’s aphasia involves
Broca’s area in addition to other structures such as the insula
and inferior parietal lobule (Dejerine 1906a,b; Geschwind
1970; Mohr et al. 1978; Lazar and Mohr 2011). More than a
century after their debates, the current study suggests that both
Marie and Dejarine were partially correct. In this context, it is
important to point out that neither Marie or Dejarine benefited
from the use of standardized aphasia tests or modern VLSM ap-
proaches. Their intuitions were based solely on the study of
case series of patients. Given these constraints, it is quite re-
markable that their conclusions were so close to what we have

discovered relying on advanced neuroimaging methods and
standardized aphasia testing.

Broca’s aphasia is not characterized by a singular impair-
ment, and our results highlight its multifaceted nature: symp-
toms include decreased speech fluency, mild-to-moderate
impairment of speech comprehension, and, in some cases,
agrammatism (Goodglass 1993). Two recent reports suggest
that speech fluency is primarily affected in cases that involve
damage to the anterior segment of the arcuate fascigulus
(Fridriksson et al. 2013) or the aslant tract, a white matter &ruc-
ture that connects the pars opercularis and the supplemegtary
motor region (Catani et al. 2013). By most accounts, aucglory
comprehension in aphasia is most affected by temporaldobe
involvement (e.g., Hillis et al. 2001; Dronkers et al. 2004;
Turken and Dronkers 2011; Fridriksson et al. 2013). Addi:t-ion-
ally, impaired grammatical processing has been asso@ated
with damage to several areas, including Broca’s area (Cara@naz—
za and Zurif 1976; Grodzinsky and Friederici 20006; Ne\zg_hart
et al. 2012), the temporal lobe (Dronkers et al. 2004; Magnus-
dottir et al. 2013), and the arcuate fasciculus (Wilson &t al.
2011). Accordingly, it would seem straighforward to su,ggest
that each of the typical symptoms associated with Bimca’s
aphasia could be attributed to damage in different coptical
regions, but this may be an oversimplification. Recent wd_cik in
our laboratory (Fridriksson et al. 2013) examining the fz&tors
influencing speech fluency found that though univariate;\l’glna-
lyses highlighted inferior frontal regions related to speeclg_%pro—
duction and posterior temporal regions related to spéeech
comprehension, when considered together, it was rathef the
white matter connections between areas that appeared @nost
important for overall fluency. Thus, as normal language Emc-
tion is an interplay between factors in both Comprehen\jsion
and production, it is likely that the overall pattern of daéage
described in the current study contributes to a speciﬁ@lan—
guage impairment profile, a condition that is typically ref‘é’rred
to as Broca’s aphasia. =

Among the 20 patients with Broca’s aphasia includgd in
the current study, not a single one presented with sparedéBAC
but damaged WAC. Nevertheless, a question that remain@ un-
addressed here is why some persons who do not appéir to
have any damage to Broca’s area nevertheless have B%ca’s
aphasia. This issue was strongly argued by Marie and} for
example, was demonstrated in a case study published b§ the
current authors (Fridriksson et al. 2007). The patieng de-
scribed in our 2007 report has damage to Marie’s lentlgillar
zone—the basal ganglia, thalamus, arcuate fasc1culus and
the external and extreme capsules—and was included m the
current study sample. In each of the classification ana@yses
conducted here, this person was (incorrectly) classifi&l as
not having Broca’s aphasia. Almost a century beforéSour
case report, during 1 of 3 oral debates on aphasia bet§jeen
Marie, Dejerine, and others in 1908 (Klippel 1908), Deje?fine—
Klumpke argued that focusing only on cortical destrugtion
was insufficient for explaining clinical symptoms in patjgnts,
including those with Broca’s aphasia. What she primarilgem-
phasized was that damage that disconnects Broca’s area and
the posterior language regions could also result in Broca’s
aphasia. Most importantly, damage in the lenticular zone that
disconnects the anterior and posterior speech and language
regions can cause Broca’s aphasia, even though this is not
the most typical pattern of damage in patients with Broca’s
aphasia. Klippel (1908) reported that many considered
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Dejerine-Klumpke the winner of the Marie-Dejerine debates
as her point regarding disconnection was not easily coun-
tered by Marie, who continued to argue that many patients
with Broca’s aphasia do not have Broca’s area damage and
that the crucial damage is in the lenticular zone. Soon after
Marie’s seminal publication in 1906, Jakob (1906, as dis-
cussed by Tsapkini et al. 2008) implied that the number of
these kinds of patients who have Broca’s aphasia and only
damage to the lenticular zone is fairly small. This view is sup-
ported by our new data that suggest that Broca’s aphasia is
most commonly associated with cortical injury.

Given that we have identified damage to 2 specific areas that
gives rise to Broca’s aphasia, it should be straightforward for
others to challenge our findings (BAC and WAC are available as
‘regions of interest’ online—URL TBD). If our conclusions are
correct, then damage in most chronic patients with Broca’s
aphasia should involve the BAC and WAC. However, we do not
claim that the same results would be true for acute Broca’s
aphasia, as the acute functional disruption may be much more
extensive than the anatomical injury (due to factors such as
diaschisis). In fact, it may be that lesions involving only Broca’s
area (and the surrounding tissue) cause Broca’s aphasia initial-
ly, but only patients who also have damage to Wernicke’s area
fail to recover. That is, perhaps patients with damage to
Broca’s area and Wernicke’s area initially have global aphasia,
but then recover into Broca’s aphasia as their comprehension
improves over the first few months following stroke. Indeed,
there is quite a bit of evidence for this hypothesis (Kertesz
1984; Ochfeld et al. 2010).

Viewing these finding from the perspective of the dual
stream model (Hickok and Poeppel 2007), it is clear that the
damage that causes Broca’s aphasia involves both the dorsal
and ventral streams. Accordingly, it is difficult to see how the
classification of ‘Broca’s aphasia’ can be helpful in studying the
neurobiology of language. This is because Broca’s aphasia re-
presents a syndrome rather than a single impairment. Al-
though we believe that VLSM is quite useful and can inform
the brain-language relationship, focusing on syndromes,
rather than specific symptoms, is less useful for understanding
how language is organized in the brain. This issue has been
discussed amply elsewhere (Caramazza 1984; Caramazza and
Badecker 1989; Willmes and Poeck 1993). Nevertheless,
Broca’s aphasia appears to be a distinct aphasic syndrome
arising from a specific pattern of cortical damage. If this were
not the case, then it is difficult to see how a data-driven classifi-
cation analysis that predicts aphasia type solely based on
damage to 2 cortical regions could adjudicate between partici-
pants with and without Broca’s aphasia with greater than 95%
accuracy. Similarly, other types of aphasia should also be asso-
ciated with specific patterns of brain damage. Most cases of
aphasia are caused by ischemic stroke that typically involves
the left middle cerebral artery (MCA). The pattern of cortical
damage following left MCA stroke depends on the extent and
which of the 2 major MCA divisions were involved, regardless
of the role of individual cortical regions in speech and lan-
guage processing. Specifically, ischemic stroke follows vascu-
lar, not functional, boundaries of the cortex (Damasio and
Geschwind 1984). Therefore, a given pattern of language im-
pairment in a given aphasia type probably reflects typical loca-
tions of cortical damage in ischemic stroke, whereas unusual
cases would be more likely to occur as a consequence of me-
chanisms where the pattern of brain damage is less predictable
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(e.g., as a result of hemorrhagic stroke, gunshot wounds, or
tumors).

In this study, aphasia type was classified based on the WAB.
Other test batteries or clinical impression can also be used to
classify aphasia; yet, no gold standard exists for diagnosing
aphasia and distinguishing between aphasia types. Although
the WAB subtests do not provide in-depth data regarding dif-
ferent aspects of language and speech, it is a test that is widely
used in clinical practice as well as in research and is commonly
used to designate aphasia types in published reports (Yang
et al. 2008; Kim et al. 2011; Robson et al. 2014). It is a caveat
that the WAB does not specifically test for grammatical proces%:
ing problems, a feature that some, but not all, might considéx
central to the diagnosis of Broca’s aphasia (e.g., see Goodgla%
1993). Therefore, the current results do not reflect the presence
or absence of agrammatism. Perhaps a more problematit
aspect of the WAB in relation to aphasia classification pertaifis
to its speech fluency scale. As pointed out by Trupe (1984), thgi_:
fluency rating scale on the WAB suffers from somewhat pody
interrater reliability. Moreover, a difference in one point om
this scale could, for example, distinguish between a givegl
patient being classified as having Broca’s aphasia as opposegl
to conduction aphasia, 2 syndromes that are vastly different fm
clinical presentation. To tackle this potential caveat, a prospe(m-
ive study might seek a different approach by excluding all pQ—
tients whose fluency ratings fall near the WAB marker of ﬂuexg
versus non-fluent speech (e.g., a rating of 4 and 5). Another aﬁ-
proach might seek to classify aphasia type solely based on clirg»
ical judgment with or without relying on the WAB or anothéﬂ
aphasia test. AphasiaBank (Forbes et al. 2012), which 1nclud<;€_s
a data from over 300 aphasic individuals, has collected WA@
data along with clinical impressions as to aphasia type. Amorgg
257 patients whose aphasia type was classified according 1;5
the WAB, 85% were classified as having the same aphasia tylﬁ
based on clinicians’ impressions. Consistent with these data, :iofi
could be surmised that 10 of the 70 patients (15%) in the
current sample would have been classified differently based Q?;
the WAB versus clinical judgment. Accordingly, it is crucial fg
emphasize that the current results should be interpreted in r%
lation to WAB limitations. It is certainly possible that mof
in-depth behavioral analysis of each participant could have iff-
fluenced our group sizes and, accordingly, the results. )

In regard to traditional VLSM studies, our findings rai
some important issues. Typically, VLSM studies only focus dn
mass univariate analyses, which sometimes fail to show seg
ondary damage as contributing to a given symptom (Smitgl
et al. 2013). Consistent with the initial VLSM analysis carrlad
out here, we could have determined that the damage thé
causes Broca’s aphasia only needs to involve Broca’s area, %
conclusion that is wrong. Rather, while the univariate voxeR
wise analyses demonstrate that damage to Broca’s area is a refi?
able predictor of Broca’s aphasia, they are unable to identi
how information from other regions can refine this model. The
second analysis that identified damage in Wernicke’s are3
gives a far more comprehensive picture of the pattern (Sf
damage that gives rise to Broca’s aphasia. Other studies that
focus on specific symptoms could also make a similar mistake
of relying on the initial univariate analysis alone. As a follow-
up analysis, it might be valuable to verify VLSM results by com-
paring patterns of brain damage among individuals who have
a given behavioral impairment, or certain severity of impair-
ment. Another potentially useful approach would be to



implement multivariate analyses (Smith et al. 2013). However,
sufficient sample size to yield statistically significant results
would, in most cases, have to be increased considerably.

In conclusion, our findings suggest that Broca’s aphasia is
caused by damage to Broca’s and Wernicke’s areas. Although
the lesion pattern among Broca’s aphasic individuals may vary
considerably, it appears that both of these structures are highly
likely to be damaged. Regarding Marie’s postulations on
Broca’s aphasia, we can only conclude that he was onto some-
thing in regard to the involvement of Wernicke’s area.
However, his conclusions regarding Broca’s area damage, or
lack thereof, are not supported by the current study.

Notes
Confflict of Interest: None declared.
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