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Obijective: To relate fractional anisotropy (FA) changes associated with the semantic and
logopenic variants of primary progressive aphasia (PPA) to measures of lexical retrieval.

Methods: \We collected neuropsychological testing, volumetric magnetic resonance imag-
ing, and diffusion-weighted imaging on semantic variant PPA (svPPA) (n= 11) and logopenic
variant PPA (IvPPA) (n=13) patients diagnosed using published criteria. We also acquired
neuroimaging data on a group of demographically comparable healthy seniors (n=34). FA
was calculated and analyzed using a white matter (WM) tract-specific analysis approach.
This approach utilizes anatomically guided data reduction to increase sensitivity and local-
izes results within canonically defined tracts. WWe used non-parametric, clusterbased sta-
tistical analysis to relate language performance to FA and determine regions of reduced FA
In patients.

Results: \We found widespread FA reductions in WM for both variants of PPA. FA was
related to both confrontation naming and category naming fluency performance in left
uncinate fasciculus and corpus callosum in svPPA and left superior and inferior longitudinal
fasciculi in IVPPA.

Conclusion: SvPPA and IVPPA are associated with distinct disruptions of a large-scale net-
work implicated in lexical retrieval, and the WM disease in each phenotype may contribute
to language impairments including lexical retrieval.

Keywords: frontotemporal dementia, primary progressive aphasia, diffusion-weighted MRI, magnetic resonance

imaging, neuropsychology

INTRODUCTION
Primary progressive aphasia (PPA) is a clinical syndrome char-
acterized by progressive loss of language most commonly due to
Alzheimer’s disease (AD) or frontotemporal lobar degeneration
(FTLD). Lexical retrieval difficulty is a feature of two variants
of PPA (1). Semantic variant PPA (svPPA) is characterized by
deficits in single-word and object comprehension as well as poor
confrontation naming (2). Logopenic variant PPA (IvPPA) is char-
acterized by impaired single-word retrieval and impaired repeti-
tion of phrases and sentences (1). This study sought to determine
whether impaired lexical retrieval in these two variants of PPA is
due to common or distinct patterns of white matter (WM) disease.
Neuropathological and neuroimaging studies have identified
patterns of gray matter (GM) atrophy in these PPA variants: svPPA
is associated with left-lateralized GM atrophy of the anterior and
ventral temporal lobe, while IvPPA is associated with atrophy of
left posterior peri-Sylvian and inferior parietal regions (3-5). GM
atrophy in these conditions may overlap in the posterolateral mid-
temporal lobe (6), an area that is associated with lexical retrieval
(7, 8). The underlying pathology can also impact WM (9, 10),
and a growing number of studies have investigated WM disease
in PPA using diffusion tensor imaging (DTI) (11-15). However,

the relationship between WM disease and clinical features such as
lexical retrieval remains unclear.

We used a tract-specific analysis (TSA) technique (16) to
assess how changes in fractional anisotropy (FA) associated with
svPPA and IvPPA contribute to lexical retrieval impairments.
TSA involves anatomically guided data reduction in 11 major
WM tracts. We chose TSA over other WM analysis techniques
to utilize a user-independent approach. Additionally, TSA offers
increased sensitivity to detect WM changes by minimizing poten-
tial confounds introduced through the smoothing and subopti-
mal registration processes of most analytic diffusion tensor (DT)
approaches. We assessed semantically guided category naming flu-
ency and confrontation naming in svPPA and IvPPA patients and
related these measures to FA. We hypothesized that lexical retrieval
would be related to interruption of distinct WM components of
a large-scale neural network subserving this process in svPPA and
IvPPA.

MATERIALS AND METHODS

PARTICIPANTS

We recruited 24 patients from the Penn Frontotemporal Degen-
eration Center that met diagnostic criteria for svPPA (n=11)
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or IvPPA (n=13) (1). All svPPA cases were apparent sporadic
as mutations were not present in the three major genes asso-
ciated with FTLD (C9orf72, MAPT, GRN). No mutations were
present in these genes in the IVPPA patients who had been
screened, but genetic screening was not performed for many
IvPPA patients due to the common association of this phenotype
with AD pathology. All patients underwent neuropsychological
assessment, structural magnetic resonance imaging (MRI), and
DTI. Exclusionary criteria included other neurological condi-
tions such as stroke, head trauma, or hydrocephalus; other causes
of dementia; medical conditions associated with cognitive diffi-
culty; and primary psychiatric disorders. Some patients may have
been taking a small dosage of a non-sedating anti-depressant
(e.g., sertraline) or a low-potency non-sedating neuroleptic (e.g.,
quetiapine) as needed medically. A control group of 34 healthy
seniors also underwent structural MRI and DTI. Control par-
ticipants were comparable to patients for age (F(2,55) =0.736;
p=0.484; Table 1), sex (x%(2, n=>58) =0.945; p=0.623), and
education (F(2,55) =2.830; p =0.068). Patient groups were also
comparable for Mini-Mental State Examination (MMSE) perfor-
mance (£(22) =0.189; p=0.852; Table 1) and disease duration
at MRI (#(22) = —1.363; p=0.187). We report group-level GM
imaging differences in svPPA and IvPPA relative to controls in
the Supplementary Material (Web Only Materials). Briefly, these
results confirm characteristic distributions of GM disease for each
patient group: svPPA showed atrophy in left anterior tempo-
ral lobe extending into posterior temporal regions, and IvPPA
displayed atrophy in left peri-Sylvian cortex and superior tem-
poral lobe (Figure S1 in Supplementary Material, Web Only
Materials).

STANDARD PROTOCOL APPROVALS, REGISTRATIONS, AND PATIENT
CONSENTS

Written informed consent was obtained for all participants using a
protocol approved by the University of Pennsylvania Institutional
Review Board.

Table 1 | Mean (+SD) clinical and demographic features and
neuropsychological performance.

IvPPA svPPA Controls
Age (years) 65.9 (7.5) 63.8 (7.4) 62.8 (79)
Sex (M/F) 6/7 477 18/16
Education (years) 14.6 (2.8) 172 (3.4) 15.3 (2.5)
MMSE (max. 30) 22.8(3.9) 22.4 (6.5) N/A
Disease duration at MRI 2.7 (1.8) 3.9(2.6) N/A
(years)
Category naming fluency —-2.3(0.9) —2.8(0.8) N/A
(z-score)
Boston Naming test (z-score) —5.6 (3.8) -13.2 (3.4) N/A
Highest Backwards Digit Span —1.1(0.7)2 -1.0(1.3) N/A
(z-score)
Rey recall total (z-score) —1.6(1.4)2 -0.8 (1.0)® N/A

NEUROPSYCHOLOGICAL ASSESSMENT

We assessed semantically guided category naming fluency [Ani-
mals; Ref. (17)] by asking patients to orally name as many different
words as possible belonging to a target semantic category (ani-
mals) in a 60-s period. Total score was calculated as the number of
unique words meeting the target category criterion.

An abbreviated version of the Boston Naming Test [BNT;
Ref.(18)] was used to assess confrontation naming. Patients were
asked to orally name each test stimulus (n=30). Stimuli con-
sisted of black-and-white line drawings. Target names were equally
distributed between high frequency, mid-frequency, and low-
frequency items. Patients were given as much time as needed to
respond. The number of stimuli that were correctly identified was
counted as the total score.

Patients were also tested for highest correct backwards digit
span and recall of the Rey figure to verify normal performance in
cognitive domains outside of language. We report patient z-scores
for neuropsychological measures generated relative to a cohort of
demographically comparable healthy seniors (p > 0.09 for sex, age,
and education; n = 24; Table 1).

IMAGING DATA ACQUISITION

Imaging was acquired on the same day as neuropsychologi-
cal testing for 16 of the 24 patients, and overall, was acquired
within an average of 2months (mean= 1.5+ 2.9 months)
from neuropsychological testing. Diffusion-weighted images
(DWI) were acquired on a Siemens 3.0 T Trio scanner with
an 8-channel coil using a single-shot, spin-echo, diffusion-
weighted echo planar imaging sequence (FOV = 245 mm; matrix
size=112 x 112; number of slices=57; voxel size=2.2mm
isotropic; TR=6700ms; TE =85 ms; fat saturation). In total,
31 volumes were acquired per subject, one without diffu-
sion weighting (b=0s/mm?) and 30 with diffusion weighting
(b=1000 s/mm?) along 30 non-collinear directions. A structural
T1-weighted 3-dimensional spoiled gradient-echo sequence was
also collected in the same session with TR = 1620 ms, TE =3 ms,
flip angle = 15°, matrix = 192 X 256, slice thickness =1 mm, and
in-plane resolution = 1.0 mm x 1.0 mm.

PREPROCESSING OF DIFFUSION-WEIGHTED IMAGES

Diffusion tensors were reconstructed from the DWT using Camino
(19). After rigid transformation, tensor images were aligned to a
healthy aging template through affine and diffeomorphic regis-
tration using the Diffusion Tensor Imaging ToolKit (DTI-TK)!
(20, 21). DTI-TK has been confirmed as a leading tool in DTI
registration (22). The healthy aging template used in the registra-
tion is the same template that was used to generate the WM tract
models as described below.

TRACT-SPECIFIC ANALYSIS

A detailed description of the TSA approach is available elsewhere
(16). Briefly, 11 tracts were available for use with TSA: corpus callo-
sum (CC) and bilateral inferior fronto-occipital fasciculus (IFO),
inferior longitudinal fasciculus (ILF), superior longitudinal fas-
ciculus (SLF), uncinate fasciculus (UNC), and corticofugal fibers

2Score not available for one subject in the group.

Uhttp://dti- tk.sourceforge.net/
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FIGURE 1 | Orientation diagram of white matter tract models. Tract
models are presented in corresponding arrangement to the visualizations of
the results (top). Tract models are assembled in anatomical context
(bottom). Note the UNC models are rotated in the isolated view relative to
the anatomical arrangement to display the surface more effectively. CC,
corpus callosum; CR, corona radiata; ILF, inferior longitudinal fasciculus; SLF,
superior longitudinal fasciculus; IFO, inferior fronto-occipital fasciculus;
UNC, uncinate fasciculus.

including the corona radiata (CR). The tracts were defined from
an aging DTI template generated from 51 subjects (21 males/30
females, mean age =70.1 £ 4.0 years) from the publicly available
IXI database? (23). We chose a healthy aging template to match
the demographic characteristics of our research population and
to model diffusion pathways without severe disease-related alter-
ations. Whole-brain tractography was run on the template using
the Fiber Assignment by Continuous Tracking (FACT) algorithm
in DTI-TK (24), and an established ROI-based fiber-tracking pro-
tocol was used to segment the tracts of interest (25). Each tract
was then converted to a binary volume and modeled by a skeleton
and its corresponding boundary using a continuous medial model
(Figure 1). For each point in the skeleton, a line segment called
a spoke connects the point to the closest point on the model’s
boundary and establishes a depth coordinate system. Spokes are
orthogonal to the model’s boundary, and no spokes in the model
may intersect.

For each subject and each tract, maximum FA values were com-
puted from the DT image along the spokes of the model and
projected onto the corresponding point on the model’s surface.
T-tests were used to compare each patient group to controls at
each point on the model. Using a t-value height threshold cor-
responding to p < 0.005, non-parametric, cluster-based statistical

Zhttp://biomedic.doc.ic.ac.uk/brain-development/

analysis was run with 10,000 permutations. We applied familywise
error (FWE) correction for multiple comparisons and report clus-
ters surviving a size threshold equivalent to p < 0.05. Additionally,
we ran regression analyses with language measures in tracts where
clusters of significantly decreased FA were identified in patients
relative to controls. Analyses were constrained to tracts with FA
disruptions so impairments in lexical retrieval could be related to
disease. Regression analyses were run with 10,000 permutations
and used a t-value height threshold of p <0.01. We applied a
cluster size threshold of p < 0.05 with FWE correction to identify
clusters where total score on BNT or Animals correlated with FA.

RESULTS

We observed widespread FA reductions in svPPA and IvPPA rel-
ative to controls. These results are illustrated in Figures 2A and
3A, and cluster features of all significant results are summarized in
Table 2. Bilateral FA changes were present in both patient groups;
however, areas of decreased FA were consistently more extensive
in left-lateralized structures. Specifically, svPPA patients demon-
strated reduced FA in bilateral ILE, IFO, SLF, and UNC as well
as CC relative to controls. These changes were most apparent in
anterior and ventral portions of these tracts. In IvPPA, decreases
in FA were present in bilateral CR, ILF, and IFO in addition to CC;
left SLF and left UNC tracts also demonstrated reduced FA.

Both patient groups demonstrated impaired performance on
Animals and BNT (Table 1). SvPPA performed worse on BNT rel-
ative to IvPPA (#(22) =5.160; p=0.001), but performance was
comparable for Animals (#(22) =1.407; p=0.173). In svPPA,
regression analysis related total score on Animals to FA changes
in left UNC and CC (Figure 2B), and BNT total score also was
related to changes in FA in UNC and CC (Figure 2C). In IvPPA,
score on Animals was related to FA changes in left SLF, left ILF,
right CR and CC (Figure 3B), and BNT score was associated with
FA in left SLE, ILE, and IFO (Figure 3C).

DISCUSSION

Lexical retrieval is impaired in both svPPA and IvPPA. In this study,
a TSA approach to DTI demonstrated that distinct distributions
of FA changes contribute to this deficit in svPPA and IvPPA. These
findings suggest that the clinical deficits associated with PPA reflect
the breakdown of a large-scale neural network that ultimately
involves the coordination of multiple brain regions contributing
to these complex language tasks. We discuss these findings in more
detail below.

In svPPA, impairments in semantically guided category nam-
ing fluency and confrontation naming were both related to WM
changes in the frontal portion of the left UNC. This WM tract car-
ries projections between the anterior and ventral temporal lobe
and GM regions in the frontal lobe. Anterior and ventral tem-
poral lobe structures are thought to contribute to word meaning
(26, 27), while frontal lobe structures are thought to play a role
in lexical selection and retrieval (28, 29). These are two of the
major components shared by category naming fluency and con-
frontation naming, and this may explain in part why difficulty on
these tasks is so prominent in svPPA. Moreover, implication of
right UNC is consistent with the bilateral nature of selection and
retrieval processes in PPA, even when the material is verbal (30).
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FIGURE 2 | Fractional anisotropy reductions and correlations with FA (C). In all panels, red corresponds with higher t-values, and statistically
Animals and BNT in svPPA. TSA analysis contrasting FA in svPPA to healthy significant clusters are outlined in black. CC, corpus callosum; CR, corona
seniors (A). TSA regression analysis in svPPA correlating Animals total score radiata; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal
and FA (B). TSA regression analysis in svPPA correlating BNT total score and fasciculus; IFO, inferior fronto-occipital fasciculus; UNC, uncinate fasciculus.
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FIGURE 3 | Fractional anisotropy reductions and correlations with

Animals and BNT in IvPPA. TSA analysis contrasting FA in IvPPA to healthy
seniors (A). TSA regression analysis in IVPPA correlating Animals total score
and FA (B). TSA regression analysis in IVPPA correlating BNT total score and
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Table 2 | Clusters of reduced fractional anisotropy and regressions
relating fractional anisotropy to language measures.

WM tract Area (mm?) p-Value WM tract Area (mm?) p-value
svPPA < SENIORS IvPPA ANIMALS REGRESSION
L UNC 520 0.001 L SLF 77 0.023
578 0.001 L ILF 39 0.035
L ILF 939 0.001 cC 415 0.018
15 0.040 R CR 147 0.032
LIFO 545 0.001 IvPPA BNT REGRESSION
86 0.030 L SLF 73 0.014
353 0.001 LILF 120 0.007
410 0.001 LIFO 106 0.021
L SLF 419 0.001
40 0.028
26 0.048 CC may contribute by helping to integrate left and right hemi-
cC 158 0.018 spheric functioning. Agosta et al. assessed BNT score and mean
296 0.007 diffusivity (MD) of CC and various left-lateralized fiber tracts in
397 0.005 patients with semantic dementia but found no significant corre-
162 0.017 lation (11). As discussed below, the higher sensitivity afforded by
R UNC 182 0.001 TSA may contribute to the detection of correlations in the present
130 0.001 study that had not been previously observed.
10 0.040 In IvPPA, by comparison, reduced WM integrity related con-
12 0.035 frontation naming to left SLE ILE, and IFO. SLF and IFO project
RILF 127 0.002 from frontal regions to the posterior temporal region, an area
RIFO 110 0.006 that has been associated with lexical representations (7). We also
o4 0.010 found that category naming fluency deficits in IvPPA correlated
R SLF 35 0.012 with disease affecting left SLF, left ILF, CC, and right CR. Disease
45 0.006 in the ILF may contribute to lexical retrieval, and disease in the
IvPPA < SENIORS dorsal stream in SLF may play a role in the phonological speech
L SLF 69 0.007 errors found in IvPPA (1). Naming is a complex process involving
28 0.037 semantic knowledge, visuospatial information, and lexical search;
a1 0.021 these results suggest that impairment in distinct processes involved
LILF 297 0.001 in confrontation naming and category naming fluency may asso-
L UNC 15 0.042 ciate with distinct distributions of damage to a large-scale lexical
LIFO 449 0.001 retrieval network (8). Taken together with the observations in
L CR 93 0.017 svPPA, these findings are consistent with the hypothesis that lexical
ce 121 0.026 retrieval depends on a neural network involving anterior-ventral
86 0.042 temporal, posterior temporal, and lateral prefrontal GM regions
170 0.016 and the WM projections between them. Both svPPA and IvPPA
100 0.033 appear to have overlapping GM disease in the posterolateral tem-
293 0.007 poral lobe that may contribute to impaired lexical retrieval, but
R CR 46 0.049 distinct patterns of WM interruption of this network in svPPA
R IFO 63 0.019 and IvPPA also play a role in lexical retrieval difficulty.
110 0.007 Previous work has implicated both dorsal and ventral streams
RILF 27 0.026 in language (31, 32). Specifically, syntactic and phonological pro-
svPPA ANIMALS REGRESSION cessing has been more associated with a dorsal stream mediated
L UNC 97 0.007 by the SLE. While less work has investigated the role of the ven-
ce 174 0.030 tral stream mediated by IFO, it is thought to be more involved
174 0.030 with lexical-semantic representation and retrieval (33, 34). In the
159 0.037 non-fluent/agrammatic variant of PPA, we reported associations
svPPA BNT REGRESSION between WM disruptions in the dorsal stream and grammatical
L UNC 58 0.021 impairments, and we implicated WM damage in the ventral stream
R UNC 38 0.024 in the representation of major lexical grammatical categories (32).
cc 219 0.019 Similarly, Wilson et al. correlated damage to dorsal language tracts
with impaired syntactic processing in a mixed PPA group (31). The
(Continued) ~ current results augment our knowledge of language processing
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networks as damage to projections contributing to dorsal and ven-
tral streams in svPPA and IvPPA was related to impaired lexical
retrieval.

Our analyses of reduced FA in PPA relative to controls
were largely consistent with previous reports. Both the seman-
tic and logopenic variants of PPA were associated with widespread
changes in FA. In svPPA, we found evidence of decreased WM
fiber integrity in UNC, ILE, SLEF, IFO, and CC, but not in CR.
FA disruptions were focused in the frontal and temporal portions
of the involved structures, with the most extensive involvement of
anterior and ventral portions of left-lateralized tracts. Left UNC in
particular was the most heavily affected fiber tract. These results
correspond closely to the characteristic pattern of anterior tem-
poral GM disease in svPPA (5) and emphasize the breakdown of
large-scale neural networks involving multiple GM regions that are
important for lexical retrieval in svPPA. Likewise, the WM disrup-
tions in IvPPA provide further evidence of anatomical congruence
with GM atrophy and the breakdown of projections between these
areas and other GM areas important for lexical retrieval in IvPPA.
The focus of GM damage in IvPPA is the posterior temporal lobe
and peri-Sylvian regions (6). Visual inspection of results revealed
a corresponding posterior shift in WM damage in IvPPA relative to
svPPA. Again, FA changes were more prominent in left-lateralized
tracts relative to those on the right, and right SLF and UNC were
the only tracts where no significant changes in FA were detected.
These results are consistent with previous reports that patterns
of WM disruptions in PPA variants extend beyond respective
anatomic distributions of GM atrophy (13, 35, 36).

In FA studies of svPPA, the profile of WM disease most fre-
quently includes left UNC and ILF (35, 37). Additional studies
reporting more widespread alterations include left IFO, left SLE,
and the genu of CC (13, 14). One recent study utilizing tract-
based spatial statistics [TBSS; Ref. (38)] reported compromised
FA in several of these tracts, but results extended into many of
the corresponding right-lateralized brain structures (15). The cur-
rent findings also show that left UNC and ILF were most severely
affected, but damage extended into CC, SLF, and even IFO. Further,
significant (but less extensive) disease was evident in each corre-
sponding right WM tract. The high sensitivity afforded by the data
reduction methods in the TBSS and TSA approaches (16), along
with the relatively large groups we studied, may have contributed to
the observation of more widespread disease distributions involv-
ing right network components. Fewer studies have reported FA
disruptions in IvPPA. Previous work has described damage to left
SLF and WM of the parietotemporal junction (12, 39). One study
reported widespread FA reductions in left WM structures relative
to controls (36). Similar to the current results, extensive bilateral
WM disease in has been described in IvPPA using TBSS (15).

The TSA approach employed in this study capitalizes on the
advantages of three well-established strategies in DTI analysis:
fiber tractography, voxel-based morphometry (VBM), and TBSS.
Fiber-tracking algorithms facilitate the mapping of statistical fea-
tures derived from DTI along the length of fiber bundles. Sev-
eral published techniques extract centerlines from tractography
output, normalize these across subjects, and perform statistical
inference on DT metrics along the centerlines (40-42). While
this approach is apt for fiber bundles that have tubular shapes,

such as the cingulum, a centerline representation is inappropriate
for other shapes, such as CC. VBM approaches allow for more
detailed spatial localization; however, WM structural information
is not taken into account during smoothing and analysis (43).
TBSS mitigates this concern by incorporating the geometric fea-
tures of WM structures. In TBSS, a mean FA image is computed,
thresholded, and skeletonized; then, the DT metrics of the subjects
are projected onto the skeleton for statistical analysis (38). The use
of the mean FA image in TBSS limits this approach by ignoring
orientation information. Thus, adjacent fasciculi with different
orientations but similar FA are combined into a single region of
skeleton. Similar to TBSS, TSA utilizes WM structural information
and projects diffusion data onto skeleton-based models. However,
TSA is structure-specific with connectivity information from fiber
tractography incorporated into structural definition. This allows
for more reliable inference within anatomical structures. While
standard isotropic smoothing in VBM reduces spatial localization
comparably in all directions, the geometric modeling employed
in TSA allows spatial specificity to be preserved along the more
informative directions following the surface of the tract model
while being reduced along the depth direction, or the direction
orthogonal to the boundary of the structure. Furthermore, the
parametric surface representations in TSA allow for the applica-
tion of surface-based statistical analysis, and robust techniques for
the statistical analysis of manifold-based feature maps have been
well documented in the context of neuroimaging (16). The pat-
terns of WM tract damage we observed in svPPA and IvPPA both
correspond with and extend beyond much of what has been pre-
viously observed; these results, benefiting from the advantages of
the TSA approach, may represent a more realistic model of WM
damage in these PPA variants.

Some limitations in the current study bear review when con-
sidering directions for future work. As in other studies assessing
DTI within specific PPA variants, the numbers of participating
patients were relatively small. Although these groups were larger
than those in several previous studies investigating WM in these
PPA phenotypes (35, 36, 39), it would be valuable to study larger
group sizes to evaluate the TSA technique in a more comprehensive
manner. TSA employs data reduction in the direction locally per-
pendicular to the surface of the tract model. Consequently, some
specificity in the localization of results is traded for increased sen-
sitivity to detect changes. However, the directionality of the data
reduction maintains a high degree of specificity in the dimensions
of greater interest. Also, other studies of WM in PPA have addi-
tionally reported MD, trace diffusivity, axial diffusivity, and radial
diffusivity (11, 12, 15), but the interpretation of these metrics
remains controversial (44, 45). Finally, The tract-specific nature of
this method offers a valuable advantage over the TBSS approach
by avoiding problems inherent in collapsing adjacent WM tracts
in regions of skeleton that have ambiguous directions of diffusion
(16). Therefore, improved sensitivity from anatomically guided
data reduction in TSA is retained alongside reliable tract-specific
localization and robust tensor-based registration. TSA currently
incorporates 11 prominent WM tracts whose fibers have wide-
spread projections throughout the brain, but some tracts and
regions of WM are not investigated. More complete anatomic cov-
erage would be ideal, although reliable methods of segmentation
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for several smaller and less easily distinguished WM structures
are still an evolving area of research. Furthermore, the canoni-
cal set of WM tracts establishes a coordinate system independent
of a specific group or study and allows for the possibility of direct
comparisons with additional WM studies using the TSA approach.

With these caveats in mind we conclude that distinct patterns of
network disruption occur in the semantic and logopenic variants
of PPA. Measures of language performance were related to dis-
tinct disruptions of WM integrity in svPPA and IvPPA that involve
specific structures contributing to a large-scale network for lexical
retrieval.

AUTHORS CONTRIBUTION

John P. Powers study concept, acquisition of the data, interpreta-
tion of the data, statistical analysis, drafting/revising the manu-
script for content, final approval of manuscript, agreement to be
accountable for all aspects of the work. Corey T. McMillan study
concept, interpretation of the data, study supervision and coordi-
nation, drafting/revising the manuscript for content, final approval
of manuscript, agreement to be accountable for all aspects of the
work. Caroline C. Brun study concept, interpretation of the data,
statistical analysis, drafting/revising the manuscript for content,
final approval of manuscript, agreement to be accountable for all
aspects of the work. Paul A. Yushkevich study concept, statisti-
cal analysis, revising the manuscript for content, final approval
of manuscript, agreement to be accountable for all aspects of the
work. Hui Zhang study concept, statistical analysis, revising the
manuscript for content, final approval of manuscript, agreement
to be accountable for all aspects of the work. James C. Gee study
concept, study supervision and coordination, revising the manu-
script for content, final approval of manuscript, agreement to be
accountable for all aspects of the work. Murray Grossman study
concept, interpretation of the data, study supervision and coordi-
nation, drafting/revising the manuscript for content, final approval
of manuscript, agreement to be accountable for all aspects of
the work.

ACKNOWLEDGMENTS

This project was supported by NIH Grant (AG043503, AG17586,
NS44266, AG15116, AG32953, NS53488) and the Wyncote Foun-
dation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://www.frontiersin.org/Journal/10.3389/fneur.2013.00212/
abstract

Figure S1 | Gray matter atrophy. Inflated-brain renderings showing
significantly decreased GM density in svPPA (A) and IvPPA (B) relative to
healthy seniors.

REFERENCES
1. Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF,
et al. Classification of primary progressive aphasia and its variants. Neurology
(2011) 76(11):1006—14. doi:10.1212/WNL.0b013e31821103e6
2. Hoffman P, Meteyard L, Patterson K. Broadly speaking: vocabulary in seman-
tic dementia shifts towards general, semantically diverse words. Cortex (2012).
doi:10.1016/j.cortex.2012.11.004. [Epub ahead of print].

w

w

~

*

10.

1

—

12.

1

w

14.

1

w

16.

17.

18.

19.

20.

21.

22.

. Bonner MF, Grossman M. Gray matter density of auditory association cortex

relates to knowledge of sound concepts in primary progressive aphasia. J Neu-
rosci (2012) 32(23):7986-91. doi:10.1523/JNEUROSCI.6241-11.2012

. Migliaccio R, Agosta F, Rascovsky K, Karydas A, Bonasera S, Rabinovici

GD, etal. Clinical syndromes associated with posterior atrophy: early age
at onset AD spectrum. Neurology (2009) 73(19):1571-8. doi:10.1212/WNL.
0b013e3181c0d427

. Rohrer JD, Warren JD, Modat M, Ridgway GR, Douiri A, Rossor MN, et al.

Patterns of cortical thinning in the language variants of frontotempo-
ral lobar degeneration. Neurology (2009) 72(18):1562-9. doi:10.1212/WNL.
0b013e3181a4124e

Gorno-Tempini ML, Dronkers NE, Rankin KP, Ogar JM, Phengrasamy L, Rosen
H]J, et al. Cognition and anatomy in three variants of primary progressive apha-
sia. Ann Neurol (2004) 55(3):335-46. doi:10.1002/ana.10825

. Khader PH, Jost K, Mertens M, Bien S, Rosler F. Neural correlates of generating

visual nouns and motor verbs in a minimal phrase context. Brain Res (2010)
1318:122-32. doi:10.1016/j.brainres.2009.12.082

Grossman M, McMillan C, Moore P, Ding L, Glosser G, Work M, et al. What’s
in a name: voxel-based morphometric analyses of MRI and naming difficulty
in Alzheimer’s disease, frontotemporal dementia and corticobasal degeneration.
Brain (2004) 127 (Pt 3):628—49. doi:10.1093/brain/awh075

. Neumann M, Kwong LK, Truax AC, Vanmassenhove B, Kretzschmar HA, Van

Deerlin VM, et al. TDP-43-positive white matter pathology in frontotemporal
lobar degeneration with ubiquitin-positive inclusions. ] Neuropathol Exp Neurol
(2007) 66(3):177-83. doi:10.1097/01.jnen.0000248554.45456.58

Moghekar A, Kraut M, Elkins W, Troncoso J, Zonderman AB, Resnick SM,
etal. Cerebral white matter disease is associated with Alzheimer pathol-
ogy in a prospective cohort. Alzheimers Dement (2012) 8(5 Suppl):S71-7.
doi:10.1016/j.jalz.2012.04.006

. Agosta F, Henry RG, Migliaccio R, Neuhaus J, Miller BL, Dronkers NF, et al.

Language networks in semantic dementia. Brain (2010) 133(Pt 1):286-99.
doi:10.1093/brain/awp233

Galantucci S, Tartaglia MC, Wilson SM, Henry ML, Filippi M, Agosta F, et al.
White matter damage in primary progressive aphasias: a diffusion tensor trac-
tography study. Brain (2011) 134(Pt 10):3011-29. doi:10.1093/brain/awr099

. Schwindt GC, Graham NL, Rochon E, Tang-Wai DF, Lobaugh NJ, Chow TW,

et al. Whole-brain white matter disruption in semantic and nonfluent vari-
ants of primary progressive aphasia. Hum Brain Mapp (2013) 34(4):973-84.
doi:10.1002/hbm.21484

Acosta-Cabronero J, Patterson K, Fryer TD, Hodges JR, Pengas G, Williams GB,
etal. Atrophy, hypometabolism and white matter abnormalities in semantic
dementia tell a coherent story. Brain (2011) 134(Pt 7):2025-35. doi:10.1093/
brain/awr119

. Mahoney CJ, Malone IB, Ridgway GR, Buckley AH, Downey LE, Golden HL,

et al. White matter tract signatures of the progressive aphasias. Neurobiol Aging
(2013) 34(6):1687-99. doi:10.1016/j.neurobiolaging.2012.12.002

Yushkevich PA, Zhang H, Simon TJ, Gee JC. Structure-specific statistical map-
ping of white matter tracts. Neuroimage (2008) 41(2):448-61. doi:10.1016/j.
neuroimage.2008.01.013

Mickanin J, Grossman M, Onishi K, Auriacombe S, Clark C. Verbal and non-
verbal fluency in patients with probably Alzheimer’s disease. Neuropsychology
(1994) 8:385-94. doi:10.1037/0894-4105.8.3.385

Kaplan E, Goodglass H, Weintraub S. The Boston Naming Test. Philadelphia, PA:
Lea & Febiger (1983).

Cook PA, Bai Y, Nedjati-Gilani S, Seunarine KK, Hall MG, Parker GJ, et al.
Camino: open-source diffusion-MRI reconstruction and processing. 14th Sci-
entific Meeting of the International Society for Magnetic Resonance in Medicine,
Seattle, WA (2006). p. 2759.

Zhang H, Avants BB, Yushkevich PA, Woo JH, Wang S, McCluskey LF, et al.
High-dimensional spatial normalization of diffusion tensor images improves
the detection of white matter differences: an example study using amy-
otrophic lateral sclerosis. IEEE Trans Med Imaging (2007) 26(11):1585-97.
doi:10.1109/TMI1.2007.906784

Zhang H, Yushkevich PA, Alexander DC, Gee JC. Deformable registration of
diffusion tensor MR images with explicit orientation optimization. Med Image
Anal (2006) 10(5):764-85. doi:10.1016/j.media.2006.06.004

Wang Y, Gupta A, Liu Z, Zhang H, Escolar ML, Gilmore JH, et al. DTI registra-
tion in atlas based fiber analysis of infantile Krabbe disease. Neuroimage (2011)
55(4):1577-86. doi:10.1016/j.neuroimage.2011.01.038

Frontiers in Neurology | Neurodegeneration

December 2013 | Volume 4 | Article 212 | 8


http://www.frontiersin.org/Journal/10.3389/fneur.2013.00212/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2013.00212/abstract
http://dx.doi.org/10.1212/WNL.0b013e31821103e6
http://dx.doi.org/10.1016/j.cortex.2012.11.004
http://dx.doi.org/10.1523/JNEUROSCI.6241-11.2012
http://dx.doi.org/10.1212/WNL.0b013e3181c0d427
http://dx.doi.org/10.1212/WNL.0b013e3181c0d427
http://dx.doi.org/10.1212/WNL.0b013e3181a4124e
http://dx.doi.org/10.1212/WNL.0b013e3181a4124e
http://dx.doi.org/10.1002/ana.10825
http://dx.doi.org/10.1016/j.brainres.2009.12.082
http://dx.doi.org/10.1093/brain/awh075
http://dx.doi.org/10.1097/01.jnen.0000248554.45456.58
http://dx.doi.org/10.1016/j.jalz.2012.04.006
http://dx.doi.org/10.1093/brain/awp233
http://dx.doi.org/10.1093/brain/awr099
http://dx.doi.org/10.1002/hbm.21484
http://dx.doi.org/10.1093/brain/awr119
http://dx.doi.org/10.1093/brain/awr119
http://dx.doi.org/10.1016/j.neurobiolaging.2012.12.002
http://dx.doi.org/10.1016/j.neuroimage.2008.01.013
http://dx.doi.org/10.1016/j.neuroimage.2008.01.013
http://dx.doi.org/10.1037/0894-4105.8.3.385
http://dx.doi.org/10.1109/TMI.2007.906784
http://dx.doi.org/10.1016/j.media.2006.06.004
http://dx.doi.org/10.1016/j.neuroimage.2011.01.038
http://www.frontiersin.org/Neurodegeneration
http://www.frontiersin.org/Neurodegeneration/archive

Powers et al.

White matter and lexical retrieval

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34,

35.

36.

Zhang H, Yushkevich PA, Rueckert D, Gee JC. A computational white matter
atlas for aging with surface-based representation of fasciculi. Lect Notes Comput
Sci (2010) 6204:83-90. doi:10.1007/978-3-642-14366-3_8

Mori S, Crain BJ, Chacko VP, van Zijl PC. Three-dimensional tracking of axonal
projections in the brain by magnetic resonance imaging. Ann Neurol (1999)
45(2):265-9. doi:10.1002/1531-8249(199902)45:23.0.CO;2-3

Wakana S, Jiang H, Nagae-Poetscher LM, van Zijl PC, Mori S. Fiber tract-
based atlas of human white matter anatomy. Radiology (2004) 230(1):77-87.
doi:10.1148/radiol.2301021640

Bonner MF, Vesely L, Price C, Anderson C, Richmond L, Farag C, et al. Rever-
sal of the concreteness effect in semantic dementia. Cogn Neuropsychol (2009)
26(6):568-79. doi:10.1080/02643290903512305

Mion M, Patterson K, Acosta-Cabronero J, Pengas G, Izquierdo-Garcia D, Hong
YT, et al. What the left and right anterior fusiform gyri tell us about semantic
memory. Brain (2010) 133(11):3256-68. doi:10.1093/brain/awq272

Wagner K, Frings L, Spreer J, Buller A, Everts R, Halsband U, et al. Differ-
ential effect of side of temporal lobe epilepsy on lateralization of hippocam-
pal, temporolateral, and inferior frontal activation patterns during a verbal
episodic memory task. Epilepsy Behav (2008) 12(3):382-7. doi:10.1016/j.yebeh.
2007.11.003

Thompson-Schill SL, D’Esposito M, Kan IP. Effects of repetition and competi-
tion on activity in left prefrontal cortex during word generation. Neuron (1999)
23(3):513-22. doi:10.1016/S0896-6273(00)80804- 1

Libon DJ, McMillan C, Gunawardena D, Powers C, Massimo L, Khan A,
et al. Neurocognitive contributions to verbal fluency deficits in frontotem-
poral lobar degeneration. Neurology (2009) 73(7):535-42. doi:10.1212/WNL.
0b013e3181b2a4f5

. Wilson SM, Galantucci S, Tartaglia MC, Rising K, Patterson DK, Henry ML,

et al. Syntactic processing depends on dorsal language tracts. Neuron (2011)
72(2):397-403. doi:10.1016/j.neuron.2011.09.014

Grossman M, Powers ], Ash S, McMillan C, Burkholder L, Irwin D,
etal. Disruption of large-scale neural networks in non-fluent/agrammatic
variant primary progressive aphasia associated with frontotemporal degener-
ation pathology. Brain Lang (2012) 127(2):106-20. doi:10.1016/j.bandl.2012.
10.005

Hickok G, Poeppel D. Dorsal and ventral streams: a framework for under-
standing aspects of the functional anatomy of language. Cognition (2004)
92(1-2):67-99. doi:10.1016/j.cognition.2003.10.011

Friederici AD. The brain basis of language processing: from structure to func-
tion. Physiol Rev (2011) 91(4):1357-92. doi:10.1152/physrev.00006.2011
Whitwell JL, Avula R, Senjem ML, Kantarci K, Weigand SD, Samikoglu A, et al.
Gray and white matter water diffusion in the syndromic variants of fron-
totemporal dementia. Neurology (2010) 74(16):1279-87. doi:10.1212/WNL.
0b013e3181d9edde

Agosta F, Scola E, Canu E, Marcone A, Magnani G, Sarro L, et al. White matter
damage in frontotemporal lobar degeneration spectrum. Cereb Cortex (2012)
22(12):2705-14. doi:10.1093/cercor/bhr288

3

~

. Borroni B, Brambati SM, Agosti C, Gipponi S, Bellelli G, Gasparotti R, et al. Evi-
dence of white matter changes on diffusion tensor imaging in frontotemporal
dementia. Arch Neurol (2007) 64(2):246-51. doi:10.1001/archneur.64.2.246

38. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay

CE, et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffu-
sion data. Neuroimage (2006) 31(4):1487-505. doi:10.1016/j.neuroimage.2006.
02.024

39. Magnin E, Cattin F, Vandel P, Galmiche J, Moulin T, Rumbach L. Fractional

anisotropy in three variants of primary progressive aphasia. Eur Neurol (2012)
68(4):229-33. doi:10.1159/000339947
40. Corouge I, Fletcher PT, Joshi S, Gouttard S, Gerig G. Fiber tract-oriented sta-
tistics for quantitative diffusion tensor MRI analysis. Med Image Anal (2006)
10(5):786-98. doi:10.1016/j.media.2006.07.003
. Jones DK, Travis AR, Eden G, Pierpaoli C, Basser PJ. PASTA: pointwise
assessment of streamline tractography attributes. Magn Reson Med (2005)
53(6):1462—7. doi:10.1002/mrm.20484
42. Maddah M, Wells WM 111, Warfield SK, Westin CF, Grimson WE. Probabilistic
clustering and quantitative analysis of white matter fiber tracts. Inf Process Med
Imaging (2007) 20:372-83. doi:10.1007/978-3-540-73273-0_31

43. Jones DK, Symms MR, Cercignani M, Howard R]. The effect of filter size on
VBM analyses of DT-MRI data. Neuroimage (2005) 26(2):546-54. doi:10.1016/
j-neuroimage.2005.02.013

44. Wheeler-Kingshott CA, Cercignani M. About “axial” and “radial” diffusivities.

Magn Reson Med (2009) 61(5):1255-60. doi:10.1002/mrm.21965

45. Vos SB, Jones DK, Jeurissen B, Viergever MA, Leemans A. The influence of com-

plex white matter architecture on the mean diffusivity in diffusion tensor MRI of

the human brain. Neuroimage (2012) 59(3):2208-16. doi:10.1016/j.neuroimage.

2011.09.086

4

—

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 01 November 2013; accepted: 13 December 2013; published online: 27
December 2013.

Citation: Powers JP, McMillan CT, Brun CC, Yushkevich PA, Zhang H, Gee JC and
Grossman M (2013) White matter disease correlates with lexical retrieval deficits in
primary progressive aphasia. Front. Neurol. 4:212. doi: 10.3389/fneur.2013.00212
This article was submitted to Neurodegeneration, a section of the journal Frontiers in
Neurology.

Copyright © 2013 Powers, McMillan, Brun, Yushkevich, Zhang, Gee and Grossman.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

www.frontiersin.org

December 2013 | Volume 4 | Article 212 | 9


http://dx.doi.org/10.1007/978-3-642-14366-3_8
http://dx.doi.org/10.1002/1531-8249(199902)45:23.0.CO;2-3
http://dx.doi.org/10.1148/radiol.2301021640
http://dx.doi.org/10.1080/02643290903512305
http://dx.doi.org/10.1093/brain/awq272
http://dx.doi.org/10.1016/j.yebeh.2007.11.003
http://dx.doi.org/10.1016/j.yebeh.2007.11.003
http://dx.doi.org/10.1016/S0896-6273(00)80804-1
http://dx.doi.org/10.1212/WNL.0b013e3181b2a4f5
http://dx.doi.org/10.1212/WNL.0b013e3181b2a4f5
http://dx.doi.org/10.1016/j.neuron.2011.09.014
http://dx.doi.org/10.1016/j.bandl.2012.10.005
http://dx.doi.org/10.1016/j.bandl.2012.10.005
http://dx.doi.org/10.1016/j.cognition.2003.10.011
http://dx.doi.org/10.1152/physrev.00006.2011
http://dx.doi.org/10.1212/WNL.0b013e3181d9edde
http://dx.doi.org/10.1212/WNL.0b013e3181d9edde
http://dx.doi.org/10.1093/cercor/bhr288
http://dx.doi.org/10.1001/archneur.64.2.246
http://dx.doi.org/10.1016/j.neuroimage.2006.02.024
http://dx.doi.org/10.1016/j.neuroimage.2006.02.024
http://dx.doi.org/10.1159/000339947
http://dx.doi.org/10.1016/j.media.2006.07.003
http://dx.doi.org/10.1002/mrm.20484
http://dx.doi.org/10.1007/978-3-540-73273-0_31
http://dx.doi.org/10.1016/j.neuroimage.2005.02.013
http://dx.doi.org/10.1016/j.neuroimage.2005.02.013
http://dx.doi.org/10.1002/mrm.21965
http://dx.doi.org/10.1016/j.neuroimage.2011.09.086
http://dx.doi.org/10.1016/j.neuroimage.2011.09.086
http://dx.doi.org/10.3389/fneur.2013.00212
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neurodegeneration/archive

	White matter disease correlates with lexical retrieval deficits in primary progressive aphasia
	Introduction
	Materials and methods
	Participants
	Standard protocol approvals, registrations, and patient consents
	Neuropsychological assessment
	Imaging data acquisition
	Preprocessing of diffusion-weighted images
	Tract-specific analysis

	Results
	Discussion
	Authors contribution
	Acknowledgments
	Supplementary material
	References


