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Abstract

This paper presents the results of a study of the eVects of left hemisphere strokes on syntactically-based comprehension in aphasic
patients. We studied 42 patients with aphasia secondary to left hemisphere strokes and 25 control subjects for the ability to assign and
interpret three syntactic structures (passives, object extracted relative clauses, and reXexive pronouns) in enactment, sentence–picture
matching and grammaticality judgment tasks. We measured accuracy, RT and self-paced listening times in SPM and GJ. We obtained
magnetic resonance (MR) and 5-deoxyglucose positron emission tomography (FDG PET) data on 31 patients and 12 controls. The per-
cent of selected regions of interest (ROIs) that was lesioned on MR and the mean normalized PET counts per voxel in ROIs were calcu-
lated. In regression analyses, lesion measures in both perisylvian and non-perisylvian ROIs predicted performance. Patients who
performed at similar levels behaviorally had lesions of very diVerent sizes, and patients with equivalent lesion sizes varied greatly in their
level of performance. The data are consistent with a model in which the neural tissue that is responsible for the operations underlying
sentence comprehension and syntactic processing is localized in diVerent neural regions in diVerent individuals.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction There is widespread agreement that some aspects of syn-
Studies of the neurological mechanisms that support
syntactic processing are based on deWcit-lesion analyses
and functional neuroimaging in normal subjects. Most
studies are primarily directed at the question of where syn-
tactic processing takes place in the brain.1
0093-934X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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1 We shall use the term “syntactic processing” in this paper to refer to both
between the representation of syntactic information and its processing is boun
there is a distinction to be made between the representation of syntactic infor
sentation or processing could be made regarding these mental constructs. Th
deWcit in all tasks, item-speciWcity, preservation of superordinate information,
processing (“access”) disorders. These arguments would have to be modiWed t
counterpart in structure- or operation-speciWcity in the case of syntax. For the
the distinction between the representation of syntactic information and its pro
tactic processing are based in the perisylvian association
cortex of the dominant hemisphere (Caplan, Hildebrandt,
& Makris, 1996; Mesulam, 1998). This region is often fur-
ther subdivided into smaller areas that are said to be
involved in syntactic processing, or in speciWc aspects of
syntactic processing (e.g., Grodzinsky, 2000). “Broca’s
 the representation and processing of syntactic information. The distinction
d up with the issue of how to model syntax and its processing. Assuming that
mation and its processing, the usual arguments that a deWcit aVects a repre-

e arguments that a deWcit aVects a representation include the presence of the
 and failure to respond to cuing; the opposite phenomena are said to indicate
o apply to syntactic representations. For instance, item-speciWcity may Wnd a
 most part, aphasiological researchers in the Chomskian tradition have noted
cessing but not examined it empirically.
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area” and “Wernicke’s area” are two such regions; the infe-
rior parietal lobe is a third.

A reasonable description of the perisylvian region in gross
anatomical terms that almost all researchers would endorse
includes the pars triangularis and opercularis of the inferior
frontal gyrus, the posterior portion of the superior temporal
gyrus, the angular gyrus and the supramarginal gyrus. Many
researchers also include more ventral parts of the inferior
frontal lobe in this region and sometimes opercular parts of
the inferior frontal gyrus. Many also include the entirety or
the anterior half of the insula. Broca’s area is almost always
taken to include the pars triangularis and opercularis of the
inferior frontal gyrus, but variable amounts of more ventral
and opercular frontal cortex may be included. Wernicke’s
area is usually considered to include the posterior portion of
the superior temporal gyrus, but has also been described as
including the posterior portion of the superior temporal sul-
cus, the superior part of the posterior portion of the middle
temporal gyrus and, in some writings, larger or smaller por-
tions of the parietal lobe (see Bogen & Bogen, 1976; for
review). The inferior parietal lobe is usually taken to be the
angular and supramarginal gyri. These descriptions of these
regions are themselves somewhat ill-deWned, since some
boundaries are not marked by sulci, but they give a reason-
able idea of where many researchers have thought syntactic
processing takes place.2

There is considerable disagreement regarding whether
areas of the brain outside the perisylvian association cortex
2 Macroscopically deWned areas of the brain have speciWc functions, if they do,
in each area, the receptors and neurotransmitters of these neurons, the secondary
rons in the area. The macroscopically deWned areas identiWed above are thus as
features that are relevant to their ability to encode and transform psychologically
of cellular morphology; i.e., cytoarchitectonic analysis. The most widely-cited cy
only map cited in contemporary cognitive neuropsychology) is Brodmann’s (Bro
vian association cortex is that it includes Brodmann’s areas (BAs) 45, 44, 22, 39, a
even 10 and 11 although these last two areas, especially, are usually considered
sometimes BA 46 and even less frequently BA 47 are considered part of Broca’s 
parietal lobe of BA 39 and 40. Five points about the macroscopic and cytoarch
there is considerable individual variation in the macroscopic neuroanatomy of th
gion. The variability in the posterior portion of this region is perhaps better appr
porale and in the degree of ascent of the posterior portion of the Sylvian Wssure (
relation to lateralization of language have drawn attention to individual diVerenc
haps even as great) individual variability in the size and morphology of its consti
are not isomorphic with macroscopically determined regions, such as gyri, sulci o
iability in their mapping onto gyri and sulci (Amunts et al., 1999). When this varia
to scan data distort individual macroscopic neuroanatomical cortical areas such 
is lesioned or activated in the great majority of studies involving the perisylvian a
maps. This map may not always divide the cortex into functionally distinct regio
toarchitectonically deWned areas are based upon the distribution of cell types acr
tures that are potentially relevant to psychological operations, such as neurotra
not clear at this point whether these ways to characterize neural tissue are more
other cognitive functions). Thus, the use of cytoarchitectonic areas is both too we
is too weak because these regions are not unique among ways to divide neural t
thus does not capture other major physiological divisions of the neuraxis, such a
cytoarchitectonic regions as the basis for human cognitive functional localization
is, they do not directly and invariantly align with macroscopic landmarks that a
refer to macroscopically deWned regions, not cytoarchitectonic areas, in our desc
does not, with some possible exceptions such as primary koniocortex, isolate bra
tational basis of cognitive functions. However, this level of description is the nea
that might have such a status. We prefer the use of this level of description to o
sense of conWdence in the degree to which descriptions of lesion (or activation) si
support syntactic processing, and, if so, what areas are
involved in this function. A number of researchers hold the
view that the left inferior anterior temporal cortex is involved.
This opinion is largely based on functional neuroimaging data
(Mazoyer et al., 1993; Noppeney & Price, 2004). Suggestions
have also been made on the basis of functional neuroimaging
data that superior parietal cortex is involved (Caplan, Alpert,
& Waters, 1999; Osterhout & Holcomb, 1992). Subcortical
gray matter structures have been suggested to be involved in
aspects of syntactic processing. The leading candidates are
portions of the basal ganglia (Damasio, Damasio, Rizzo, Var-
ney, & Gersch, 1982; Ullman, 2001), portions of the thalamus
(Mohr, Watters, & Duncan, 1975), and portions of the cere-
bellum (Fabbro, Moretti, & Bava, 2000).

The evidence that non-perisylvian regions are involved
in syntactic processing is much weaker than the evidence
for the involvement of the perisylvian association cortex in
these processes. A complete review of all the data is beyond
the scope of this paper, but, in a nutshell, all types of evi-
dence—deWcit-lesion correlations and functional neuroim-
aging based upon both vascular and electrophysiological
responses—point to the involvement of the perisylvian
association cortex in this function, whereas the evidence
implicating other areas is much more often based on a sin-
gle type of data and is, in some cases, subject to alternative
explanations. For instance, the vascular lesions in subcorti-
cal areas seen on CT or MR that are associated with syn-
tactic deWcits are almost always associated with metabolic
 by virtue of their cellular content, including the type and distribution of neurons
 messenger systems that are active in them, etc., and the connectivity of the neu-

sumed to be shorthand for regions of the brain that share unique physiological
 pertinent information. One approach to identifying such regions is on the basis
toarchitectonic map in contemporary cognitive neuropsychology (perhaps the
dmann, 1909). According to this map, the most constrained view of the perisyl-
nd 40; more expansive conceptions include all or parts of BA 46, 47, 21, 37, and

 too far forward to be part of this area. Broca’s area consists of BA 44 and 45;
area. Wernicke’s area consists of BA 22 and possibly part of BA 21; the inferior
itectonic areas in the perisylvian association cortex are important to note. First,
ese perisylvian gyri and sulci, in both the anterior and posterior parts of this re-
eciated, as hemispheric diVerences in the size of regions such as the planum tem-
related to the size of the inferior parietal lobe) that have been widely discussed in
es in these areas, but the anterior portion of the region shows considerable (per-
tuent gyri and sulci (Geschwind & Galaburda, 1986). Second, Brodmann’s areas
r lobes (Roland et al., 1997). Third, cytoarchitectonic areas show individual var-
bility is superimposed on the degree to which normalization procedures applied

as gyri and sulci, it becomes impossible to say exactly what cytoarchitectoic area
ssociation cortex. Fourth, Brodman’s map is only one of many cytoarchitectonic
ns or be the only cytoarchitectonic map that does so. Finally, as noted above, cy-
oss identiWed layers of cortex. Other ways to divide neural tissue in terms of fea-
nsmitter systems, cross-cut cytoarchitectonic maps (Mazziotta et al., 2001). It is
 appropriate for purposes of localization of the functions studied here (or many
ak and too strong for purposes of empirical neuropsychological study. Their use
issue into areas that are potentially relevant to information-processing; their use
s into areas that share a neurotransmitter proWle. On the other hand, the use of
 is too strong because these regions are not reliably discernable at present; that

re currently visible in in vivo images. For these reasons, in what follows, we will
riptions of brain regions and lesions. We recognize that this level of description
in regions that could play causal roles in well-articulated theories of the compu-
rest one can come today to describing lesions in terms of divisions of the brain
ne phrased in terms of cytoarchitectonic areas, which we believe exudes a false
tes are related to such theoretically pertinent divisions of the nervous system.
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abnormalities in the supervening cortex. In the case of the
basal ganglia and thalamus, the cortical areas aVected are
often perisylvian association cortex. Also, in the domain of
lexical processing, inverse correlations are higher between
metabolic activity in the perisylvian cortex and the extent
of deWcit than between metabolic activity in basal ganglia
and thalamus and the extent of deWcit (Metter, Riege, &
Hanson, 1983, 1987, 1988). All these Wndings suggest it is
the cortex, not subcortical gray matter, that is involved in
syntactic processing. However, a role for these—and even
other areas—in syntactic processing remains a possibility.

At the level of the largest macroscopic divisions of the
forebrain, the hemispheres, syntactic processing has classi-
cally been considered a dominant hemisphere function. Some
research suggests that the non-dominant hemisphere cannot
acquire normal syntactic processing abilities in individuals
who suVer massive left hemisphere cortical damage pre-lin-
gually (Dennis & Kohn, 1975), implying not only that the left
hemisphere is the usual locale for this processing but also
that the non-dominant hemisphere has extremely limited
plasticity in this regard. The studies upon which this conclu-
sion was based have been reconsidered (Bishop, 1983), and
the conclusion that only the left hemisphere supports syntac-
tic processing is contradicted by functional neuroimaging
evidence that the non-dominant right hemisphere is activated
in syntactic comprehension tasks in normals (Just, Carpen-
ter, Keller, Eddy, & Thulborn, 1996; Waters, Caplan, Stanz-
cak, & Alpert, 2003). What aspects of syntactic processing
involve the right hemisphere is unknown.

With respect to how language is organized in the brain,
the focus has been on the dominant left perisylvian associa-
tion cortex. Two major classes of models dominate opinion.
The localizationist framework claims that diVerent aspects
of syntactic comprehension are each invariantly localized in
speciWc parts of this region. The distributed neural net per-
spective claims that the neural substrate for syntactic com-
prehension is distributed over the entire dominant
perisylvian association cortex. There are a variety of spe-
ciWc proposals within each of these frameworks. We have
proposed what we call an “individual variability model”
that we see as a third framework, which maintains that
aspects of syntactic processing are localized, but in diVerent
areas in diVerent subjects. We brieXy review the evidence
from deWcit-lesion correlations that has been presented in
favor of these models (for a partial review of neuroimaging
data, see Caplan, in press; also Kaan & Swaab, 2002).

The most commonly advocated localizationist claim
regarding syntactic processing that emerges from deWcit-
lesion correlations is the Trace Deletion Hypothesis (e.g.,
Grodzinsky, 1990, 2000).3 The TDH maintains that Broca’s
aphasics have selective impairments in the co-indexation of

3 Other localizationist positions have been advanced (see, e.g., Friederici,
2002; Kaan & Swaab, 2002), relying heavily on functional neuroimaging
data. We cannot review all these models here. To the extent that they rely
on deWcit-lesion correlations, they all have the same limitations as the
models we discuss.
traces and that no other aphasic patients have such deWcits.
Broca’s aphasics are said to have lesions in Broca’s area, an
area that is variably characterized but that always includes
the pars triangularis and pars opercularis of the left inferior
frontal gyrus in this literature. In Part I, we reviewed prob-
lems with the psycholinguistic evidence for this hypothesis
in studies in the literature and presented new evidence that
it is incorrect. Here, we point out that the analysis of lesions
found in the studies that are said to support the TDH is
inadequate. In some studies, lesions have simply been
assumed to be located in Broca’s area in patients with
agrammatism or Broca’s aphasia (Caramazza & Zurif,
1976; Grodzinsky, 1990). The neuroimaging data that are
reported largely consists of CT and MR scans. These
images have mostly been analyzed by purely subjective
techniques, with templates applied by eye to CT or MR
cuts (Dronkers, Wilkin, Van Valin, Redfern, & Jaeger,
2004; Hayward, Naeser, & Zatz, 1977; Naeser & Hayward,
1978; Naeser, Hayward, Laughlin, & Zatz, 1979). These
approaches typically yield inter-observer reliability correla-
tions of about 80% for analyses that assign the quartile
involvement of large regions of interest by a lesion (Naeser
& Hayward, 1978). One may legitimately assume that inter-
observer reliability correlations are lower for smaller areas.
These data are at best rough estimates of lesion location
and of the extent of a lesion in selected ROIs.

Mesulam (1990, 1998); Damasio and Damasio (1992),
Bates and her colleagues (e.g., Bates, Friederici, & Wulfeck,
1987; Dick et al., 2001) and others have suggested that syn-
tactic processing involves a distributed neural net through-
out the dominant perisylvian cortex.4 The evidence in
support of the distributed neural net model is the existence
of disturbances of syntactic comprehension in all aphasic
syndromes (Berndt, Mitchum, & Haendiges, 1996; Dick
et al., 2001) and following lesions throughout the perisyl-
vian cortex (Caplan, Baker, & Dehaut, 1985, 1996). The
studies that report performance of patient groups some-
times do not report lesion location or size, relying instead
on clinical classiWcation as a guide to location, and most do
not analyze lesion data quantitatively. One study that did
measure lesion size and correlated perisylvian lesion size
with the magnitude of syntactic deWcits failed to conWrm
the crucial prediction made by the distributed net model
that lesion size would be correlated with the extent of deW-
cit (Caplan et al., 1996).

4 Some distributed neural net models of syntactic processing (e.g., Mesu-
lam, 1990; Damasio & Damasio, 1992) assert that the anterior perisylvian
association cortex plays a special role in syntactic processing within the
wider net. This is a possible feature of neural net models, in which selected
hidden units can be more aVected by certain stimuli. However, the empiri-
cal basis for Mesulam and the Damasios postulating this specialization is
an alleged restriction of disturbances of syntactic comprehension to Bro-
ca’s aphasics. Both these authors cite Caramazza and Zurif (1976) and Ca-
plan and Futter (1986) in support of this claim. Both these references are
small studies (Caplan and Futter studied a single case) in which lesion data
are not presented, and do not provide adequate support for this view.
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The evidence for distributed models is equally compat-
ible with the view that syntactic processes are localized in
diVerent brain regions in diVerent individuals. We postu-
lated an individual variability model because, in addition
to diVerent syndromes and lesions in diVerent locations
being associated with syntactic disorders, in our studies
(Caplan, 1987; Caplan et al., 1985), lesions that we judged
to be restricted to speciWc parts of the perisylvian cortex
(the frontal region, the parietal region, and the temporal
region) were each associated with all degrees of syntactic
comprehension impairment, from normal performance
through the worst performances seen in the group, in
diVerent aphasic patients. We took this pattern to imply
that, for some patients, a lesion in each of these lobar
regions did not aVect syntactic processing at all, while for
other patients some or all of the operations needed for
this function, or the resources needed for this function,
were impaired by a lesion in the same region. This could
result from individual variability in where these opera-
tions and resources were located premorbidly. However,
the data in support of this model are weak. Our early
studies were limited both psycholinguistically and neuro-
logically. Patients were tested on only Wve examples of
each of nine sentence types, and only using a single oV-line
task—object manipulation. Lesion sites were established
from clinical and radiological reports—conservatively, as
we emphasized, but nonetheless very imprecisely (even by
1985, let alone today’s, standards).

A major limitation of almost all deWcit-lesion studies of
syntactic processing is that lesions are not described quan-
titatively and related to performance. There are a handful
of studies that report such data. Tramo, Baynes, and
Volpe (1988) reported quantitative lesion analyses, but
studied only three cases. There are a few studies of syntac-
tic comprehension that have used FDG PET as a measure
of cerebral metabolism (Karbe et al., 1989; Kempler, Cur-
tiss, Metter, Jackson, & Hanson, 1991). These studies used
tests of syntactic processing that are not designed for this
purpose (the Western Aphasia Battery) or that confound
syntactic processing with short-term memory require-
ments (the Token Test). To our knowledge, only two stud-
ies have examined the relationship between lesions and
performance using quantitative lesion analysis and mea-
sures that could be related to syntactic processing—
Caplan et al. (1996) and Dronkers et al. (2004). We review
these two studies here.

Caplan et al. (1996) obtained CT scans in 18 patients
with left hemisphere strokes. Scans were normalized to
the Talairach and Tournoux atlas, and Wve perisylvian
regions of interest deWned following the Rademacher,
Galaburda, Kennedy, Filipek, and Caviness (1992) crite-
ria: the pars triangularis and the pars opercularis of
the inferior frontal gyrus, the supramarginal gyrus, the
angular gyrus, and the Wrst temporal gyrus excluding the
temporal tip and Heschl’s gyrus. Normalized lesion vol-
ume was calculated within each ROI. Syntactic compre-
hension was assessed using an object manipulation task
presenting 12 examples of each of 25 sentence types,
selected to assess the ability to understand sentences con-
taining only fully referential noun phrases, sentences con-
taining overt referentially dependent NPs (pronouns or
reXexives), and sentences containing phonologically
empty NPs (PRO, NP-trace and wh-trace, Chomsky,
1986, 1995).

Neither overall accuracy on the 25 sentence types, nor
a syntactic complexity score, nor 19 separate measures
that correspond to particular syntactic operations,
diVered in groups deWned by lesion location. None of 168
correlations between overall accuracy on the entire set of
25 sentence types, overall syntactic complexity score, or
the nineteen separate measures of particular syntactic
operations, with normalized lesion volume in the lan-
guage zone, normalized lesion volume in each of the Wve
ROIs, and normalized lesion volume in the anterior and
posterior ROIs were signiWcant. These correlations
remained insigniWcant when the eVect of overall lesion
size was partialled out by using the residuals of regression
analyses in which the normalized lesion volume in the lan-
guage zone was regressed against the overall accuracy
scores and the syntactic complexity scores. The results all
remained unchanged in ten patients who were studied and
scanned at about the same time relative to their lesions.
Detailed analysis of single cases with small lesions of
roughly comparable size, who were tested at about the
same time after their strokes, indicated that the degree of
variability found in quantitative and qualitative aspects
of patients’ performances was not related to lesion loca-
tion or the size of lesions in the anterior or posterior por-
tion of the perisylvian association cortex. The authors
concluded that syntactic processing was localized in
diVerent regions in diVerent individuals.

This study has many limitations. Only 18 subjects were
scanned, making the sample potentially unrepresentative
and limiting the use of regression analyses. The study was
based on CT scans that primarily identify areas of necrosis
and that do not reveal the presence of hypoperfusion or
hypometabolism in cerebral tissue. CT scans were normal-
ized along a single linear dimension, introducing distortions
in volumes of ROIs. ROIs and lesions were identiWed sub-
jectively. The boundaries of lesions and CSF spaces, which
are invisible on CT scans, were identiWed subjectively. The
study did not identify lesions in white matter tracts or sub-
cortical nuclei. Though many syntactic structures were
examined, syntactic comprehension was only tested on a
single oV-line task.

Dronkers and her colleagues (Dronkers et al., 2004)
studied 64 patients with left hemisphere strokes as well as
eight right hemisphere stroke cases and 15 controls.
Patients were scanned using CT or MR. The patients were
tested on the Western Aphasia Battery (WAB) and the Cur-
tiss–Yamada Comprehensive Language Evaluation
(CYCLE) for sentence comprehension. A voxel-based
lesion-symptom mapping (VLSM) approach to analysis of
the data was reported.
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In this approach, a radiologist identiWed areas on a tem-
plate of the brain (consisting of 11 transverse slices) that
corresponded to lesions in each patient’s brain. Patients
were divided into groups with and without lesions at each
voxel (i.e., as many bifurcations of patients were formed as
there were voxels). For every voxel for which there were at
least eight patients with lesions and eight without lesions,
the groups were examined for diVerences in their perfor-
mance on the CYCLE and on each of its subtests, using a
t-test. Because of the multiple comparisons made on the
same data, a Bonferroni correction was applied to the
resulting t value.5 The resulting corrected t values were dis-
played on the brain templates, much like z-scores in an
SPM analysis, and the authors created regions of interest
based upon the presence of signiWcant t values. The perfor-
mance of patients with and without lesions in Wve areas of
the left hemisphere—the middle temporal gyrus, the ante-
rior superior temporal sulcus, the superior temporal sulcus
and the angular gyrus, midfrontal cortex (said to be in BA
46), and what was said to be BA 47—diVered on the total
CYCLE score. The process was repeated for each subtest of
the CYCLE. These maps overlapped considerably with the
map derived from performance on the CYCLE as a whole.
The authors also divided patients into groups based upon
the presence of lesions in “the bulk” of an ROI, and com-
pared the scores of the resulting groups on the CYCLE and
its subtests using uncorrected t-tests.

The authors interpreted the pattern of subtests that were
diVerent in each of the regions in terms of psycholinguistic
processes that were aVected in patients with and without
lesions in these areas. They suggested that the MTG was
involved with lexical processing, the anterior STS with
comprehension of simple sentences, the STS and the angu-
lar gyrus with short-term memory, and the left frontal cor-
tex with working memory required for complex sentences.
They concluded that neither Broca’s area nor Wernicke’s
area contributes to sentence comprehension and that the
apparent involvement of these regions in previous studies is
“epiphenomenological” and due to the role that adjacent
cortex plays in these processes.

This study also suVers from many limitations. Begining
with the treatment of neurological data, as in the Caplan
et al. (1996) study, the identiWcation of areas and lesions—
including lesion-CSF boundaries—was entirely subjective,
and only structural measures of lesions were considered.
Unlike the Caplan et al. (1996) study, where ROIs were
deWned according to the Rademacher system, in the Dron-
kers’ study, no indication is given of how ROIs were
deWned. It is not clear what “the bulk” of an (undeWned)
ROI consisted of, or whether this measurement diVered for
diVerent ROIs. Lesions in white matter and subcortical
gray matter were not considered. The decision to eliminate

5 Bonferroni correction was not based on the total number of voxels but
eliminated voxels that were both lesioned and adjacent to voxels that were
lesioned so as to reduce “redundancy,” but it is not clear how this process
was applied.
voxels in which seven or fewer patients did or did not have
lesions may have eliminated both Broca’s area and Wer-
nicke’s area (as well as the insula) from consideration, since
these regions may have been spared in fewer than eight
patients (see Hillis et al., 2004; for discussion). The
approach of evaluating the eVects of lesions at each voxel
or at each ROI independently makes no allowance for
interactions of lesions in diVerent locations; in particular,
eVects of total lesion volume are not considered.

With respect to the psycholinguistic analyses, the diVer-
ences in performance that formed the basis for deWcit anal-
yses were those between groups of patients, not diVerences
between patients with lesions in an area and normal sub-
jects. Normals performed at ceiling on all subtests of the
CYCLE; accordingly, judging by Dronkers et al’s Fig. 5, all
the lesions were associated with abnormal performance on
all tests. One might thus conclude that sentence comprehen-
sion and syntactic processing are neurally distributed, were
it not for the fact that why these abnormal performances
occurred cannot be determined from the data presented.

The CYCLE is a sentence–picture matching test with
both syntactic and lexical foils for many items. Errors in
which lexical foils are selected provide evidence for lexical
deWcits and errors in which syntactic foils are selected pro-
vide evidence for sentence-level deWcits, but the authors did
not separate diVerent error types in their analyses. There-
fore, the psychological data are inadequate to support any
of the conclusions the authors come to, or, indeed, any con-
clusions about the deWcits in the patients at all, beyond the
claim that they had abnormal language comprehension.

The most noticeable result of this study is the fact that
lesioned voxels in Broca’s and Wernicke’s areas were not
associated with poor performance compared to patients
without lesions in these voxels. There are several possible
accounts for this Wnding. One, mentioned above, is that
voxels in Broca’s and Wernicke’s areas may have been elim-
inated because they were spared in too few subjects. A more
likely explanation of the failure to Wnd eVects of lesions in
voxels in Broca’s and Wernicke’s areas and eVects of lesions
in adjacent voxels is the uncertainty associated with the
normalization process. The result is, however, potentially
important and requires further study.

Overall, the data available regarding the relationship of
lesions to deWcits in syntactic comprehension are extremely
limited. The goal of Part II of this study was to investigate
the eVect of lesion size and location on syntactic compre-
hension.

2. Methods

2.1. Subjects

All patients who participated in Part I of this study were
recruited for MR and PET scanning, if possible, and 31
patients had MR and PET studies. Twelve control subjects
who participated in the studies in Part I were also scanned.
The patients who were scanned are listed in Table 1.
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2.2. Measures of syntactic processing

The measures of syntactic processing we used and the
results of their use are described in detail in Part I of this
paper. We review them here brieXy.

After screening for lexical input and output disorders and
type of aphasia, subjects were tested on sentences that exam-
ined the ability to structure and understand three syntactic
constructions—passives, relative clauses, and sentences with
reXexive pronouns. These functional abilities were tested by
having patients respond to baseline sentences that did not
contain the construction/element in question or could be
interpreted on the basis of a heuristic and experimental sen-
tences that contained the structure/element and required the
assignment of a complex syntactic structure to be under-
stood. Subjects were each tested in three tasks—object
manipulation (OM), picture matching (SPM) and grammati-
cality judgment (GJ) tasks. Performance was measured by
accuracy, end-of-sentence reaction time (RT), and word lis-
tening times corrected for segment duration and lexical fre-
quency (“residual corrected listening times”).

We selected two types of measures as descriptors of per-
formance. One set of descriptors was based upon patient
factor scores for the Wrst factor of principle components
analyses of accuracy of performance. These scores correlate
with total accuracy and result from a single factor that
accounts for most of the variance in performance. We
argued in Part I that these scores represent the degree of
individual patients’ reduction in the availability of a pro-
cessing resource that aVects performance on all sentences.
The second set of performance descriptors was based on
the diVerences in performance on syntactically complex
versus syntactically simple sentence types. These values are
measures of the ability to assign and interpret the syntactic
structures tested here. We used a variety of measures within
these two sets in diVerent analyses, as discussed below.
Table 1
Demographic information regarding patients who were scanned

Subj. Gender Yrs of ed Age (yrs) at start of behav test Age (yrs) at MRI scan Age (yrs) at PET scan Time betw scans (yrs)

50 001 M 16 52.33 52.53 52.59 0.06
50 002 M 15 51.83 52.93 52.80 0.13
50 004 M 13 67.42 67.91 68.35 0.44
50 005 F 19 49.35 49.44 49.54 0.10
50 006 F 14 69.97 70.18 70.24 0.06
50 007 M 16 59.83 60.01 60.09 0.08
50 009 M 16 77.27 77.49 77.54 0.05
50 010 M 16 56.43 56.68 56.92 0.24
50 011 F 16 63.69 64.62 64.36 0.26
50 013 M 17 75.45 75.76 76.02 0.25
50 014 M 19 39.25 40.00 39.34 0.66
50 015 F 10 68.24 68.71 68.73 0.02
50 016 M 18 67.86 70.25 70.35 0.10
50 017 F 10 67.62 67.91 68.07 0.16
50 018 F 18 54.43 55.14 55.54 0.41
50 020 M 10 72.67 73.16 73.14 0.01
50 022 F 15 58.76 58.84 59.39 0.55
50 023 M 18 49.29 49.44 49.45 0.01
50 025 F 12 57.87 58.21 58.08 0.13
50 026 F 12 68.93 69.11 69.19 0.08
50 027 M 11 49.31 49.56 49.46 0.10
50 036 F 12 44.38 44.47 44.49 0.02
50 037 M 19 50.26 50.40 50.49 0.09
50 043 M 14 40.58 40.75 40.87 0.12
50 044 F 12 24.71 24.76 25.36 0.59
50 045 M 16 49.70 50.12 50.10 0.02
50 046 F 13 84.51 84.69 84.80 0.11
50 050 M 16 57.07 57.13 57.37 0.25
50 051 M 20 54.81 54.88 54.89 0.01
50 052 M 18 45.11 45.39 45.22 0.17
50 054 M 22 76.39 76.44 76.61 0.17

Yrs of ed Age (yrs) at start of behav test Age (yrs) at MRI Scan Age (yrs) at PET Scan Time betw scans (yrs)

All LCVA Ss(N D 31)
Mean 15.3 58.2 58.6 58.7 0.2
SD 3.2 13.1 13.2 13.2 0.2
Range 10–22 24.7–84.5 24.8–84.7 25.4–84.8 0.01–0.66

Controls (N D 12)
Mean 13.5 50.2
SD 4.7 16.0
Range 9–21 48.9–89.9



D. Caplan et al. / Brain and Language 101 (2007) 151–177 157
2.3. Magnetic resonance imaging

MR images were obtained at the Massachusetts General
Hospital (MGH) on a Siemens 1.5 Tesla Signa MR Scanner
(Milwaukee, WI). Image acquisitions included conven-
tional sagittal scout, a coronal T2-weighted sequence and a
coronal volumetric T1-weighted spoiled gradient echo
imaging sequence for volumetric analysis, using the follow-
ing parameters: pulse sequence TRD25 ms, TED 5 ms, Xip
angleD 35, Field of viewD 24 cm, slice thicknessD1.5 mm,
number of slicesD 128 contiguous, coronal images of the
entire brain; matrixD256£256; number of excitationsD 1.

2.4. Gray–white segmentation

Anatomic structures were deWned by primary borders of
signal intensity transitions, which occur at gray–white matter
interfaces or at brain–cerebrospinal Xuid borders (Filipek,
Richelme, Kennedy, & Caviness, 1994). To accomplish seg-
mentation, dynamic signal-intensity based contours were
derived computationally for a speciWed intensity and
adjusted to optimal Wt. Segmentation divided the brain into
its respective hemispheres, and separated it into cerebrum,
cerebellum, and brainstem components (Kennedy, Filipek, &
Caviness, 1989). The cerebrum was further divided into neo-
cortex, white matter, ventricular system, striatum, diencepha-
lon, and hippoamygdala. The cerebellum was divided into
cerebellar cortex and white matter. The output of the seg-
mentation process is depicted in Fig. 1.

2.5. Parcellation

Cortical parcellation built upon the initial segmentation
procedure and subdivided the brain region segmented as
cortex into 48 parcellation units. The framework for parcel-
lation has been described previously (Rademacher et al.,

Fig. 1. Application of segmentation to gray–white matter boundaries (sin-
gle coronal view).
1992). It recognizes the classic lobar subdivisions (frontal,
central, temporal, parietal, occipital, limbic) of the fore-
brain and the hierarchical systems organization of Mesu-
lam (primary analyzers, unimodal association and
polymodal association areas; Mesulam, 1985), and is
roughly referenced to the Brodmann cytoarchitectonic sys-
tem of parcellation (Brodmann, 1909) and to the broader
cytoarchitectonic divisions of Bailey and Von Bonin (1951)
which delineate heterotypical and homotypical cortical
Welds. Cortical parcellation instantiates these frameworks
into an analysis of the cortex into 48 parcellation units
(“PUs”) on the basis of Wssures and sulci and limiting
planes determined by the position of visible landmarks.

The operations in the parcellation process have been
previously described (Caviness, Misson, & Gadisseux, 1989;
Crandall & Caviness, 1989; Filipek et al., 1989). BrieXy, the
Wrst step is the application of a standard coordinate system
to each scan. Three user-speciWed points identiWed the ante-
rior commissure (AC), posterior commissure (PC) and
interhemispheric plane (mid-sagittal point, MSP). The Y
axis was determined by the anterior commissural–posterior
commissural line, the Z axis was set by the intersection of
the interhemispheric plane with the AC–PC line, and the X
axis was orthogonal to the Y and Z axes. Second, sulci were
identiWed and labeled by a neuroanatomically trained tech-
nician. The end-points of selected sulci served as limiting
planes that were marked on multiplanar orthogonal views
to permit them to be tracked three-dimensionally. Parcella-
tion units were then created as the intersections of sulci and
limiting planes. Volumes of parcellation units were derived
by summing the voxels in each PU. The resulting volumes
of PUs are individualized to each brain and are thus not
subject to distortions associated with normalization.

The remainder of the segmented hemisphere, including
central white matter, hippocampus and subcortical gray
matter structures, was parcellated entirely computationally
from the landmarks speciWed in the neocortical parcellation
step plus four additional sub-cortical points speciWed by the
user. The diencephalon was divided into two broad regions,
the thalamus–epithalamus and hypothalamus–subthala-
mus, by an X–Y plane passing through the AC–PC line.
The dorsal thalamus was subdivided into anterior, medial,
lateral and posterior subdivisions; the caudate into head,
body and tail; the putamen into anterior and posterior
subdivisions; and the amygdala was separated from its
apparent continuity with the hippocampal formation. The
internal–external segments of the globus pallidus and
the remainder of the diencephalon were not subdivided.
The central white matter was divided into four concentric
radial domains: (1) the corona radiata, subjacent to the
neocortex; (2) the external sagittal stratum (which includes
ipsilateral longitudinal Wber bundles); (3) the interhemi-
spheric Wbers of the corpus callosum; and (4) the internal
capsule and the fornix-Wmbria Wbers. The corona radiata
was parcellated by proximity into units corresponding to
the overlying neocortical parcellation units. The external
sagittal stratum was parcellated into callosal Wbers,
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cingulate bundle, and superior, inferior, and temporal
strata containing longitudinal intrahemispheric Wbers. The
callosal Wbers, cingulate bundle, and inferior and superior
longitudinal Wbers were parcellated into six divisions along
their antero-posterior course. The corpus callosum was
subdivided into splenium, body (anterior and posterior seg-
ments) and genu.

Figs. 2–4 shows stages in the parcellation process and
the parcellation units that result from this analysis.

2.6. Segmentation in the lesioned brain

For the lesioned hemisphere, segmentation was under-
taken for the same set of gray and white matter structures
as in the unlesioned hemisphere.

The lesion was also segmented. The primary challenge
for execution of the segmentation routines in the lesioned
hemisphere is the reconstruction of lesion-ablated struc-
tures. This was achieved by a combination of intensity bor-
ders, special image analysis techniques to permit
visualization of the lesion borders, and use of correspon-
dence between points of reference in the two hemispheres.

Two types of tissue border may be involved in lesion seg-
mentation, one between necrotic tissue and (apparently)
intact gray or white matter, and the other between necrotic
tissue and CSF-containing spaces. The Wrst was addressed
with intensity contours, as for segmentation in the intact
brain. The second type of tissue border, which arises when
the lesion extends to the cortical surface and has totally
destroyed the cortex and underlying white matter, or
extends to the ventricle, was Wrst visualized by selective high
contrast “windowing” and decreasing the brightness to near
the threshold for visual detection of the image. A “veil” of
surviving meningeal connective tissue that delineates
approximately the cortical surface conWguration becomes
apparent under these conditions. The ependyma at the ven-
tricular boundary of a lesion was established in similar fash-
ion. The inner border of the destroyed cortical ribbon (that
is, the destroyed cortical-white matter border) was estimated
from the average cortical thickness in the opposite hemi-
sphere and is generally about 2–3 mm in width. Fig. 5 illus-
trates the veil of tissue revealed by high contrast windowing
and Fig. 6 illustrates a segmented lesion.

2.7. Parcellation in the lesioned brain

Once a lesioned brain had been segmented, it was par-
cellated with the same procedure used in intact brains. In
addition, the application of the parcellation routines to
20 normal adult brains (Kennedy, Makris, Meyer, &
Caviness, 1995) established features of the two classes of
anatomical landmarks upon which the parcellation sys-
tem is based which were applied to lesion parcellation.
The Wrst class of landmarks is a set of points along the Y
axis that speciWes the location of X–Z co-ordinate planes.
Examples of such points are the tip of the genu and sple-
nium of the corpus callosum at the midline and the ante-
rior and posterior limits of insular cortex, more laterally.
The second class of anatomic landmarks are points that
specify locations deWned by all three of the coordinate
axes. Examples are the intersections of Wssures, such as
the intersections of precentral, central, or postcentral
Wssures with the interhemispheric or sylvian Wssures, or
the junction of the intraparietal and calcarine sulci. With
few exceptions, the mean coordinate positions of these
points for all planes (X, Y, and Z axes) are minimally var-
iant (<2–3 mm) between the two hemispheres. This sym-
metry can be used as a basis for predicting the
coordinates of both classes of points, using their respec-
tive locations in the intact hemisphere of a lesioned brain
to determine their approximate locations in the lesioned
hemisphere. These points survey the principal topo-
graphic regions of the hemisphere suYciently compre-
hensively to guide reconstructions in cavitated lesioned
areas, for both the purposes of segmentation and parcel-
lation. The parcellation of a lesion is shown in Fig. 7.

2.8. Output of segmentation and parcellation

The combined segmentation and parcellation proce-
dures resulted in a total of 48 cortical parcellation units, 47
associated white matter units (corona radiata), 27 deep
white matter units, and 15 subcortical gray matter regions
in each hemipshere. Each of these units was segmented in
two dimensions, as described above, but involved three
dimensions, due to MR-slice thickness. For each brain, the
volume of each parcellation unit was thus expressed as the
number of voxels assigned to that structure. Lesion volume
in each parcellation unit was expressed as the number of
voxels in the lesion in that unit. The extent of damage to
each parcellation unit was expressed as the percent of each
reconstructed parcellation unit that was occupied by a
lesion. Total lesion volume, and lesion volume for combina-
tions of parcellation units described below were calculated.
The resulting volumes of lesions are expressed as percent-
ages of individual patients’ PUs, and, like the volumes of
PUs themselves, are not subject to distortions associated
with normalization.6

2.9. PET scanning

The PET scanner employed in our studies is a GE-
PC4096 + 8-ring tomograph. The physical properties of this
instrument have been described by Rota-Kops, Herzog,
Schmid, Holte, and Feinendegen (1990). BrieXy, the intrin-
sic spatial resolution of the scanner is 6 mm FWHM in both
the transverse and axial directions, with a sensitivity of
5000 cps/�Ci/cc for the straight-across slices. The slice
geometry consists of 15 contiguous slices with a center-to-

6 The occasional small negative value for percent of lesion in a PU or
ROI resulted from the discrepancies in the applications of the segmenta-
tion process to cortical-CSF boundaries in the initial segmentation and le-
sion segmentation.
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Fig. 3. Coronal view of parcellation: (A) cortical, (B) subcortical and. (C) white matter.
Fig. 2. Lateral view of hemisphere indicating Wssures, sulci and limiting planes that determine parcellation units in the Rademacher system and the result-
ing lateral cortical parcellation units.
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center separation of 6.5 mm and a total axial Weld of
97.5 mm. Images are reconstructed with a conventional
Wltered back-projection algorithm, including corrections
for scattered radiation, attenuation, dead time, detector
nonuniformity and random coincidences.
2.10. Study conditions

The PET imaging suite consists of three areas: (1) a PET
scanning room, (2) a control and observation room and (3) a
computer room. The PET scanning room has been designed
Fig. 4. Coronal view of cortical parcellation throughout hemisphere.
Fig. 5. High contrast views of lesions showing veil of (A) meningeal tissue and (B) ventricular ependyma at lesion-CSF interfaces.
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to provide for control of ambient light, temperature and noise
levels. Operation of the PET scanner and visual monitoring of
the subject in the PET scanner were done from the control
room. Personnel contact with the subject was minimized con-
sistent with good medical practice. Subjects received an intra-
venous injection of 10mCi (370mBq) in the antecubital vein
60min before the scan session. During scanning, subjects were
positioned supine with their head restrained using a custom-
molded head holder. A laser positioning system was used to
align scan planes to the canthomeatal line with the midsagittal
plane vertical. To ensure full axial coverage of the brain, PET
scans were obtained in two bed positions and subsequently
assembled into a single volume. Transmission scans were
obtained with a rotating 68Ge rod source.

2.11. Cognitive task before scanning

Subjects performed the sentence–picture veriWcation
task that was used in the screening portion of the study (see

Fig. 6. Segmentation of lesion.

Fig. 7. Parcellation of lesion (single coronal view).
Part I). Ten sentence types (active, active with conjoined
theme, dative, passive, truncated passive, dative passive,
cleft object, conjoined, object–subject, and subject–object)
were presented auditorily, and subjects matched each spo-
ken sentence to either the correct picture or a syntactic foil,
using the nonparetic hand. The task occupied the Wrst
30 min after the injection, when most isotope uptake is mea-
sured.

This task was performed for two reasons. First, it served
to put each subject into a reasonably controlled cognitive
state, as compared with the more common “resting state
with eyes closed,” during which subjects may be engaging
in a wide range of uncontrolled mental activity. Second, the
use of this activation paradigm ensured that we did not
underestimate the glucose utilization (regional metabolic
rate of glucose, rMRGlu) in the regions that are involved in
sentence comprehension and syntactic processing. It is well-
established that local metabolism as measured by FDG
PET Xuctuates as a function of task (Alavi, Reivich, Green-
berg, & Wolf, 1982; Mazziotta, Phelps, Carson, & Kuhl,
1982). Because subjects performed a comprehension task
that requires syntactic processing, glucose utilization that is
associated with these operations was maximized. Any resid-
ual hypometabolism is thus not a result of subjects not
engaging the areas that support these functions to the max-
imal extent they can, but a result of limitations in glucose
utilization in these areas.

Fig. 8. Superimposition of PET on MR outline. Arrows indicate diVerence
in FDG PET uptake in left and right temporal lobe.
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2.12. PET to MR registration

Prior to image registration, MR data were reoriented to
the coronal projection with the midsagittal plane perpen-
dicular to the coronal slices. MR image intensities corre-
sponding to scalp, skull and meninges were removed. PET
images were reoriented to the coronal projection and image
registration was performed automatically assuming a rigid-
body model that accounted for diVerences in voxel size
between the PET and MR. An intensity-based algorithm
iteratively varied pitch, roll, yaw and x-, y-, and z-displace-
ments until a least squares cost function was minimized
(Alpert, Berdichevsky, Levin, Morris, & Fischman, 1996).
Following registration, the PET images were resliced
according to the registration parameters, using trilinear
interpolation, to match the MR. Fig. 8 illustrates superim-
position of PET or MR.

2.13. Partial volume correction

Due to the diVering intrinsic resolutions of the MR and
PET imaging system, the partial volume eVects of the high-
resolution MR-based anatomic deWnitions must be com-
pensated for in the interpretation of the lower-resolution
PET data. We used the MR data to create a partial volume
correction factor to ‘correct’ the PET data relative to the
MR resolution. To do this, for each subject we: (1) created
a ‘synthetic’ image from segmentation by masking non-
brain structures and Wlling gray, white and CSF structures
as determined by the MR segmentation; (2) smoothed this
synthetic image to the eVective PET resolution (6 mm3); (3)
created a partial volume correction image by calculating
the ratio of original synthetic to smoothed image in order
to represent partial volume and smoothing eVects when
changing resolution; (4) applied this correction to the PET
image by multiplying the original PET image by correction
image.

2.14. Application of MR anatomic ROIs to coregistered PET

We used the MR-based anatomic regions for lesion
localization and volumetric analysis of the PET data. We
applied each MR-deWned PU to the partial-volume-cor-
rected PET image to identify the PUs in the PET scans. For
each PU, we determined the number of MR voxels and the
average and standard deviation of the PET signal in the
entire PU and in the portion of each PU that was unle-
sioned. We then calculated mean PET counts per voxel in
the entire PU and in the unlesioned part of each PU, result-
ing in a table of regional PET metabolic measurements per
subject on a PU by PU basis.

2.15. Normalization of PET counts

To adjust for variability in metabolic rates across sub-
jects, rMRGlu was expressed as a percentage of rMRGlu in
the right hemisphere PUs that fell in the distribution of the
anterior and posterior cerebral arteries. This adjustment
was chosen as follows.

The most common adjustment for variability in meta-
bolic rates across subjects is to express rMRGlu in regions
of the brain as a percentage of each individual’s average
whole brain metabolism. This adjustment is inappropriate
for a stroke population, however, because the total brain
metabolism is reduced in diVerent brain regions because of
diVerences in the size of the stroke in diVerent subjects.
Because of this, smaller strokes would lead to normaliza-
tion by a larger denominator and an inappropriate overall
decrease in the resulting value of rCBF. The use of such val-
ues in regression analyses would lead to a statistical arti-
fact, according to which smaller strokes were associated
with lesser degrees of hypometabolism. What is needed as a
normalizing factor is an area of brain in which metabolism
is unaVected by the stroke. Metabolism is likely to be
aVected in brain regions connected to the region of infarc-
tion by white matter tracts, because of de-aVerentation of
those areas, and in brain regions supplied by the same cere-
bral artery as the one in whose territory the infarction
occurred, the middle cerebral artery in the case of the
patients studies. We therefore, considered three regions that
did not fall into these categories as possible regions that
could serve as the basis for normalizing each subject’s
rMRGlu—the contralesional PUs in the distribution of the
anterior cerebral artery, the contralesional PUs in the dis-
tribution of the posterior cerebral artery, and the ipsile-
sional cerebellum. All of these areas are ones that are
supplied by a diVerent vascular branch and that do not
have signiWcant white matter connections to the lesions in
the patients in this series. To determine whether these areas,
singly or in various combinations, provided acceptable
bases for normalizing PET counts in the parcellation units
provided by the segmentation and parcellation algorithms,
we undertook two analyses.

First, we determined whether the use of these regions as
normalizing baselines diVered from the use of the “gold
standard” whole cerebrum in normal subjects. We calcu-
lated the ratio of mean PET counts per voxel in each par-
cellation unit in each normal subject in the series to the
mean PET counts per voxel in that subject in (1) the entire
brain, (2) the combination of the contralesional PUs in the
distribution of the anterior and posterior cerebral arteries,
(3) the ipsilesional cerebellum and (4) the combination of
the contralesional PUs in the distribution of the anterior
and posterior cerebral arteries and the ipsilesional cerebel-
lum. We then correlated these ratios across the 12 normal
subjects that had been scanned. The correlation between
the ratios as a function of the whole brain and the combina-
tion of the contralesional PUs in the distribution of the
anterior and posterior cerebral arteries was .91. The corre-
lation between the ratios as a function of the whole brain
and the ipsilateral cerebellum was lower (.44), and correla-
tion between the ratios as a function of the whole brain and
the combination of PET counts in the ipsilateral cerebellum
and the contralesional AC/PC parcellation units was .82.
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The contralesional AC/PC parcellation units thus provided
a basis for normalization that is highly similar to the whole
cerebrum in normals.

Second, we determined whether mean PET counts per
voxel in the contralesional AC/PC parcellation units
diVered in patients and controls, and whether this was the
case in other parcellation units. The mean PET counts per
voxel in the contralesional AC/PC parcellation units did
not diVer in patients and controls, whereas the mean PET
counts per voxel in the other contralesional parcellation
units, which were connected to PUs in the areas of infarc-
tion, did—indicating that the lesions aVected metabolism in
the corresponding PUs of the opposite hemisphere and that
metabolism was spared in PUs opposite unlesioned areas of
the left hemisphere.

On the basis of these two analyses, we utilized the mean
PET counts per voxel in the contralesional AC/PC parcella-
tion units as the baseline for normalization of each
patient’s mean PET counts per voxel in all parcellation
units. We then expressed PET activity as mean normalized
PET counts per voxel in each PU and the unlesioned part
of each PU, and amalgamated these values into the corre-
sponding measures in selected ROIs consisting of combina-
tions of PUs as described below.

2.16. Regions of interest (ROIs)

The percent of MR lesion and mean normalized PET
count per voxel were computed for combinations of parcel-
lation units that make up regions of the brain that have
been suggested as loci of syntactic operations. Six such
regions of interest (ROIs) were identiWed.

The Wrst was the inferior frontal region—the inferior
frontal gyrus pars opercularis and triangularis and the adj-
ent portion of the frontal operculum, corresponding to
Broca’s area and consisting of the Rademacher et al. (1992,
1993) PUs F3o, F3t, and FO. In terms of the macroscopic
landmarks (i.e., gyri and limiting planes in this system), this
region consists of the pars triangularis and opercularis of
the inferior frontal gyrus and the frontal Sylvian opercular
association cortex from a coronal plane at the level of the
ventral termination of the precentral gyrus to a coronal
plane at the level of the rostral termination of the anterior
ascending ramus of the Sylvian Wssure.

The second ROI was the posterior half of the superior
temporal gyrus, corresponding to Wernicke’s area and con-
sisting of the Rademacher PU T1p. In terms of the macro-
scopic landmarks consisting of gyri and limiting planes in
this system, this region consists of the portion of the supe-
rior temporal gyrus posterior to a coronal plane at the level
of the ventral termination of the central gyrus and anterior
to a coronal plane at the level of the ventral end of the pos-
terior ascending ramus of the Sylvian Wssure.

The third ROI was the inferior parietal lobe, correspond-
ing to the angular and supramarginal gyri and consisting of
the Rademacher PUs AG, SGa and SGp. In terms of the
macroscopic landmarks consisting of gyri and limiting planes
in this system, the angular gyrus (parcellation unit AG)
extends from the inferior tip of the intermediate sulcus of
Jensen anteriorly to the anterior occipital sulcus posteriorly
and from the superior temporal and anterior occipital sulci
ventrally to the intraparietal sulci dorsally; the anterior por-
tion of the supramarginal gyrus (parcellation unit SGa) is
deWned by the posterior horizontal and ascending rami of the
Sylvian Wssure ventrally, the intraparietal sulcus dorsally, the
post-central sulcus anteriorly, and the anterior occipital sul-
cus posteriorly, including the parietal operculum; the poster-
ior portion of the supramarginal gyrus (parcellation unit
SGp) is deWned by the superior temporal and anterior occipi-
tal sulci ventrally, the posterior horizontal and ascending
rami of the Sylvian Wssure dorsally, a coronal plane passing
through the inferior tip of the intermediate sulcus of Jensen
anteriorly, and the anterior occipital sulcus posteriorly.

The fourth was the insula, consisting of the Rademacher
PU Ins, deWned by the circular sulcus of the insula, which
constitutes its anterior, superior, posterior and inferior bor-
ders, the sylvian Wssure laterally, and the external capsule
medially.

As reviewed above, the perisylvian association cortex
has been implicated in sentence comprehension and syntac-
tic processing, and some researchers argue that certain
parts of this region are specialized for particular syntactic
operations, with Broca’s area, and sometimes the insula,
being contrasted with posterior lesions in this regard.
Accordingly, in addition to considering these four regions
as subdivisions of the perisylvian association cortex, the
ROIs called “Wernicke’s area” and the “inferior parietal
lobe” were combined into a larger ROI called the “poster-
ior perisylvian cortex,” which was contrasted in some anal-
yses with an “anterior perisylvian cortex” ROI that
consisted of Broca’s area itself.

In addition to these four perisylvian ROIs, we also con-
sidered two other, non-perisylvian, regions.

The Wrst of these non-perisylvian regions, and the Wfth
region on the total list of ROIs, was the inferior anterior
temporal lobe, corresponding to the inferior temporal gyrus
and the temporal pole, and consisting of the Rademacher
PUs T3a, T3p, and TP. T3a is bordered anteriorly by Plane
B (a line passing through the terminations of the superior
and inferior temporal sulci, see Fig. 2), and posteriorly by
Plane C (a line parallel to plane B at the level of Heschl’s
gyrus). T3a is bordered medially by the inferior temporal
Wssure, and laterally by the temporo-occipital sulcus. T3p is
deWned anteriorly by plane C, posteriorly by Plane D (a line
parallel to plane B at the level of the termination of the Syl-
vian Wssure), laterally by the inferior temporal sulcus and
medially by the temporo-occipital sulcus. TP is bordered by
the hemispheric margin anteriorly, superiorly, inferiorly,
medially and laterally and Plane B is its posterior border.

The second non-perisylvian region, and the sixth region
on the total list of ROIs, was the superior parietal lobe, cor-
responding to the region posterior to the postentral gyrus
and the precuneus and consisting of the Rademacher PUs
SPL and PCN. SPL is deWned inferiorly by the intraparietal
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sulcus and superiorly by the hemispheric margin; its ante-
rior border is the postcentral sulcus. Its posterior border is
plane F (a line parallel to plane B at the level of the external
occipital notch). PCN is deWned inferiorly by the calcarine
sulcus in its middle portion, posteriorly by the parieto-
occipital sulcus, anteriorly by the subparietal sulcus and the
callosomarginal portion of the cingulate sulcus, and superi-
orly by the hemispheric margin.

We recognize that this selection of ROIs does not exhaust
the set of ROIs that some researchers might consider critical
for aspects of sentence comprehension or syntactic process-
ing. It is, however, completely inclusive with respect to the
cortical areas that have been suggested as supporting these
functions. DiVerences between this list and other lists that
could be compiled consist of subdividing the ROIs selected
here (e.g., one might want to consider the inferior temporal
cortex alone, without the temporal pole, or the anterior por-
tion of the inferior temporal cortex alone, or the superior
temporal sulcus alone), or combining certain ROIs (e.g., one
might want to combined “Broca’s area” and the insula into
an “anterior perisylvian region”). The set of ROIs selected
here is thus a reasonable delineation of the space of brain
areas in which to examine the relationship of lesions to
abnormal performance. It is possible that diVerent deWnitions
of regions might yield diVerent pictures of the relationship of
lesions to abnormal performance; readers interested in
exploring particular ROIs should contact the authors.

3. Results

The percent of each MR lesion in the entire cerebral cor-
tex, in the white matter of the left hemisphere, in each of
these six cortical areas in the left hemisphere, and in some
combinations of regions, and mean normalized PET
counts/voxel in the residual unlesioned tissue in these six
cortical areas in the left hemisphere, are listed for each
patient in Table 2. The measures of lesion volume and met-
abolic activity show wide variability in lesion size and loca-
tion across patients and across regions.

3.1. Scatterplots and correlations

We created and examined scatterplots of lesion vs. per-
formance measures. Measures of lesion consisted of percent
lesion in Broca’ area, the insula, Wernicke’s area, the infe-
rior parietal lobe, the entire perisylvian cortex, the anterior
inferior temporal lobe, and the superior parietal lobe. Mea-
sures of performance consisted of patient scores on the Wrst
factors of unrotated principal components analyses based
on accuracy on all sentence types in the three tasks with
whole sentence presentation (OM, SPM, GJ), and the com-
bined syntactic complexity scores in OM and SPM.7

7 As a reminder, syntactic complexity scores consisted of diVerences in
accuracy, RT and residual corrected listening times for words in critical
positions in experimental versus baseline sentences for the active/passive
and subject/object relativization contrasts.
Because there are so many scatterplots, and because they
constitute a preliminary descriptive approach to lesion-per-
formance relations, we only summarize the main Wndings
here, without presenting the data for inspection. Readers
wishing to obtain these plots should contact the authors.

The Wrst salient observation was that, for each ROI,
there was a large range of scores on all performance mea-
sures in patients who had a lesion in that area. This pro-
vides some evidence that the functions that underlie these
performance measures are not universally necessarily exclu-
sively localized in any of the ROIs sampled here. If a func-
tion that was necessary for the performance sampled by
any of these measures was invariantly localized in one of
these ROIs and no other ROI could assume this function, it
would not be possible for a lesion to occur in that ROI and
leave that function—and therefore the performance sam-
pled by that measure—intact. Evidence that bears more
directly on whether the functions tested here are invariantly
localized in any of the ROIs selected will be presented and
discussed below.

Second, for patients who have lesions in any region, the
relationship between lesion size and performance was gen-
erally monotonic. Increasing values of Wrst factor scores,
which were highly correlated with overall accuracy, were
negatively correlated with lesion volumes, and larger syn-
tactic complexity scores, which result from larger diVer-
ences between syntactically complex and syntactically
simple sentences and thus reXect poorer ability to process
syntactic structures, were positively correlated with lesion
volumes. This was conWrmed in correlation analyses
between lesion and performance measures, excluding
patients who had no lesion in an anatomical area. A sum-
mary of the results is presented in Table 3. This result is not
surprising. It increases the credibility one can place in this
data set.

3.2. Regression analyses

The Wrst approach we took to determining the eVect of
lesions on syntactic processing was the use of regression
analysis. Regression analyses calculate the best-Wtting lin-
ear relationships between several independent (predictor)
variables (IVs) and a single dependent variable (DV)—in
this case, between measurements of lesion size and metabo-
lism in various areas (IVs) and measures of performance
(DVs). Regression analyses indicate whether the combina-
tion of IVs in the model accounts for a signiWcant amount
of the variance in the DV and which IVs account for this
variance.

We performed both standard and step-wise regressions.
In standard regression, all IVs are entered into the model
and each IV is associated with its own (unique, unshared)
variance; IVs are retained if their inclusion in the Wnal
model signiWcantly increases the variance in the DV that
the resulting model accounts for. In the most neutral appli-
cation of step-wise regression, all IVs are entered into the
model and the variable accounting for the most variance is
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(continued on next page)
Table 2 
(A) Percent MR lesion in ROIs

Subj. % Broca’s Area 
(F3o, F3t, FO) 
lesioned

% Parietal part 
of post. 
perisylvian 
(AG, SGa, SGp) 
lesioned

% Insula (Ins) 
lesioned

% Temporal part 
of posterior 
perisylvian (T1p) 
lesioned

% Inferior and 
anterior 
temporal 
(T3a, T3p, TP) 
lesioned

% Superior 
parietal 
(PCN, SPL) 
lesioned

% Subcort 
lesion

% LH 
cortical 
lesion

50 001 1.539 0.000 18.063 0.000 ¡0.027 0.000 3.443 1.260
50 002 0.000 0.527 0.263 0.240 0.247 0.000 5.824 1.426
50 004 0.000 0.003 0.012 0.000 0.000 0.002 1.617 0.401
50 005 100.000 9.664 98.799 11.960 23.955 9.117 15.152 21.666
50 006 1.702 8.666 ¡2.132 ¡0.064 0.000 ¡0.005 1.660 0.712
50 007 91.610 54.499 100.000 46.926 39.737 7.852 13.895 19.323
50 009 19.483 0.000 3.921 0.000 0.109 0.000 2.614 1.410
50 010 0.000 0.000 0.000 0.000 0.000 0.000 0.620 0.000
50 011 0.000 0.000 0.000 0.000 0.000 0.000 0.581 0.000
50 013 0.000 41.710 0.000 16.432 0.000 1.932 2.275 3.868
50 014 44.500 35.168 1.241 0.000 ¡1.823 2.546 1.130 1.564
50 015 2.091 0.000 0.612 0.000 0.000 0.000 7.289 17.933
50 016 0.000 3.892 0.187 0.816 0.000 85.608 6.514 8.943
50 017 16.410 73.879 67.627 9.625 0.208 16.850 8.835 9.660
50 018 39.436 6.969 65.896 0.000 0.000 0.000 4.705 6.834
50 020 0.000 16.165 61.708 5.094 0.000 1.892 6.412 10.529
50 022 41.252 0.000 13.648 0.000 0.000 0.000 1.778 3.744
50 023 100.000 81.763 100.000 100.000 65.517 6.372 12.310 22.516
50 025 55.839 7.085 100.000 27.863 38.074 ¡0.004 12.446 12.029
50 026 78.280 1.206 92.637 0.895 ¡0.005 ¡1.275 10.041 8.592
50 027 5.490 69.289 6.480 4.230 2.335 11.715 10.515 13.267
50 036 11.823 0.000 ¡2.867 0.000 0.000 0.000 5.493 7.767
50 037 19.809 ¡0.065 78.791 1.418 0.145 0.022 2.228 4.254
50 040 35.210 42.386 58.085 ¡7.173 ¡1.258 0.151 9.126 8.487
50 043 33.176 0.000 9.207 0.000 0.000 0.000 1.226 2.079
50 044 87.018 88.533 100.000 6.252 16.343 56.070 21.095 42.901
50 045 39.196 62.122 100.000 84.055 4.769 2.616 8.388 14.324
50 046 0.637 2.762 2.503 ¡4.852 0.670 0.149 6.436 0.680
50 050 100.000 56.833 99.149 65.974 48.039 0.028 18.143 26.611
50 051 0.000 0.000 7.941 0.000 0.000 0.000 2.597 2.058
50 052 39.083 7.932 100.000 5.538 0.000 0.377 5.172 10.306
50 054 0.000 5.456 23.572 19.933 0.000 0.079 1.823 3.513

(B) Mean normalized PET counts/voxel in residual tissue in ROIs

Subj. Broca’s area 
(F3o, F3t, FO)

Posterior perisylvian–
parietal (T1p)

Posterior perisylvian–
temporal 
(AG, SGa, SGp) 

Insula 
(Ins) 

Inf ant temporal 
(T3a, T3p TP) 

Superior parietal 
(SPL, PCN)

50 001 0.1742 0.1326 0.1692 0.0762 0.0854 0.1016
50 002 0.3564 0.1819 0.0996 0.1277 0.0912 0.1075
50 004 0.3660 0.1484 0.2978 0.1102 0.1400 0.1117
50 005 0.0000 0.0856 0.2216 0.0889 0.1229 0.1360
50 006 0.3473 0.1791 0.2397 0.1255 0.1444 0.0895
50 007 0.1024 0.2047 0.1270 0.0000 0.0973 0.1478
50 009 0.2147 0.1916 0.2205 0.1038 0.1389 0.1171
50 010 0.4247 0.1202 0.2781 0.0891 0.1214 0.0955
50 011 0.4483 0.1535 0.3054 0.1134 0.1495 0.1287
50 013 0.2164 0.1092 0.1908 0.1305 0.1351 0.1396
50 014 0.3657 0.1530 0.1926 0.1398 0.1450 0.1125
50 015
50 016 0.2866 0.2088 0.2103 0.1288 0.1398 0.0910
50 017 0.2606 0.2101 0.1801 0.1630 0.1227 0.1327
50 018 0.3145 0.2472 0.2105 0.1493 0.1318 0.1338
50 020 0.5068 0.2878 0.1840 0.1490 0.1911 0.1467
50 022 0.5309 0.2713 0.2512 0.1827 0.1764 0.1056
50 023 0.0000 0.1486 0.0000 0.0000 0.1122 0.1265
50 025 0.1537 0.0717 0.0942 0.0000 0.0682 0.1025
50 026 0.1362 0.2590 0.1317 0.1619 0.1276 0.0971
50 027 0.3399 0.2019 0.3095 0.1044 0.1279 0.0970
50 036 0.6887 0.2746 0.2307 0.1454 0.1413 0.2172
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retained and associated with all its variance, both unique
and shared. Subsequent steps in the regression add IVs in
the order of the total amount of variance that each
accounts for (both unique and shared), and the Wnal model
retains IVs up to the point that additional IVs do not sig-
niWcantly increase the variance accounted for. We used
both these approaches.

Regression analyses would be expected to return IVs in
models in diVerent ways depending on the relationship of a
lesion in a brain area to performance. All predictions that
can be made about the results of regression analyses
assume that, within a region that supports a function,
impairment of that function is linearly related to the size of
a lesion. The diVerent models make diVerent predictions
about the regions in which this relationship will be found. If
a particular function is always impaired by a lesion in a
particular brain region, as the invariant localizationist
model maintains, that region would be expected to emerge
as an IV that accounts for a signiWcant amount of the vari-
ance in measures of that function. If a number of regions
contribute to the function, as the distributed and individual
diVerences models maintain, large ROIs that include these
regions would be expected to account for a signiWcant
amount of the variance in measures of that function. If
diVerent regions contribute to the function in diVerent indi-
viduals, as the individual diVerences models maintain, these
separate regions would be expected to account for a signiW-
cant amount of the variance in measures of that function.
3.3. IVs

We used both MR and PET measures of lesion as IVs in
the regression analyses. The MR measures consisted of per-
cent lesion volume in the ROIs described above, as well as
measures of lesion size in the entire left hemisphere, the left
hemisphere cortex, the left hemisphere subcortical region,
the entire perisylvian cortex, and the anterior and posterior
portions of the perisylvian cortex. The PET measures con-
sisted of mean normalized PET counts per voxel in the
unlesioned parts of these areas. Since patients may improve
with the passage of time, both because of natural recovery
and as a result of therapeutic interventions, we also used
time since stroke as an IV to see if it determined a signiW-
cant amount of variance in performance. The eVect of
lesions may also diVer as a function of age; we therefore
also entered age as an IV in regressions.

3.4. DVs

We selected two sets of behavioral measures to be used
as DVs in these analyses. These measures capture the most
important features of behavior as revealed by the analyses
reported in Part I and correspond to variables of theoreti-
cal interest from the point of view of syntactic processing.

The Wrst of these sets of DVs consisted of Wrst factor
scores of Principal Components Analyses based on
accuracy. These scores capture the great majority of the
Table 2 (continued) 

Subj. Broca’s area 
(F3o, F3t, FO) 

Posterior perisylvian–
parietal (T1p) 

Posterior perisylvian–
temporal 
(AG, SGa, SGp) 

Insula 
(Ins) 

Inf ant temporal 
(T3a, T3p TP) 

Superior parietal 
(SPL, PCN)

50 037 0.2933 0.3432 0.1452 0.1726 0.1624 0.1150
50 040 0.1771 0.2469 0.5957 0.1814 0.2212 0.1203
50 043 0.2567 0.1748 0.3468 0.1397 0.1632 0.1073
50 044 0.3820 0.1889 0.2890 0.0000 0.1795 0.0767
50 045 0.1439 0.2433 0.1998 0.0000 0.1062 0.1117
50 046 0.4415 0.3526 0.2944 0.1937 0.2375 0.1776
50 050 0.0000 0.1048 0.1552 0.1671 0.1321 0.1225
50 051 0.0971 0.1998 0.1463 0.0893 0.0910 0.1132
50 052 0.3124 0.2079 0.2269 0.0000 0.1123 0.1009
50 054 0.4277 0.2309 0.1956 0.1438 0.1693 0.1330
Table 3
Correlation of behavioral measures with percent lesion

Top line, r value; bottom line, p value. Legend: OM, enactment; SPM, sentence–picture matching; GJ, grammaticality Judgment; Fac1, Wrst factor score;
SynCom, combined syntactic complexity score.

Broca InfPar Wernicke Insula Perisylvian SupPar AntInfTemp totLH

OM_Fac1 ¡0.44 ¡0.34 ¡0.46 ¡0.25 ¡0.67 ¡0. 67 ¡0.55 ¡0.50
0.07 0.16 0.11 0.28 0.00 0.00 0.05 0.00

SPM_Fac1 ¡0.38 ¡0.08 ¡0.72 ¡0.39 ¡0.49 0.09 ¡0.76 ¡0.33
0.12 0.76 0.01 0.08 0.02 0.72 0.00 0.07

GJ_Fac1 ¡0.37 ¡0.19 ¡0.19 ¡0.41 ¡0.42 ¡0.06 ¡0.50 ¡0.33
0.13 0.44 0.52 0.06 0.05 0.82 0.08 0.07

OMSynCom 0.41 0.11 0.73 ¡0.02 0.34 ¡0.23 0.55 0.12
0.09 0.65 0.00 0.92 0.12 0.37 0.05 0.53

SPMSynCom 0.31 0.49 0.19 0.01 0.39 0.17 0.15 0.38
0.21 0.04 0.53 0.97 0.08 0.51 0.62 0.03
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variance in accuracy, have loadings for all sentence types,
and correlate almost perfectly with total accuracy, which
the analyses in Part I showed was not a result of speed-
accuracy trade-oVs. These scores thus reXect a factor that
aVects performance on all sentences, most likely a measure
of resource availability, as discussed in Part I and below.

The second set of DVs captured syntactic processing
functions. The analyses in Part I indicated that two syntac-
tic variables—the contrast between passives and actives
and that between object- and subject-extracted relative
clauses, both measures of the two classic contrasts in syn-
tactic research in aphasia—exerted eVects on performance.
The principal measure we used to study the eVects of
lesions on syntactic processing thus consisted of each sub-
ject’s mean performance on active, cleft subject and subject
subject sentences minus his/her mean performance on full
passive, truncated passive, cleft object and subject object
sentences—a “combined syntactic complexity” score. We
also used the active–passive and subject–object extracted
diVerences as dependent measures separately. For each of
these measures, we used accuracy and residual corrected lis-
tening times on the critical words in the sentences in indi-
vidual tasks and in various combinations of tasks as
dependent measures.8

3.5. Sequence and structure of regression analyses

To maintain an acceptable ratio of IVs to DVs (usually
considered to be 5:1, though higher ratios are desirable), we
restricted the number of IVs in any one regression to six.
We therefore, undertook a series of regression analyses. We
Wrst examined the possible contributions of time since
lesion and age on performance. We then turned to an exam-
ination of the eVects of lesion size and location, beginning
with eVects of larger brain regions, and then turning to the
eVects of smaller regions. Finally, we examined the eVects of
PET activity on performance.

SpeciWcally, we Wrst performed standard regressions in
which we entered measures of percent total left hemisphere
MR lesion volume and time since lesion (in one analysis)
and percent total left hemisphere MR lesion volume and
age (in a second) as IVs. We then systematically explored
the relationship between MR lesion size and site and per-
formance, beginning with large divisions of the forebrain
and progressively honing in on smaller areas, and extending
the IVs to include regions outside the perisylvian cortex. In
separate regressions, IVs consisted of: (a) percent lesion in
the left hemisphere; (b) percent subcortical lesion and per-

8 We did not include all DVs that one might extract from the data based
upon the empirical analyses of Part I. For instance, the increased complex-
ity of sentences with a third noun phrase compared to sentences with re-
Xexive pronouns is captured in many performance measures, but we did
not use any of these as DVs. Our focus in this study is on syntactic process-
ing; DVs such as these cannot be related to syntactic processing demands
and we thus considered them beyond the scope of this present work. Other
possible DVs were also not selected. Interested readers are invited to con-
tact the authors to discuss analyses relevant to speciWc topics of interest.
cent cortical lesion; (c) percent lesion in Broca’s area, the
insula, Wernicke’s area, and the inferior parietal lobe; and
(d) percent perisylvian lesion, percent lesion in the superior
parietal area and percent lesion in the anterior inferior tem-
poral area. We then repeated these analyses, with slightly
diVerent combinations of regions as IVs, using PET as the
measure of lesion.

We regressed these IVs onto eight DVs: (a) subject
scores on the Wrst factor of a PCA based on accuracy on all
sentence types in the three tasks with whole sentence pre-
sentation (“combined Wrst factor scores”); (b) subject
scores on the Wrst factor of a PCA based on accuracy on all
sentence types in OM; (c) subject scores on the Wrst factor
of a PCA based on accuracy on all sentence types in SPM
with full-sentence presentation; (d) subject scores on the
Wrst factor of a PCA based on accuracy on all sentence
types in GJ with full-sentence presentation; (e) the com-
bined syntactic complexity score in OM; (f) the combined
syntactic complexity score in SPM with full-sentence pre-
sentation; (g) the diVerence in residual corrected listening
times for the verb of CO and the object noun of CS sen-
tences (a measure of on-line processing demand associated
with object-relativization) in SPM with AMW presenta-
tion; and (h) the diVerence in residual corrected listening
times for the verb of CO and the object noun of CS sen-
tences in GJ with AMW presentation.

3.6. EVect of time since lesion and age on performance

The Wrst analyses were designed to determine whether
inclusion of time since lesion or age increased the amount
of variance accounted for by measures of lesion volume
based on MR. Time since lesion was retained as a signiW-
cant factor in one analysis: the regression onto the com-
bined complexity score in SPM. Age was not signiWcant in
any regression.

3.7. EVects of lesion location and size on performance

The above analyses indicate that time since stroke and
age have little to no eVect on measures of total comprehen-
sion or syntactic processing, once the total volume of a
lesion as measured on MR is considered. We therefore sys-
tematically explored the relationship between MR lesion
size and site and performance without further consider-
ation of these factors.

3.8. Regressions using MR-based IVs

The results of the standard regression analyses are sum-
marized in Table 4. The complete set of regressions is pre-
sented in Appendix A (available on www).

Beginning with the Wrst factor scores, in the standard
regressions, measures of the extent of lesion in large areas—
either the entire left hemisphere and/or the combination of
left hemisphere cortex and white matter—were signiWcant
predictors of Wrst factor scores on all three tasks with whole
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sentence presentation combined and on the two tasks that
require comprehension (OM and SPM) in isolation. Per-
cent lesion volume in the perisylvian cortex, either alone or
in combination with percent lesion volume in the extra-
perisylvian areas included as IVs, predicted Wrst factor
scores in all tasks combined, in OM and/or in SPM.

Within regressions that contained combinations of IVs,
diVerent IVs were signiWcant in diVerent analyses. Percent
lesion in Wernicke’s area was signiWcant in the regression
onto Wrst factor scores in SPM. Percent lesion in both the
superior parietal lobe and anterior inferior temporal lobe
were each signiWcant in regressions onto combined Wrst fac-
tor scores and Wrst factor scores in OM. Percent lesion in
the anterior inferior temporal lobe was individually signiW-
cant in the regression onto Wrst factor scores in SPM.

In contrast to the ability of percent lesion volume in
many ROIs to predict Wrst factor scores, very few standard
regressions yielded signiWcant results when the DVs were
combined syntactic complexity scores. In OM, percent
lesion volume in the ROIs that make up the perisylvian cor-
tical region was retained as a signiWcant predictor, and total
lesion volume was retained in SPM. Within the perisylvian
cortex, Wernicke’s area was retained.

No regressions using the online measure of syntactic
processing as a DV were signiWcant.

A summary of the results of the step-wise regressions is
presented in Table 5.

In the step-wise regressions using Wrst factor scores as
DVs, all regressions onto the Wrst factor scores on all three
tasks with whole sentence presentation combined and onto
the individual tasks requiring comprehension (OM and
SPM) with whole sentence presentation were signiWcant.
Percent total hemisphere lesion and percent left hemisphere
cortical lesion also predicted this score in GJ. Within the
perisylvian cortex, percent lesion in the inferior parietal
region predicted this score in OM, and percent lesion in
Wernicke’s area predicted this score in SPM. In the regres-
sion with non-perisylvian regions as IVs, percent lesion in
both the superior parietal lobe and the anterior inferior
temporal lobe were retained in the regressions onto the
combined Wrst factor scores and the Wrst factor scores in
OM, and percent lesion in the anterior inferior temporal
lobe was retained in the regression onto the Wrst factor
scores in SPM.

In step-wise regressions using the combined syntactic
complexity score as the DV, percent lesion volume in Wer-
nicke’s area, percent lesion volume in the inferior parietal
lobe and percent lesion volume in the anterior inferior tem-
poral area were signiWcant predictors in OM. The standard
parameter estimate for the inferior parietal lobe term was
negative. In SPM, percent total hemisphere lesion and per-
cent left cortical lesion were signiWcant.

As in standard regressions, no lesion volume measure-
ments predicted the measure of on-line syntactic processing
performance.

3.9. Regressions including PET measures as IVs

We explored the question of whether the level of meta-
bolic activity measured using FDG PET in regions of the
cortex that are not visibly lesioned on MR accounted for a
signiWcant amount of the variance in overall performance
and/or in syntactic processing, by regressing mean PET
counts per voxel in unlesioned parts of cortical regions
(“residual PET activity”) onto dependant variables that
reXect these functions. In separate regressions, we used as
IVs residual PET activity in: (a) Broca’s area, the inferior
parietal lobe, Wernicke’s area, and the insula; (b) the peri-
sylvian cortex, the anterior inferior temporal lobe, and the
superior parietal lobe; and (c) the anterior inferior temporal
lobe and the superior parietal lobe. We regressed these IVs
onto the same DVs used above. We performed both
Table 4
Summary of standard regression analyses

Only regressions that were signiWcant are presented. Total LH, percent lesion volume in entire left hemisphere; LH cort, percent lesion volume in left hemi-
sphere cortex; Sucort, percent lesion volume in left hemisphere subcortical regions; Broca’s, percent lesion volume in Broca’s area; Insula, percent lesion
volume in left insula; Wernicke’s, percent lesion volume in Wernicke’s area; Inf Parietal, percent lesion volume in left inferior parietal lobe; Perisyl, percent
lesion volume in left perisylvian cortex; Ant Inf Temp, percent lesion volume in left anterior inferior temporal lobe; Sup Parietal, percent lesion volume in
left superior parietal lobe; AllFullFac, subject scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in OM and all sentence types
in whole sentence presentation of SPM, GJ; OM_Fac1, subject scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in OM;
SPM_Fac1, subject scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in whole sentence presentation version of SPM;
GJ_Fac1, subject scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in whole sentence presentation version of GJ; OMSyn-
Com, subjects’ combined complexity scores in OM; SPMSynCom, subjects’ combined complexity scores in SPM.

IVs DV R2 F ratio P

1. Total LH AllFullFac 0.12 3.9 <.05
2. Perisyl; Ant Inf Temp; Sup Parietal AllFullFac 0.33 4.5 <.01
3. Total LH OM_Fac1 0.25 9.7 <.01
4. LHCort; Subcort OM_Fac1 0.25 4.7 <.05
5. Perisyl; Ant Inf Temp; Sup Parietal OM_Fac1 0.54 10.4 <.001
6. LHCort; Subcort SPM_Fac1 0.23 4.1 <.05
7. Broca’s; Insula; Wernicke’s; Inf Parietal SPM_Fac1 0.46 5.5 <.01
8. Perisyl; Ant Inf; Temp Sup Parietal SPM_Fac1 0.56 11.6 <.001
9. Broca’s; Insula; Wernicke’s; Inf Parietal OMSynCom 0.29 2.7 <.05

10. Total LH SPMSynCom 0.14 5.0 <.05
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standard and stepwise regression analyses. A summary of
the results is presented in Table 6.

Of the 24 standard regressions, only residual PET activ-
ity in the insula contributed signiWcantly to the regression
of Broca’s area, the inferior parietal lobe, Wernicke’s area,
and the insula onto subject scores of the Wrst factor of the
PCA for accuracy in SPM.

In the step-wise regressions, a number of IVs predicted
Wrst factor scores. Residual PET in Broca’s area predicted
subject scores on the Wrst factor of the PCA based on
Table 5
Summary of step-wise regression analyses

Total LH, percent lesion volume in entire left hemisphere; LH cort, percent lesion volume in left hemisphere cortex; Subort, percent lesion volume in left
hemisphere subcortical regions; Broca’s, percent lesion volume in Broca’s area; Insula, percent lesion volume in left insula; Wernicke’s, percent lesion vol-
ume in Wernicke’s area; Inf Parietal, percent lesion volume in left inferior parietal lobe; Perisyl, percent lesion volume in left perisylvian cortex; Ant Inf
Temp, percent lesion volume in left anterior inferior temporal lobe; Sup Parietal, percent lesion volume in left superior parietal lobe; AllFullFac, subject
scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in OM and all sentence types in whole sentence presentation of SPM, GJ;
OM_Fac1, subject scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in OM; SPM_Fac1, subject scores based on Wrst factor
of unrotated PCA of accuracy on all sentence types in whole sentence presentation version of SPM; GJ_Fac1, subject scores based on Wrst factor of unro-
tated PCA of accuracy on all sentence types in whole sentence presentation version of GJ; OMSynCom, subjects’ combined complexity scores in OM;
SPMSynCom, subjects’ combined complexity scores in SPM. Only regressions that were signiWcant are presented.

IVs entered IVs retained DV Standardized parameter estimate t value P

1. Total LH Total LH AllFullFac ¡0.35 ¡2.0 <.05
2. LHCort; Subcort Subcort AllFullFac ¡0.35 ¡2.0 <.05
3. Broca’s; Insula; Wernicke’s; Inf Parietal Inf Parietal AllFullFac ¡0.46 ¡2.8 <.01
4. Perisyl; Ant Inf Temp; Sup Parietal Ant Inf Temp AllFullFac ¡0.38 ¡2.47 <.05

Sup Parietal ¡0.42 ¡2.7 <.01
5. Total LH Total LH OM_Fac1 ¡0.50 ¡3.1 <.05
6. LHCort; Subcort Subcort OM_Fac1 ¡0.50 ¡3.1 <.05
7. Broca’s; Insula; Wernicke’s; Inf Parietal Inf Parietal OM_Fac1 ¡0.42 ¡2.5 <.01
8. Perisyl; Ant Inf Temp; Sup Parietal Perisyl OM_Fac1 ¡0.38 ¡2.2 <.05
9. Total LH Total LH SPM_Fac1 ¡0.35 ¡1.9 <.05

10. LH Cort; Subcort Subcort SPM_Fac1 ¡1.1 ¡2.5 <.01
11. Broca’s; Insula Wernick; Inf Parietal Wernicke’s SPM_Fac1 ¡0.66 ¡4.7 <.001
12. Perisyl; Ant Inf Temp; Sup Parietal Ant Inf Temp SPM_Fac1 ¡0.73 ¡5.3 <.001
13. Total LH Total LH GJ_Fac1 ¡0.32 ¡1.9 D .07
14. LH Cort; Subcort LH Cort GJ_Fac1 ¡0.35 ¡2.1 <.05
15. Broca’s; Insula; Wernicke’s; Inf Parietal Wernicke’s OMSynCom 0.68 3.3 <.01

Inf Parietal ¡0.41 ¡2.0 <.05
16. Perisyl; Ant Inf Temp; Sup Parietal Ant Inf Temp OMSynCom 0.35 2.0 <.05
17. Total LH Total LH SPMSynCom 0.38 2.2 <.05
18. LH Cort; Subcort LHCort SPMSynCom 0.48 2.5 <.01
Table 6
Summary of regression analyses based on PET measurements of lesion

Only regressions that were signiWcant are presented. Total LH, residual PET counts per voxel in entire left hemisphere; LH cort, residual PET counts per
voxel in left hemisphere cortex; Subort, residual PET counts per voxel in left hemisphere subcortical regions; Broca’s, residual PET counts per voxel in
Broca’s area; Insula, residual PET counts per voxel in left insula; Wernicke’s, residual PET counts per voxel in Wernicke’s area; Inf Parietal, residual PET
counts per voxel in left inferior parietal lobe; Perisyl, residual PET counts per voxel in left perisylvian cortex; Ant Inf Temp, residual PET counts per voxel
in left anterior inferior temporal lobe; Sup Parietal, residual PET counts per voxel in left superior parietal lobe; AllFullFac, subject scores based on Wrst
factor of unrotated PCA of accuracy on all sentence types in OM and all sentence types in whole sentence presentation of SPM, GJ; OM_Fac1, subject
scores based on Wrst factor of unrotated PCA of accuracy on all sentence types in OM; SPM_Fac1, subject scores based on Wrst factor of unrotated PCA
of accuracy on all sentence types in whole sentence presentation version of SPM; GJ_Fac1, subject scores based on Wrst factor of unrotated PCA of accu-
racy on all sentence types in whole sentence presentation version of GJ; OMSynCom, subjects’ combined complexity scores in OM; SPMSynCom, sub-
jects’ combined complexity scores in SPM.

IVs entered IVs signiWcant DV Standardized parameter estimate t value P

Standard regression
1. Broca’s; Insula; Wernicke’s; Inf Parietal Insula SPM_Fac1 0.53 ¡2.7 <.01

Step-wise regression
2. Broca’s; Insula; Wernicke’s; Inf Parietal Broca’s AllFullFac 0.38 2.2 <.05
3. Broca’s; Insula; Wernicke’s; Inf Parietal Broca’s OM_Fac1 0.39 2.3 <.05
4. Broca’s; Insula; Wernicke’s; Inf Parietal Inf Parietal SPM_Fac1 0.55 3.5 <.001
5. Perisyl; Ant Inf Temp; Sup Parietal Perisyl SPM_Fac1 0.36 2.0 <.05
6. Broca’s; Insula; Wernicke’s; Inf Parietal Inf Parietal OMSynCom ¡0.40 ¡2.3 <.05
7. Perisyl; Ant Inf Temp; Sup Parietal Perisyl OMSynCom ¡0.38 ¡2.1 <.05
8. Broca’s; Insula Wernicke’s; Inf Parietal Insula SPMSynCom ¡0.43 ¡2.6 <.01
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accuracy on all sentence types in the three tasks with whole
sentence presentation and Wrst factor scores in the PCA
based on accuracy in OM. Residual PET in the entire peri-
sylvian cortex and in the inferior parietal lobe predicted
subject scores on the Wrst factor of the PCA based on accu-
racy on all sentence types in SPM. A number of IVs also
predicted the combined complexity scores: residual PET in
the entire perisylvian cortex and in the inferior parietal lobe
predicted this measure in OM; residual PET in the insula
predicted this measure in SPM. No regression using on-line
measures was signiWcant.

To further check on the eVect of metabolic abnormalities
on performance, we separately regressed the MR-based IVs
of (a) percent total cortical lesion, and (b) percent lesion
volume in the anterior and posterior perisylvian cortex
onto the DVs of (a) total accuracy and (b) syntactic com-
plexity scores (both combined and separate scores for
active/passive and subject/object relative sentences) on the
three whole sentence presentation tasks, adding measures
of PET counts per voxel in the anterior and posterior peri-
sylvian cortex as additional IVs.

PET counts per voxel in both anterior and posterior
perisylvian regions entered the regression onto total accu-
racy in object manipulation (for the posterior perisylvian
region, at pD .07; for the anterior perisylvian region, at
p < .01). PET activity in these areas also was signiWcant in
the regression of lesion size onto the complexity eVect for
passives in OM (for both Broca’s area and the posterior
perisylvian cortex, p < .01). When further fractionated into
temporal and parietal regions, PET counts/voxel in the
temporal, but not parietal, cortex was retained as a signiW-
cant predictor of complexity in passives in OM (p < .01).

3.10. Analyses of cases matched for performance, and of 
cases matched for lesion volume

The regression analyses returned fairly large areas as sig-
niWcant predictors of many DVs. This is inconsistent with
the invariant localizationist model and is consistent with
both the distributed and variable localizationist models.
The regression analyses also returned several small ROIs as
signiWcant predictors of several DVs. This is consistent with
the variable localizationist but not with model that main-
tains that the functions measured by these DVs are distrib-
uted over a large area.

Examination of individual cases can also provide infor-
mation regarding the eVect of lesions. Strong evidence for
variable localization would come from the performance of
cases with small lesions restricted to one ROI. Unfortu-
nately, but as expected, there were no cases with such
lesions. However, individual case data can also distinguish
between the distributed and variable localizationist models.
The distributed model predicts that performance level is
determined by lesion size within the area of the brain that
supports the performance. It therefore predicts that the
range of lesion sizes in the critical brain area will be roughly
the same in patients who perform at roughly the same level,
and that the range of performance will be roughly the same
in patients with roughly the same sized lesions in that brain
area.

To see if this was the case, we performed two sets of
analyses of individual patients. In the Wrst, we examined
patients whose performances fell within a narrow range, to
see if their lesions were of similar sizes in regions in which
sentence comprehension and syntactic processing might be
distributed. In the second, we examined patients whose
lesions were of similar sizes in regions in which sentence
comprehension and syntactic processing might be distrib-
uted, to see if their performances fell within a narrow range.

In the Wrst set of analyses, we calculated the range,
mean and standard deviation of patients’ performances
on Wve dependent variables in tasks with whole sentence
presentation: the Wrst factor scores for the PCA based on
accuracy in OM; the Wrst factor scores for the PCA based
on accuracy in SPM; the Wrst factor scores for the PCA
based on accuracy in GJ; the combined syntactic com-
plexity scores in OM; and the combined syntactic com-
plexity scores in SPM. For each of these measures, we
selected patients whose scores covered the 0.5 standard
deviation range of values centered on the mean perfor-
mance value. These sets of patients performed at very sim-
ilar, roughly average, levels on these measures. If the
distributed model is correct, they should have roughly
equal lesion sizes in the region of the brain in which the
functions that support these performance measures are
distributed.

The most likely candidate for the brain region in which
sentence comprehension and syntactic processing might be
distributed is the perisylvian cortex. However, there are
other possible areas in which the processes that underlie
these performances might be distributed; in particular, the
entire left hemisphere cortex and/or the entire left hemi-
sphere might be relevant. We therefore calculated percent
lesion volume in these three regions—the perisylvian cor-
tex, the entire left hemisphere, and the left hemisphere cor-
tex—in each of the Wve groups of patients selected. In
addition, based on the Wnding that both the anterior infe-
rior temporal region and the superior parietal region were
retained as signiWcant predictors of performance in diVer-
ent regression analyses, we combined these two ROIs with
the entire perisylvian region to create an amalgamated
ROI.

There were seven patients whose Wrst factor scores in
OM fell in this range; nine for Wrst factor SPM scores, 11
for Wrst factor GJ scores, seven for syntactic complexity
scores in OM, and six for syntactic complexity scores in
SPM. Table 7 shows the range, mean and SD of scores on
each of these behavioral measures for the set of subjects
selected to perform within this narrow range; the range,
mean and SD of scores on each of these behavioral mea-
sures for all subjects who were scanned; and the percent of
the range of the performance scores of all the scanned sub-
jects that corresponds to the range of scores found in the
selected set of subjects.
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For each of the Wve performance measures, Table 7 lists
the range of percent lesion volumes in the brain regions
indicated above in the selected group of subjects, as well as
the range, mean and SD of percent lesions in these areas for
all subjects who were scanned, and the percent of the range
of percent lesion of all the scanned subjects that corre-
sponds to the range of percent lesion found in the selected
set of subjects. Table 7 also shows the corresponding data
for percent lesion in Broca’s area, the insula, Wernicke’s
area, the inferior parietal lobe, the anterior inferior tempo-
ral lobe, and the superior parietal lobe in the selected set of
patients and in all patients. Appendix B shows the lesion
volumes in all regions for all these selected patients on all
performance measures (available on www).

As can be seen from Table 7, the range of scores on the
performance measures in the selected groups of patients is a
small fraction of the range of scores found in all the
patients scanned (from 9% to 15%). This is expected given
the way these patients were selected, and it conWrms the fact
that they performed at very similar levels within a narrow
range of levels found in the larger group. The range of
lesion sizes in each of the areas in which the functions that
support these performances might be distributed—the peri-
sylvian cortex, the perisylvian cortex plus the anterior infe-
rior temporal and superior parietal lobes, the left
hemisphere cortex, and the entire left hemisphere—was a
large fraction of the range of lesion sizes in these regions
that is found in all the patients. Depending on the behav-
ioral measure, the percent lesion in the entire left hemi-
sphere in the selected group of patients was between 43%
and 100% of the percent lesion in this area in all patients;
percent lesion in the left hemisphere cortex in the selected
group of patients was between 31% and 100% of the per-
cent lesion in this area in all patients; percent lesion in the
perisylvian cortex in the selected group of patients was
between 37% and 85% of the percent lesion in this area in
all patients; and percent lesion in the perisylvian cortex plus
the anterior inferior temporal and superior parietal areas in
the selected group of patients was between 36% and 100%
of the percent lesion in this area in all patients. In all cases,
Table 7
Lesion sizes in diVerent brain areas in patients who perform at similar levels on various measures of performance

Select, patients whose performance falls in restricted range of all patients’ performances on designated measure; All, all patients tested; % range, percent of
the range of behavioral values or of % lesion in designated region in selected patients to these ranges in all patients.

Score % LH 
lesion

% LH 
cortical 
lesion

% Perisylvian 
lesion

% Lesion 
Broca’s 
area

% Lesion 
insula

% Lesion 
Wernicke’s 
area

% Lesion 
IPL

% Lesion 
AITL

% Lesion 
SPL

% Perisylvian 
AITL; SPL 
region lesion

OM_Fac1 Select Min ¡0.30 1.42 0.71 0.30 0.00 ¡2.13 ¡0.06 0.00 0.00 0.00 0.21
Select Max 0.40 12.35 17.93 34.26 55.84 100.00 27.86 16.16 38.07 1.89 27.35

N D 7 All Min ¡3.33 0.45 0.00 0.00 0.00 ¡2.87 ¡4.85 ¡0.07 ¡1.82 ¡1.27 0.00
All Max 1.14 25.10 42.90 92.20 100.00 100.00 100.00 88.53 65.52 85.61 63.21
All mean ¡0.08 7.02 9.04 24.98 29.95 40.23 12.98 20.45 7.69 6.51 15.59
All SD 1.04 6.16 9.77 27.27 35.60 44.05 25.96 29.15 17.00 18.06 18.21
% range 15.47 44.34 40.14 36.83 55.84 99.29 26.63 18.25 56.54 2.18 42.95

SPM_Fac1 Select Min ¡0.29 0.45 0.00 0.00 0.00 ¡2.13 ¡0.06 0.00 0.00 ¡1.27 0.00
Select Max 0.29 11.15 13.27 43.74 78.28 92.64 9.63 73.88 2.33 16.85 23.07

N D 9 All Min ¡3.59 0.45 0.00 0.00 0.00 ¡2.87 ¡4.85 ¡0.07 ¡1.82 ¡1.27 0.00
All Max 1.53 25.10 42.90 92.20 100.00 100.00 100.00 88.53 65.52 85.61 63.21
All mean ¡0.06 7.02 9.04 24.98 29.95 40.23 12.98 20.45 7.69 6.51 15.59
All SD 1.14 6.16 9.77 27.27 35.60 44.05 25.96 29.15 17.00 18.06 18.21
% range 11.29 43.42 30.92 47.43 78.28 92.13 9.24 83.39 3.47 20.86 36.49

GJ_Fac1 Select Min ¡0.11 0.45 0.00 0.00 0.00 ¡2.13 ¡4.85 0.00 ¡1.82 0.00 0.00
Select Max 0.29 19.67 26.61 77.80 100.00 100.00 65.97 56.83 48.04 9.12 53.41

N D 11 All Min ¡2.98 0.45 0.00 0.00 0.00 ¡2.87 ¡4.85 ¡0.07 ¡1.82 ¡1.27 0.00
All Max 1.08 25.10 42.90 92.20 100.00 100.00 100.00 88.53 65.52 85.61 63.21
All mean ¡0.02 7.02 9.04 24.98 29.95 40.23 12.98 20.45 7.69 6.51 15.59
All SD 1.01 6.16 9.77 27.27 35.60 44.05 25.96 29.15 17.00 18.06 18.21
% range 9.87 77.95 62.03 84.38 100.00 99.29 67.55 64.15 74.05 10.50 84.49

PFSynCom Select Min 20.00 2.32 1.41 0.46 0.00 ¡2.87 0.00 0.00 0.00 ¡1.27 0.22
Select Max 35.56 19.67 26.61 92.20 100.00 100.00 100.00 81.76 65.52 6.37 63.21

N D 7 All Min ¡46.67 0.45 0.00 0.00 0.00 ¡2.87 ¡4.85 ¡0.07 ¡1.82 ¡1.27 0.00
All Max 126.67 25.10 42.90 92.20 100.00 100.00 100.00 88.53 65.52 85.61 63.21
All mean 29.46 7.02 9.04 24.98 29.95 40.23 12.98 20.45 7.69 6.51 15.59
All SD 37.44 6.16 9.77 27.27 35.60 44.05 25.96 29.15 17.00 18.06 18.21
% range 8.97 70.38 58.74 99.50 100.00 100.00 95.37 92.29 97.30 8.80 99.65

OMSynCom Select Min 35.00 0.45 0.00 0.00 0.00 0.00 ¡4.85 0.00 0.00 0.00 0.00
Select Max 52.22 25.10 42.90 78.32 87.02 100.00 6.25 88.53 16.34 56.07 54.10

N D 6 All Min ¡15.00 0.45 0.00 0.00 0.00 ¡2.87 ¡4.85 ¡0.07 ¡1.82 ¡1.27 0.00
All Max 160.00 25.10 42.90 92.20 100.00 100.00 100.00 88.53 65.52 85.61 63.21
All mean 45.04 7.02 9.04 24.98 29.95 40.23 12.98 20.45 7.69 6.51 15.59
All SD 39.50 6.16 9.77 27.27 35.60 44.05 25.96 29.15 17.00 18.06 18.21
% range 9.84 99.99 100.00 84.94 87.02 97.21 10.59 99.93 24.27 64.53 85.59
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the ratio of these ratios (i.e., the ratio of the ratio of the
range of percent lesion in these areas in the selected group
to the range of percent lesion in all patients to the ratio of
the range of scores on the performance measure in the
selected group to the range of scores on the performance
measure in all patients) was at least 2, in many instances 5,
and in a number of instances 10—a full order of magnitude
larger. This indicates that patients who performed at the
same levels behaviorally had large diVerences in lesion size
in the brain areas in which the functions underlying these
performances are most likely to be distributed.

The second analysis was the converse of the Wrst. We cal-
culated the range, mean and standard deviation of patients’
percent lesion volume in the four areas in which the func-
tions underlying the performances are most likely to be dis-
tributed—the total left hemisphere, the left hemisphere
cortex, the perisylvian cortex, and the combined perisylvian
cortex/anterior inferior temporal/superior parietal area—
and selected patients whose scores covered the 0.5 standard
deviation range of percent lesion centered on the mean
value in each region. For each of these sets of patients
selected to have roughly equal, and average, lesion size in
these areas, we then calculated the range, mean and stan-
dard deviation of the scores on the Wve performance mea-
sures used above.

There were seven patients whose percent left hemisphere
lesion fell in this range; eight for percent left hemisphere
cortical lesion, seven for percent perisylvian lesion, and nine
for percent amalgamated perisylvian-AIT-SP lesion. Table
8 shows the values of these lesion measurements as well as
of each of the Wve performance measures in these sets of
subjects. Appendix B shows the performance measures for
all patients selected on the basis of lesion volumes in all
regions.

The results are the same as in the Wrst analysis: patients
with roughly equal lesion sizes performed very diVerently
on each of these behavioral measures. The ratio of the
range of percent lesion volume in the selected patient
groups to the range of percent lesion volume in all patients
was very small, as expected given the selection criteria,
while the ratio of the range of scores on each performance
measure in the selected patient groups to the range of
scores on each performance measure in all patients was
large. This shows that patients with comparable lesion vol-
umes in the brain areas in which the functions underlying
the performances measured here are most likely to be dis-
tributed perform at very diVerent levels.

4. Discussion

The main issue that this study bears on is the relation-
ship of performances in sentence comprehension and syn-
tactic processing to lesion sites, and the implications of
these relationships for the neural basis for these functions.
Before we discuss this study, we brieXy outline the logic of
what a deWcit-lesion study can and cannot reveal about the
location(s) in the brain where a function takes place.
Dynamic changes in the organization of the brain after
injury lead unlesioned regions of the brain to assume new
functions or to activate latent functional abilities after mono-
phasic lesions such as stroke. This plasticity leads to an
underestimation of the premorbid role of a lesioned area in
supporting performance; that is, recovery of function due an
increased role of a previously inactive brain area reduces the
deWcit caused by a lesion in an area that premorbidly sup-
ported a function. DeWcit-lesion correlations immediately
after injury reveal the entire deWcit associated with a lesion
before plasticity aVects function. However, in most cases, the
immediate post-injury time period is one in which the lesion
is large—a considerable amount of brain is hypoperfused
and hypometabolic—so these cases are of little use in explor-
ing narrow localization, but important information has been
gained about functional localization when patients with
small lesions have been studied and hypoperfusion as well as
overt structural (MR DWI) abnormalities measured (Hillis
et al., 2001). In our study, patients were tested in a chronic
state, when some recovery would likely have occurred.
Therefore, more areas of the brain may have been involved in
supporting syntactically-based comprehension pre-morbidly
than our analyses point to. This would be consistent with
variable localization or a distributed system; it is inconsistent
with invariant localization.

Another limitation of deWcit-lesion correlational analy-
ses is that the areas that support a function post-morbidly
are not identiWed by deWcit-lesion correlations. This implies
that more areas of the brain support syntactically-based
comprehension than our analyses have identiWed, although
some of these areas may only do so after injury. Again, this
would be consistent with variable localization or a distrib-
uted system and inconsistent with invariant localization.
Functional neuroimaging studies after injury can document
the locus of these plastic changes associated with recovery
and rehabilitation.

These considerations do not imply that we learn nothing
from deWcit-lesion correlations. What we learn stems from
the fact that residual deWcits are due to the lesions them-
selves. Therefore, a valid conclusion from a deWcit-lesion
analysis is that the functions that are deWcient are ones that
can only be supported by the lesioned areas of the brain at the
time of testing. If it is reasonable to assume that the
patients’ deWcits in a study are permanent, we can conclude
that the areas of the brain that are required for the func-
tions that are deWcient are the ones that are lesioned. In the
case of the study presented here, it is unlikely that the
patients will experience much recovery since most of them
are years post-stroke (and the regressions did not indicate
that time since stroke was a factor aVecting performance in
this patient group). If it is reasonable to assume that these
patients’ deWcits are (close to) Wxed, we can conclude that
the study identiWes the areas of the brain that are required
for the sentence and syntactic comprehension functions we
have measured in these individuals.

With this in mind, let us turn to the results of this study.
We begin with the eVects of time since stroke, age, and PET
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activity on the behavioral measures. The absence of signiW- Age also did not signiWcantly contribute to the regres-

Table 8
Performance levels in patients who have lesions of similar sizes in diVerent brain regions

Select, patients selected to have restricted lesion sizes in designated region; All, all patients tested; ratio select:all, ratio of range of % lesion or behavioral
values in selected patients to these ranges in all patients.

OM_Fac1 SPM_Fac1 GJ_Fac1 PFSynCom OMSynCom

% Perisylvian lesion (N D  7)
Select mean 24.2 0.1 0.2 0.0 27.9 20.3
Select SD 4.6 0.9 0.9 1.1 25.7 24.5
Select Max 31.9 0.7 1.1 1.1 61.1 52.2
Select Min 17.8 ¡1.9 ¡1.5 ¡2.3 0.0 ¡15.0
All mean 25.0 ¡0.1 ¡0.1 0.0 29.5 45.0
All SD 27.3 1.0 1.1 1.0 37.4 39.5
All Max 92.2 1.1 1.5 1.1 126.7 160.0
All Min 0.0 ¡3.3 ¡3.6 ¡3.0 ¡46.7 ¡15.0
Range select 14.1 2.5 2.6 3.4 61.1 67.2
Range all 92.2 4.5 5.1 4.1 173.3 175.0
Ratio select: all 0.2 0.6 0.5 0.8 0.4 0.4

% Perisylvian AIT SP lesion (N D 9)
Select mean ¡0.34 0.11 0.09 24.82 18.58
Select Max 19.13 0.66 1.11 1.08 61.11 52.22
Select Min 10.18 ¡3.33 ¡1.51 ¡2.30 ¡1.11 ¡15.00
All mean 15.59 ¡0.08 ¡0.06 ¡0.02 29.46 45.04
All SD 18.21 1.04 1.14 1.01 37.44 39.50
All Max 63.21 1.14 1.53 1.08 126.67 160.00
All Min 0.00 ¡3.33 ¡3.59 ¡2.98 ¡46.67 ¡15.00
Range select 8.95 3.99 2.62 3.38 62.22 67.22
Range all 63.21 4.47 5.12 4.06 173.33 175.00
Ratio select:all 0.14 0.89 0.51 0.83 0.36 0.38

% LH cortical lesion (N D  8)
Select mean 9.3 ¡0.3 ¡0.5 ¡0.2 11.9 33.4
Select SD 1.7 1.3 1.2 1.0 29.5 30.2
Select Max 12.0 0.7 0.7 0.5 54.4 95.0
Select Min 6.8 ¡3.3 ¡2.7 ¡2.3 ¡46.7 10.0
All mean 9.0 ¡0.1 ¡0.1 0.0 29.5 45.0
A11SD 9.8 1.0 1.1 1.0 37.4 39.5
All Max 42.9 1.1 1.5 1.1 126.7 160.0
All Min 0.0 ¡3.3 ¡3.6 ¡3.0 ¡46.7 ¡15.0
Range select 5.2 4.0 3.4 2.8 101.1 85.0
Range all 42.9 4.5 5.1 4.1 173.3 175.0
Ratio select: all 0.1 0.9 0.7 0.7 0.6 0.5

% LH lesion (N D 7)
Select mean 6.6 0.0 ¡0.3 ¡0.3 8.7 29.6
Select SD 1.4 1.5 0.7 1.1 30.9 20.1
Select Max 9.0 1.1 0.7 0.5 54.4 52.2
Select Min 5.2 ¡3.3 ¡1.5 ¡2.3 ¡46.7 10.0
All mean 7.0 ¡0.1 ¡0.1 0.0 29.5 45.0
All SD 6.2 1.0 1.1 1.0 37.4 39.5
All Max 25.1 1.1 1.5 1.1 126.7 160.0
All Min 0.4 ¡3.3 ¡3.6 ¡3.0 ¡46.7 ¡15.0
Range select 3.9 4.5 2.2 2.8 101.1 42.2
Range all 24.7 4.5 5.1 4.1 173.3 175.0
Ratio select: all 0.2 1.0 0.4 0.7 0.6 0.2
cant eVects of time since stroke suggests that neural re-
organization does not have a major eVect on sentence com-
prehension or syntactic processing in strokes in the period
beginning roughly three months after a stroke. The asymp-
tote in these abilities apparently continues for several years
after a stroke has occurred. The extent to which this result
could be modiWed by rehabilitation directed at sentence and
syntactic processing has begun to be studied (Thompson,
Shapiro, Kiran, & Sobecks, 2003) but is largely unknown.
sions. This does not necessarily imply that age does not
aVect the neural organization for this aspect of language
function, only that it does not aVect it in a way that over-
rides the eVects of stroke.

The level of metabolism, measured using FDG PET, in
parts of regions of interest that were not visibly lesioned on
MR on performance predicted a signiWcant amount of vari-
ance in several regressions. This is consistent with reports
that decreases in perfusion are associated with language
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impairments and that increasing diminished perfusion in
ischemic areas improves language (Hillis et al., 2001). The
Hillis et al. results were found in the acute phase of small
strokes; the current data indicate that the metabolic state of
neural tissue continues to be related to the functional
abilities of that tissue in chronic, large infarctions.

Turning to the implications of these data for the neural
basis for syntactic and sentence comprehension, the Wrst
conclusion that we can draw is that the brain regions that
support the operations that contribute to performance on
the tasks used here include, but are not restricted to, the
perisylvian association cortex. They include the anterior
inferior temporal lobe and the superior parietal lobe. The
evidence for this conclusion is that these regions were sig-
niWcant in regressions onto the dependent variables. The
fact that percent lesion in non-perisylvian regions remained
signiWcant in stepwise regressions that included percent
perisylvian lesion is strong evidence that lesions in these
regions aVect performance on these tasks even when the
eVects of perisylvian lesions are taken into account, and
hence that these regions play a role in supporting the func-
tions that underlie performance on these tasks. Whether
other regions not included in the regressions presented here,
or not sampled in the patient group we studied, are also
involved in these functions is not clear from this study.

The second conclusion is that sentence comprehension
and syntactic processing are not invariantly localized in one
area of cortex. The regression analyses show that the extent
of a lesion in multiple areas predict performance. In MR,
percent lesion volume in both Wernicke’s area and in the
anterior inferior temporal lobe were signiWcant in the
regression onto Wrst factor scores in SPM, and percent
lesion in both the inferior and superior parietal lobe and
anterior inferior temporal lobe were signiWcant in regres-
sions onto combined Wrst factor scores and/or Wrst factor
scores in OM. PET activity in the insula and the inferior
parietal lobe predicted Wrst factor scores in SPM, and PET
activity in Broca’s area predicted combined and OM Wrst
factor scores. These results show that multiple discontinu-
ous cortical regions that do not share either cytoarchitec-
tonic features or patterns of connectivity support the
processes underlying the Wrst factor scores.

To retain an invariant localizationist model, one would
thus have to argue that these factor scores are supported by
multiple processes, each of which is exclusively localized in
one of the regions identiWed by these regressions. There is
no obvious set of processing functions that map onto the
regions identiWed in these analyses in this way. We will
brieXy comment on two possibilities that do not seem
likely. First, we have argued that Wrst factor scores reXect
processing resource availability, and that several types of
processing resources support performance on these tasks
(see Part 1). However, it is unlikely that any of these diVer-
ent resource systems is exclusively localized in one of the
areas identiWed by these regressions, such as the anterior
inferior temporal lobe. Another possibility is that the Wrst
factor scores reXect both sentence processing and mapping
meaning onto percepts and actions. The Wrst factor scores
in SPM might partially reXect mapping meaning onto
visual percepts and the Wrst factor scores in OM might par-
tially reXect mapping meaning onto actions. One might
argue that the regression analyses suggest that comprehen-
sion is localized in parts of the perisylvian cortex, aspects of
visual perception in anterior inferior temporal lobe, and
aspects of motor planning in superior parietal lobe. How-
ever, diVerent parts of the perisylvian cortex are signiWcant
in diVerent tasks, so following the analysis above leads to
the conclusion that comprehension is not localized to any
one part of this region. Also, some areas, such as the ante-
rior inferior temporal region, are signiWcant in several
regressions, implying that each of these cortical areas sup-
ports multiple mappings. Finally, some dependent variables
are predicted by lesions in multiple areas, implying that
some mappings involve multiple, unrelated, cortical areas.
While we cannot rule out the possibility that diVerent func-
tions, each localized in diVerent small areas, support the
performances measured by these Wrst factors, there does
not seem to be an obvious model of this sort.

The data pertaining to the syntactic complexity eVects
are similar. In standard regressions, percent lesion volume
in Wernicke’s area was retained as a signiWcant predictor in
OM. In step-wise regressions, percent lesion volume in the
inferior parietal lobe and percent lesion volume in the ante-
rior inferior temporal area were signiWcant predictors in
OM. PET activity in the inferior parietal lobe predicted
syntactic complexity eVects in OM and PET activity in the
insula predicted this measure in SPM. These results also do
not support an invariant localizatization model, for the
same reason as those involving Wrst factor scores do not—
there are too many cytoarchitectonically heterogeneous,
unconnected regions that predict performance on a given
task.9

The regression results are compatible with an individual
diVerences model and are not easily compatible with a dis-
tributed model. The individual patients’ performances
argue strongly against a distributed model. Patients who
performed at the same, roughly average, level on a task had
lesions that occupied greatly diVerent percentages of
regions in which the functions measured by these perfor-
mances might be distributed, and, conversely, patients with
similar, roughly average-sized, lesions in these areas varied
greatly in their performances. These results are not compat-
ible with a distributed system subject to the law of mass

9 Regression analyses with multiple IVs in which the DV was either the
accuracy diVerence between passive and active sentences or the accuracy
diVerence between object- and subject-extracted relative clauses also re-
turned multiple areas as predictors of these measures. For instance, the
combination of percent MR lesion in Broca’s area, percent MR lesion in
the posterior perisylvian cortex, residual PET activity in Broca’s area, and
residual PET activity in the posterior perisylvian cortex predicted the
diVerence between passives and actives (FD (3.1), p < .05), and the PET
measures in both perisylvian areas were signiWcant in the analysis. This
presents a picture in which processing passive sentences involves the entire
perisylvian cortex.
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action. They are what would be expected if the functions
measured were localized in diVerent areas in diVerent indi-
viduals. In such a model, lesions of the same size in any
given area are not necessarily associated with equivalent
performance levels, because some individuals will support
the functions needed for those performances with one part
of the cortex and others with another, and some individuals
will have more cortex devoted to this processing than
others.

An important point is that the regression analyses indi-
cate that diVerent sets of areas are important in predicting
performance on diVerent tasks. This suggests that these
diVerent regions support the combination of comprehen-
sion-related processes and task demands. This is consistent
with Wndings reported in Part 1 of this paper, notably, the
frequency with which individual patients had deWcits for
particular sentence types in one task, and the eVect of task
on on-line listening time. An important conclusion of both
the psychological and neurological analyses, therefore, is
that it is important to understand the interaction between
sentence comprehension and performing a task to under-
stand how comprehension is supported by the brain and
how it breaks down.

We must be cautious in concluding that these analyses
reveal the totality of the regions involved in the functions
we are considering, even limiting our conclusions to the
regions that are necessary for these functions as discussed
above. The analyses presented here are based on a limited
empirical dataset, and the exact pattern of signiWcant IV/
DV relations might well diVer in another sample of aphasic
patients. On the other hand, the essential pattern of results
found here—that lesion size in diVerent brain regions is
related to overall performance and measures of syntactic
processing in diVerent tasks—is consistent with available
studies of the eVects of lesions, such as Caplan et al. (1985,
1996) and Dronkers et al. (2004), in which performance is
not closely related to lesion location. The individual diVer-
ences model predicts that this aspect of the data will be true
in other aphasic patient groups, with diVerent speciWc
eVects of lesions than the ones found here.

We conclude with a few very brief comments about the
individual diVerences model. We have discussed a model
that recognizes individual diVerences in the organization of
the functions responsible for sentence comprehension and
syntactic processing in the brain elsewhere (e.g. Caplan,
1994) and will only summarize a number of issues that per-
tain to it here.

First, as we have previously pointed out, the language
functions that are under consideration here are extremely
abstract operations, far removed from perceptual analysis
and motor planning and execution whose localization is
much more reasonably related to speciWc cortical areas
because of their connectivity to primary sensory and motor
cortex (Wernicke, 1885). It is perhaps not unreasonable to
maintain that features of association cortex that support
these abstract processes are found in several cytoarchitec-
tonically deWned areas, and that which area(s) support(s)
these functions in an individual depends upon factors
related to the internal milieu and environmental psycholog-
ical exposure.

Second, individual diVerences characterize lateralization
of language, with some individuals strongly left-hemisphere
dominant for language, others strongly right-hemisphere
dominant for language, and others with what appears to be
intermediate degrees of hemispheric involvement in various
language processes. The individual diVerences model is
therefore not a radical departure from empirically well-
founded models of the functional neuroanatomy of lan-
guage; it simply considers the intra-hemispheric organiza-
tion of language to be governed by the same factors that
govern its inter-hemispheric organization.

Gleaning clues regarding the intra-hemispheric organi-
zation of language from its inter-hemispheric organiza-
tion, a point of interest is that the variability in
lateralization is heavily constrained: in most individuals,
the left hemisphere is dominant. One might thus expect
there to be regions in the left hemisphere in which certain
language operations—in this case, ones relevant to sen-
tence comprehension—are more likely to be located. In
addition, there is some systematicity to the application of
the constraints on the variability of lateralization: right
handers are much more likely to be strongly left-hemi-
sphere dominant for language than non-right handers.
One might, again, expect intra-hemispheric constraints to
operate diVerently in diVerent subject groups; handedness
is an obvious potential factor than might be relevant,
along with sex, age, and factors such as proWciency in lan-
guage use, degree of multilingualism, and others. One can
imagine a broad research program that attempts to dis-
cern the contributions of genetic and environmental fac-
tors to the degree to which the variability in the
localization of the processes underlying sentence compre-
hension is constrained. An even broader program could
investigate the extent to which variability in localization
is true of other language processes, the extent to which it
is constrained in the same way by the same factors in
diVerent language domains, and the extent to which it is
true of other cognitive functions.

To conclude on a more focused note, the results of the
study presented here demonstrate several features of the
neural basis for sentence comprehension and syntactic
processing. They show that regions outside the perisylvian
cortex support these functions. They point to diVerent
brain areas supporting these functions in particular tasks
in diVerent individuals. An important research topic is to
understand the normal interaction of task demands and
comprehension, how these integrated functions break
down in aphasia, and how they are supported by the
brain.
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