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Despite the common assumption that atrophy in a certain brain area would compromise
the function that it subserves, this is not always the case, especially in complex
clinical syndromes such as primary progressive aphasia (PPA). Clinical and demographic
information may contribute to PPA phenotypes and explain the manifested impairments
better than atrophy. In the present study, we asked how much variance of the object and
action naming impairments observed in PPA may be attributed to atrophy in the language
network alone vs. additional clinical and demographic factors including language
severity and education. Thirty-nine participants with PPA underwent magnetic resonance
imaging (MRI) for volumetric analysis and a complete neuropsychological examination,
including standardized tests of object and action naming. We used stepwise regression
models to compare atrophy (volumetric model) to clinical/demographic variables (clinical-
demographic model) for naming objects and actions. The clinical-demographic model
was the best-fit model that explained the largest amount of variance in both object and
action naming. Brain volume measurements alone explained little variance in both object
and action naming. Clinical factors, particularly language severity, and demographic
factors, particularly education, need to be considered in conjunction with brain volumes
in PPA. The present study emphasizes the complexity of PPA as a syndrome and
provides an example of how volumetric, clinical and demographic factors may interact in
determining naming performance/deterioration.

Keywords: primary progressive aphasia, object naming, action naming, atlas-based analysis, graymatter volumes,
education, severity, language severity

INTRODUCTION

It is usually the case that brain volumes correlate with, predict or determine naming performance
(Schwartz et al., 2009; Tsapkini et al., 2011); however, this assumptionmay not hold true for patients
with primary progressive aphasia (PPA), given the existing atrophy of many areas in the language
network and the relatively high education levels (indicative of cognitive reserve) in these patients.
Recently, it has been shown that lower levels of education correlate with greater aphasia severity
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and performance in a series of tasks ranging from comprehension
to production in left-hemisphere stroke patients, even after
adjusting for socio-economic status (González-Fernández et al.,
2011). Therefore, atrophy may not always correlate with
cognitive performance unless other parameters are taken into
account, but this has not been explicitly shown in PPA. In the
present study, we addressed this issue in the case of object and
action naming.

The neural substrates of object and action naming, roughly
corresponding to the grammatical categories of nouns and verbs,
are extensively studied, especially in post-stroke aphasia (Miceli
et al., 1988; Caramazza and Hillis, 1991). Lesion studies have
demonstrated that the retrieval of object names is processed
in the left anterior and middle temporal cortices, while the
equivalent system for verbs is processed in the left frontal
regions (Miceli et al., 1988; Damasio and Tranel, 1993; Daniele
et al., 1994; Tranel et al., 1997, 2001; Hillis et al., 2002a).
More heterogeneous results have been reported in neuroimaging
investigations; thus, frontal (Perani et al., 1999; Tranel et al.,
2005) and temporal cortices have been involved in verb naming
(Perani et al., 1999; Tranel et al., 2005; Benetello et al., 2016),
especially in the processing of verb-specific syntactic information
(Bedny et al., 2008), and in the lexical processing of active verbs
compared to nouns (Yokoyama et al., 2006).

Naming and word-finding difficulties are among the most
common deficits in neurodegenerative conditions. Thus,
naming tasks are useful tools for the clinician (neurologist,
neuropsychologist, or speech-language pathologist). Various
types of dementia are increasing in prevalence across aging
populations. PPA is an initially focal neurodegenerative
syndrome characterized by primary progressive language
impairments that eventually affect other cognitive domains
and daily functioning (Mesulam, 2007; Gorno-Tempini et al.,
2011). According to recent consensus criteria, PPA diagnosis
and subtyping include three types of information: imaging
data, neuropsychological testing, and clinical features (such as
language severity). Within the neuropsychological assessment,
naming tests of objects and actions are among the standard
neuropsychological assessments used in PPA diagnosis and
treatment. Current criteria identify naming problems in
spontaneous speech as the core symptoms of the logopenic
variant (lvPPA) and semantic variant (svPPA), whereas the
non-fluent variant (nfvPPA) may be characterized by impaired
speech production or agrammatism (Gorno-Tempini et al.,
2011). A pertinent issue in PPA is to determine the brain
areas that are responsible for naming performance to inform
diagnosis and classification of patients. Studies in PPA indicate
that patients with nfvPPA may also show more pronounced
oral naming impairment for verbs (Hillis et al., 2002a, 2004;
Thompson et al., 2012) than patients with lvPPA (Hillis et al.,
2004) and svPPA (Thompson et al., 2012) who may show
greater impairments in naming of nouns. A previous study
from our group demonstrated a strong correlation between
atrophy in the left inferior temporal gyrus (ITG) and naming
performance in PPA patients for both objects and actions (Race
et al., 2013). The present study seeks to not only explore brain
areas that correlate with performance in naming objects and

actions but to: (1) quantify the amount of variance explained
by the gray matter volumes in naming objects and actions;
and (2) evaluate the contribution of clinical and demographic
parameters that may explain the variance in object and action
naming in PPA.

Several studies have examined the effect of other
demographic factors (such as gender or education) on naming
performance in neurodegenerative conditions. In patients with
neurodegenerative diseases, these studies report an effect of
gender (men perform better than women), age, education, IQ,
diagnostic groups, hypertension and years post-onset (Randolph
et al., 1999; Hall et al., 2012). In PPA only one study looked at the
effect of gender, but it showed no difference in performance by
gender on the Boston Naming Test (BNT; Rogalski et al., 2007).
Given the increasing interest in gender and other demographic
and clinical differences in many diseases, especially in brain
diseases, as well as the complexity of PPA, it is important to
consider their relative contribution in naming performance.

In the present study, we examined the effect of volumetric
measures of brain regions in the language network as predictors
of object and action naming and compared their predictive
value with additional demographic and clinical factors used
in PPA clinical assessment. Using stepwise regression models
for naming performance on standardized tests of objects
and actions, we compared the predictive value of the brain
volumes of the language network alone (volumetric model)
to the additional effects of demographic factors (gender, age,
education) and clinical features (years post-onset, severity of
language impairment and severity of dementia), hereafter called
the clinical-demographic model. We also added a secondary
analysis introducing the PPA type of variant as a factor,
since the three variants have different naming deficits (Gorno-
Tempini et al., 2011). In assessing naming performance,
we calculated accuracy in lexical access, i.e., word retrieval
and phonological representations, rather than motor speech
impairments, prevalent in the nfvPPA.

MATERIALS AND METHODS

Participants and Recruitment
Thirty-nine right-handed patients diagnosed with PPA (age
range: 50–82 years) participated in the present study. PPA
variants were diagnosed according to current diagnostic criteria
(Gorno-Tempini et al., 2011). Data were collected from
June 2011 to June 2017. All participants had normal or
corrected vision; none reported a history of head injury or
other neurological problems (other than PPA). Participants
were enrolled from Johns Hopkins Outpatient Center’s PPA
Clinic or Frontotemporal and Young-Onset Dementia Clinic
or referred by physicians specializing in PPA or through
clinicaltrials.gov as potential participants for a clinical trial study
with a confirmed diagnosis of PPA (ClinicalTrials.gov Identifier:
NCT02606422). All participants gave written informed consent
and received a thorough language, cognitive and imaging
evaluation as part of their participation in the study (see
Table 1 for participant characteristics). The experimental
procedures and protocol were approved by the Johns Hopkins
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Hospital Institutional Review Board. All subjects gave written
informed consent in accordance with the Declaration of
Helsinki.

Clinical Assessment
All patients underwent a complete assessment for demographic
and clinical features, and with the Frontotemporal Lobar
Degeneration (FTLD)–Clinical Dementia Rating scale
(CDR; Knopman et al., 2008) for severity, which provides
a semi-quantitative grading of the severity of impairment
within a variety of domains. Two severity disease scores were
included in the analysis: the total score of the multidimensional
evaluation of the FTLD–CDR battery (range 0–24, higher scores
indicating more disability)—named ‘‘dementia severity’’ in our
study—and the language score at the language subscale of the
FTLD–CDR battery (range 0–3)—named ‘‘language severity’’
in our study. Therefore, dementia severity included the sum of
the ratings of all the subscales: memory, orientation, judgment
and problem-solving, community affairs, home and hobbies,
personal care, behavior/comportment, personality and language.
Each subscale varied from normal (0) to questionable/very mild
(0.5), mild (1.0), moderate (2.0), or severe (3.0) impairment
(Knopman et al., 2008). The language subscale particularly
differentiates between the following: ‘‘normal speech’’ (0);
‘‘minimal but noticeable word-finding problems and non-
fluency, with normal comprehension’’ (0.5); ‘‘mild and frequent
word-finding problems without degrading spoken speech, or,
mild comprehension difficulties’’ (1); ‘‘moderate word-finding
problems that interfere significantly with communication,
or moderate non-fluency or comprehension in ordinary
conversation’’ (2); ‘‘severe deficits in word-finding, in expressive
speech and in comprehension making communication
nil’’ (3). This five-level rating scale is efficient in capturing
the progression of the overall language impairment that
covers all the language deficits characterizing the variants.
Furthermore, the language subscale adds unique information
in patients with very mild impairment, thus being suitable
for the distinction between mild and moderate severity
patients (Knopman et al., 2008). Years post-onset were
established during the first visit based on the reported history of
symptoms.

Outcome Measures
Object naming was assessed by asking patients to name pictures
from the BNT 30-item version (Williams et al., 1989). Action
naming was assessed similarly with 35 pictures from the Hopkins
Assessment on Naming Actions (HANA; Breining et al., 2015),
in which picture names are matching in word frequency to
the BNT. Items were considered correct if they were correctly
named spontaneously or with a provided semantic cue (but
without any phonological cue) according to standard criteria
of the BNT manual (Borod et al., 1980; Mack et al., 1992).
No cues were given for the HANA, however. Phonological
paraphasias were considered errors when the utterances were
incomprehensible and unintelligible (usually more than half of
the segments of the intended word). Paraphasias due to motor
speech deficits were scored as correct as long as they were

recognized as the target phonemes, although they could be
slightly distorted. In this way we were interested in evaluating
factors (i.e., areas of atrophy and demographic and clinical
features) that influenced performance on BNT and HANA,
taking into account that performance on these tasks represent
the result of multiple processes such as: access to meaning, word-
retrieval, syntactic and phonological representations excluding
motor speech deficits, as previous studies in the field suggest
(Mesulam et al., 2013). We focused on a priori-identified cerebral
regions of interest (ROIs) derived from the relevant literature on
PPA atrophy patterns and the language network. Anatomically,
lvPPA has been associated with atrophy in the left posterior
temporal gyrus, left supramarginal (SMG) and angular gyri
(AG; Gorno-Tempini et al., 2004, 2011); nfvPPA has been
associated with atrophy in the left inferior frontal gyrus (IFG),
left middle frontal gyrus (MFG), dorsal and ventral prefrontal
cortex (Gorno-Tempini et al., 2004; Rogalski et al., 2011a);
svPPA has been associated with atrophy in the ventral and
lateral anterior temporal pole (ATP; Mummery et al., 2000;
Hillis et al., 2002b, 2006b), superior temporal gyrus (STG),
bilateral anterior ITG (Gorno-Tempini et al., 2004; Rogalski
et al., 2011b; Gordon et al., 2016) and bilateral anterior fusiform
gyrus (FG).

MRI Data Acquisition
Most participants underwentmagnetic resonance imaging (MRI)
the same day of the behavioral evaluation, 11 participants within
2 weeks of the structural brain imaging and three underwent
an MRI more than 1 month and fewer than 3 months after the
evaluation.

Imaging data were acquired using a 3-T Philips Achieva
MRI scanner with a 32-channel head coil. Axial MPRAGE
T1–WIs for each participant (TR/TE = 8.1/3.7 ms) were
obtained with a 224 × 224 matrix, FOV of 224 × 224 mm
and 150 slices of 1.2 mm thickness. The T1-high resolution
images were automatically segmented in MRICloud, a public
web-based service for multi-contrast imaging segmentation
and quantification1 (Mori et al., 2016). This process involves
orientation and homogeneity correction, two-level brain
segmentation (skull-stripping; Tang et al., 2015), then whole
brain image mapping based on a sequence of linear, non-linear
algorithms, and large deformation diffeomorphic metric
mapping (LDDMM; Miller et al., 2005; Wang et al., 2007), and a
multi-atlas labeling fusion (MALF; Wang et al., 20132).

Forty-five atlases (JHU adult atlas, version 9b) were used
to generate 289 structural definitions in a five-level ontological
hierarchical relationship (Mori et al., 2008, 2013; Oishi et al.,
2009). We selected a priori ROIs in the language network
based on the left-hemisphere atrophy patterns in PPA variants,
and included the homologous right-hemisphere areas: bilateral
pars opercularis (IFG opercularis), pars orbitalis (IFG orbitalis),
pars triangularis (IFG triangularis, Gorno-Tempini et al.,
2004; Rogalski et al., 2011b), SMG gyrus (Gorno-Tempini

1www.MRICloud.org
2https://masi.vuse.vanderbilt.edu/workshop2013/images/1/1b/SATA_2013_
Proceedings.pdf
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et al., 2004, 2011), temporal pole (TP; Mummery et al.,
2000; Hillis et al., 2002b, 2006b), middle temporal gyrus
(MTG; Hillis et al., 2002b), ITG (Gorno-Tempini et al., 2004;
Rogalski et al., 2011b; Gordon et al., 2016), FG (Gorno-
Tempini et al., 2004), dorsolateral prefrontal cortex (DLPFC),
ventrolateral prefrontal cortex (VLPFC; Gorno-Tempini et al.,
2004; Rogalski et al., 2011b), STG (Gorno-Tempini et al.,
2004; Rogalski et al., 2011b; Gordon et al., 2016) and angular
gyrus (AG).

All the analyses were performed in participants’ brains’
native space. To control for relative regional atrophy, raw
volumes for each ROI were normalized by the total cerebral
volume corresponding to the total gray matter volume without
myelencephalon and cerebrospinal fluid (CSF). To calculate
overall atrophy for each participant while controlling for inter-
individual intracranial volume (size of the head), we calculated
the ratio between cerebral and intracranial volume (intracranial
volume corresponds to the cerebral volume plus the CSF in
ventricles and sulci; Zhang et al., 2010). We named this variable
overall atrophy and added it as a predictor in the regression
model.

Statistical Analyses
Differences between variants on correct production of objects
(BNT) and actions (HANA) as within factor were analyzed using
repeated measures analyses of variance (ANOVAs). Fisher’s
Exact Test for categorical variables (gender) and One-way
ANOVA for all the other continuous variables were applied
to compare the three PPA variant subgroups’ differences in
demographic and clinical features. The alpha level to determine
significance was set at p < 0.05.

The ability of brain volumes to explain naming behavior
was investigated with two separate stepwise multiple
regression models. In both models, naming scores for each
participant were entered as the dependent variable. The first
model (volumetric) included the selected 12 left lateralized
language areas and their right homologs (24 ROIs) and
the overall atrophy as predictors (Tables 2A, 3A). In the
second model (clinical-demographic), demographic and
clinical information were added to the previous model

as predictors. The statistical level of significance was
calculated in a stepwise fashion for each predictor and set
at p < 0.05.

RESULTS

Descriptive Statistics
The three PPA variant groups did not differ significantly
regarding gender, age, education, duration of the disease
(years post-symptom onset) and severity ratings (dementia and
language severities; see Table 1 for descriptive statistics in each
variant).

The ANOVA of the two naming tasks on demographics
and variant did not reveal any differences between task
(F(2,36) = 0.231, p = 0.643). Performance in both tasks differed
between variants (F(2,36) = 5.63, p = 0.007); nfvPPA performed
better than svPPA (p < 0.03 for both tasks).

Results of Object Naming (BNT)
Stepwise regression demonstrated that in the volumetric model,
with ROIs as the only predictors, left ITG and left IFG orbitalis
cumulatively accounted for 36% of the total variance in BNT,
and no other ROIs increased the R-square. In descending

FIGURE 1 | Cerebral areas involved in naming objects (Boston Naming Test,
BNT) and actions (Hopkins Assessment on Naming Actions, HANA) before
(volumetric model A) and after controlling for demographic and clinical
features (clinical-demographic model B): (A) sagittal view of the left inferior
frontal gyrus pars orbitalis (Or IFG) in orange and the left inferior temporal
gyrus (ITG) in green; (B) sagittal view of the left middle temporal gyrus (L MTG)
in pink; according to the multi-atlas labeling of one representative case.

TABLE 1 | Demographic information and cognitive scores (in percentage of correct responses with standard deviations in parentheses) for all the primary progressive
aphasia (PPA) patients and variants.

TOT (N = 39) Lv (N = 13) Nfv (N = 18) Sv (N = 8) P
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Demographic
Age 68.28 (7.3) 68.07 (8.9) 68.22 (7.1) 68.75 (5.6) 0.98
Gender 18 F 7 F 6 F 5 F 0.31
Education (yrs) 16.14 (2.6) 15.84 (2.9) 16.88 (2.3) 14.93 (2.1) 0.19
Onset (yrs) 4.13 (2.8) 4.07 (3.1) 3.69 (2.5) 5.21 (3.2) 0.47
Language severity (FTDL–CDR 0–3) 1.79 (0.8) 1.84 (0.8) 1.72 (0.9) 1.87 (0.8) 0.89
Dementia severity (FTDL–CDR 0–24) 6.16 (4.8) 7.57 (4.7) 5.25 (4.6) 5.93 (5.55) 0.41
Language
BNT (30) (%) 51.70 (37.1) 47.69 (33.2) 69.44 (36) 18.33 (26)∗ <0.001
HANA (35) (%) 48.93 (35) 42.63 (35.2) 63.65 (34.2) 18.6 (21.3)∗∗ 0.002

∗Group differences: sv impaired vs. lv; and vs. nfv. ∗∗Group differences: sv impaired vs. nfv. Abbreviations: F, female; yrs, years; Lv, Logopenic variant; Nfv, Non-fluent
variant; Sv, Semantic variant; BNT, Boston Naming Test; FTLD–CDR, frontotemporal lobar degeneration-Clinical Dementia Rating; HANA, Hopkins Assessment of Naming
Actions.
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order of variance, left ITG accounted for 28% with a positive
correlation—smaller volume in this cerebral area corresponded
to worse performance (see Figure 1).

The left IFG orbitalis accounted for an additional 8% with
a negative correlation—smaller volume corresponded to better
performance. Therefore, patients with smaller IFG volumes were
performing better in noun naming (Table 2A).

When demographic and clinical features were added in
the clinical-demographic model, three components cumulatively
accounted for 47% of the total variance. In descending order of
variance, language severity accounted for 34% with a negative
correlation. Since higher severity scores corresponded to larger
impairment, this result means that higher language severity
scores are correlated with lower performance in BNT (Table 2B).
The left MTG added 13% of variance with positive correlation,
i.e., smaller volume corresponds to worse performance (see
Table 2B).

However, when information about the variant type was added
as a factor in the clinical-demographic model, the contribution of
language severity remained unchanged and, importantly, type of
variant and education were significant, accounting for more than
half of the variance. Also, no brain areas are left as significant
predictors when variant information is added in the model.
In descending order of variance, language severity contribution
remained the same (34%), semantic variant contributed to 18%,
logopenic variant to 3% and education to 4% of added variance
explained by the model. The negative sign for the semantic and
logopenic variants is to be construed with regard to the reference
variable (chosen by themodel, in this case the non-fluent variant)
and means that these two variants performed worse than the
non-fluent variant in object naming.

Results of Action Naming (HANA)
In the volumetric model, where ROIs volumes were the only
predictors of performance, only a small percentage of variance
in performance was explained, i.e., left ITG explained 14%
of the total variance with a positive correlation, meaning
that smaller brain volume in this area corresponded to worse
performance (see Table 3A, Figure 1). An additional 6% of the
variance was explained by the volume of the left IFG orbitalis,
meaning that patients with smaller left IFG volumes performed
better in action naming as was the case in object naming
as well.

When clinical and demographic features were added in
the analysis, the clinical-demographic model captured two
components that cumulatively accounted for 49% of the total
variance. In descending order, language severity accounted
for 42% with a negative correlation (high severity scores
corresponded to low performance); the left MTG accounted
for an additional 7% with a positive correlation (less volume
corresponded to worse performance; Tables 3A,B).

When information about variants was entered in the
regression model, it explained an additional 2% of the variance
with regard to the clinical-demographic model without variants.
The variant information per se explained an additional 9%
to the 42% of language severity. No brain areas explained
any significant percentage of variance in this model. When
variant was entered as a separate predictor, the regression
showed that the non-fluent variant contributed a significant
9% and the logopenic variant contributed 1% to the variance
explained but this additional percent was not significant. The
sign for the contribution of both these variants was positive,
meaning that non-fluent and logopenic variant participants

TABLE 2A | Volumetric model on BNT: naming nouns controlled for normalized volume of the 12 left language areas and their homologs.

Variable Fraction of std change in BNT, t-stat P-value R2 Added R2

per 1 std change in variable (SE)

Stepwise regression of each ROIs
L ITG 0.66 (0.11) 5.92 <0.001 28% 28%
L IFG orbitalis −0.38 (0.08) −4.75 <0.001 36% +8%

Abbreviations: L ITG, left inferior temporal gyrus; L IFG orbitalis, left inferior frontal gyrus pars orbitalis. The Added R-squared from the regression model refers to the
additional variance explained by including the given variable.

TABLE 2B | Clinical-demographic model on BNT: naming nouns controlled for normalized volume of the 12 left language areas and their homologs plus demographic
(gender, age and education) and clinical features (years post-onset, dementia severity, language severity).

Variable Fraction of std change
in BNT, per 1 unit∗

change in variable (SE)

t-stat P-value R2 Added R2

Stepwise regression of each ROIs, demographic and clinical features
Language severity −0.90 (0.18) −5.16 <0.001 34% 34%
L MTG 0.55 (0.14) −3.89 <0.001 47% +13%

Stepwise regression of each ROIs, demographic and clinical features, including variant
Language severity −0.99 (0.16) −6.14 <0.001 34% 34%
Sv variant −2.34 (0.35) −6.76 <0.001 52% +18%
Lv variant −0.97 (0.36) −2.66 0.012 55% +3%
Edu −0.15 (0.05) −2.70 0.011 59% +4%

∗Units are in 1 std of variables except for the indicators of variants Sv, Lv. Abbreviations: Language severity, severity score at the language subtest of the FTLD–CDR;
BNT, Boston Naming Test, left inferior frontal gyrus pars orbitalis; L MTG, left middle temporal gyrus; Sv, semantic variant PPA; Lv, logopenic variant PPA; Edu, years of
education. The Added R-squared from the regression model refers to the additional variance explained by including the given variable.
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TABLE 3A | Volumetric model on HANA: naming verbs controlled for normalized volume of the 12 left language areas and their homologs.

Variable Fraction of std change in BNT, t-stat P-value R2 Added R2

per 1 std change in variable (SE)

Stepwise regression of each ROIs
L ITG 0.45 (0.12) 3.69 <0.001 14% 14%
L IFG orbitalis −0.30 (0.08) −3.75 <0.001 20% +6%

Abbreviations: L ITG, left inferior temporal gyrus; L IFG orbitalis, left inferior frontal gyrus pars orbitalis. The Added R-squared from the regression model refers to the
additional variance explained by including the given variable.

TABLE 3B | Clinical-demographic model on HANA: naming verbs controlled for normalized volume of the 12 left language areas and their homologs plus demographic
(gender, age and education) and clinical features (years post-onset, dementia severity and language severity).

Variable Fraction of std change
in BNT, per 1 unit∗

change in variable (SE)

t-stat P-value R2 Added R2

Stepwise regression of each ROIs, demographic and clinical features
Language severity −1.03 (0.17) 6.22 <0.001 42% 42%
L MTG 0.45 (0.13) −3.53 0.001 49% +7%

Stepwise regression of each ROIs, demographic and clinical features, including variant
Language severity −1.07 (0.14) −7.80 <0.001 42% 42%
Non-fluent variant 1.42 (0.35) 4.07 <0.001 51% +9%
Logopenic variant 0.67 (0.36) 1.84 0.074 52% +1%

∗Units are in 1 std of variables except for the indicators of variants Nfv, Lv. Abbreviations: Language severity, severity score at the language subtest of the FTLD–CDR;
L MTG, left middle temporal gyrus; Nfv, non-fluent variant PPA; Lv, logopenic variant PPA. The Added R-squared from the regression model refers to the additional
variance explained by including the given variable.

performed better in verb naming compared to semantic variant
participants.

DISCUSSION

The present study investigated whether demographic and clinical
features predict performance on object and action naming more
than atrophy in patients with PPA. First, we replicated the
significant contribution of the left ITG, as determined in our
previous study (Race et al., 2013); this was the only area of
the extended language network and its homologs that was
correlated with naming performance in both nouns and verbs.
Second, we were able to determine the amount of variance
in naming performance of objects and actions, attributed to
the left ITG. Third, we determined the contribution of other
demographic and clinical factors (such as language severity
and education) in object and action naming performance in
PPA and we discuss them with regard to PPA variant as well.
We showed numerically that in complex clinical syndromes,
brain volumes cannot explain adequate variance of language
performance especially for actions (verbs) and other clinical
and demographic factors may explain more variance in naming
performance.

In summary, the volumetric model explained 36% of the
total variance in BNT performance (left ITG 28%, left IFG
orbitalis 8%), whereas the clinical-demographic model explained
an additional 11% (language severity 34%, and left MTG
13%; Tables 2A,B). When type of variant was introduced as
an additional factor, the clinical-demographic model explained
12% more of the variance compared to the previous clinical-
demographic model: language severity (34%), svPPA (18%),
lvPPA (3%) and education (4%) became significant too in
place of the volumetric components (Tables 2A,B). In action

naming, the volumetric model explained 20% of the total
variance in HANA performance (with left ITG explaining 14%
and left IFG orbitalis 6%), whereas the clinical-demographic
model (without the variants factor) explained an additional 29%
(language severity 42%, left MTG 7%). When type of variant
was added to the clinical-demographic model, it explained an
additional 2% of the variance (Tables 2B, 3B). These results
highlight the roles of the left ITG and the left MTG in
picture naming of objects and actions but also emphasize the
importance of clinical factors such as language severity in naming
performance. Below we discuss the implications of the above
findings.

The Contributions of the Left ITG, Left
MTG and Left IFG in Naming Objects and
Actions
As in our previous study (Race et al., 2013), the left ITG was
shown to be the most significant area in predicting naming
performance in both objects and actions in PPA since this was
the only area in which degree of atrophy was positively and
significantly correlated with naming performance. This is an
area involved in a variety of lexical tasks, including naming
(Price and Devlin, 2003). Many studies have demonstrated
the importance of the left ITG for object and action naming
as well as other tasks requiring lexical retrieval (Moore and
Price, 1999; Hillis et al., 2006a; Race et al., 2013; Sebastian
et al., 2014). In the brain parcellations used in this study, the
left ITG corresponds to BA 20 and BA 37. The critical role
of this area in object naming has also been demonstrated in
stroke recovery after reperfusion of the left ITG that resulted
in improvement of naming scores in acute stroke (Hillis et al.,
2006b).
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Interestingly, in the present study, object and action naming
performance was no longer predicted by the inferior temporal
cortex when controlling for the severity of language deficits.
Therefore, it seems that the variance explained by the left ITG in
the volumetricmodel was probably absorbed by language severity
in the clinical-demographic model, verifying the high correlation
of language severity to atrophy in the left ITG.

With a small but still significant percentage of variance
explained compared to the other predictors, the volume of the left
MTG became significant in the naming performance of objects
and actions after controlling for clinical features, demonstrating
that its involvement was independent from language severity.
Left MTG relevance in the retrieval of objects has already been
confirmed by lesion studies with aphasic patients (Damasio and
Tranel, 1993; Daniele et al., 1994; Tranel et al., 2001; Hillis
et al., 2002a). The analyses in the present study showed that
the contributions of the left ITG and left MTG in naming
may be independent from each other. Therefore, temporal areas
might represent the key area for naming across PPA variants.
The present study demonstrated that the left MTG (compared
to the left ITG) is involved in naming of objects and actions
independently of the degree of language impairment (language
severity measured by the FTD–CDR scale). The present findings
indicate that naming deficits in all PPA variants may also be
due to atrophy in the inferior (Race et al., 2013), as well as in
the middle temporal regions independent from severity, even
though these are not the primary areas of atrophy in any of the
variants.

The negative correlation of the frontal area with BNT scores
described an inverse correlation between the left IFG orbitalis
volume and performance on naming nouns, meaning that
smaller frontal volume corresponded to better performance.
A possible explanation of this result is that it may be
driven by non-fluent participants (nfvPPA) who—despite their
atrophy in frontal areas and motor-speech deficits (Grossman
et al., 1996; Gorno-Tempini et al., 2004)—seem to have fewer
word-retrieval deficits considered here (see Table 1). We tested
this hypothesis by removing the nfvPPA participants from the
data and re-estimated the model with the variables shown
in Table 2B. In this analysis, the added R-square of the
left IFG orbitalis was less than 1% and non-significant. As
indicated in other studies as well (Thompson et al., 2012),
participants with nfvPPA show better performance in naming
compared to those with lvPPA and svPPA (Henry et al.,
2015). Furthermore, when language severity is entered as a
predictor in the clinical-demographic model(s), the contribution
of the left IFG disappears for both object and action
naming.

The Role of Language Severity and Variant
in Naming Performance
The clinical-demographic model added 11% (Table 2B) of
the variance explained in object naming compared to the
volumetric model (Table 2A), with severity of language
explaining the highest percentage of variance (34%) in both
clinical-demographic models. Similarly, in naming actions,
the clinical-demographic model (Table 3B) added 29% of

the variance explained compared to the volumetric model
(Table 3A), i.e., to the 14% of the left ITG and the 6% of the left
IFG orbitalis that were the only areas of significant contribution
to variance. Language severity was still the only clinical factor that
contributed highly to the variance in object naming (34%), as well
as in action naming (42%), and it seems it absorbed the variance
attributed to the left ITG and left IFG orbitalis in the volumetric
model for both objects (28% and 8%) and actions (14% and 6%).
These findings highlight the critical role of language severity
ratings in explaining object and action naming. This finding
raises some interesting reflections about the correlation between
the degree of atrophy of the ITG and IFG areas and the level
of disease severity evaluated in the clinical assessment. One
can speculate that these areas might not benefit from cognitive
reserve; instead theymight present a positive correlation between
the thickness of their cerebral volume and the manifestation of
the cognitive symptoms.

The significant increase of variance explained by clinical
factors in the clinical-demographic vs. volumetric models for
both object and action naming that was even steeper in actions
(from 20% to 49%) highlight the multifactorial nature of naming
performance. It also shows that verb naming is more complex
than noun naming since verbs have more complex semantics,
morphology and syntax than nouns (especially in English);
therefore, verbs aremore susceptible to deteriorationwith disease
progression (Thompson and Mack, 2014) and this may warrant
verbs being a significant rehabilitation target.

We would like to make a specific note about the contribution
of variant type in noun and verb naming in PPA. When
we included the variant information in the regression of the
clinical-demographic model, we found that it was the second
most significant predictor on both noun and verb naming
performance after language severity and, most importantly, it
contributed independently from language severity and absorbed
all the variance explained by all brain areas. Different variants
contributed differently in the naming of nouns and verbs: the low
performance of the semantic variant contributed significantly
to the variance explained for noun naming, and the high
performance of the non-fluent variant contributed significantly
to the variance explained for verb naming. These results confirm
previous observations about the classification and subtyping
of PPA variants (Gorno-Tempini et al., 2011) and show how
clinical information related to a diagnosis between variants can
be as predictive for naming performance as complex volumetric
data. The importance of considering the type of variant as a
factor in the clinical-demographic model, was shown with the
additional variance explained, compared to the previous clinical-
demographic model without the variant information. This
additional analysis confirmed that the performance of svPPA
and lvPPA patients in object and verb naming was significantly
lower than performance of nfvPPA patients, confirming previous
results in the literature (Gorno-Tempini et al., 2004).

Demographic Considerations in Naming
Performance: Gender and Education
In contrast to studies showing that in patients with Alzheimer’s
disease (AD) and healthy elderly controls, where men performed
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significantly better than women in naming objects (Randolph
et al., 1999; Hall et al., 2012), our study did not provide
support for any gender or age effects shown in previous studies
(Randolph et al., 1999) in either object or action naming.
The absence of a significant age or gender effect in our
study aligns with the study by Rogalski et al. (2007) on a
different large cohort of PPA patients. A possible explanation
for these results is that PPA is a heterogeneous syndrome,
making it difficult for gender or age effects to be detected.
Alternatively, there may exist an interaction between gender
effects and language severity, i.e., gender effects may be apparent
only at earlier stages as Hall et al. (2012) showed, or they
may be related to a specific pathology such as AD and thus
were not apparent in our sample which probably included
people with several pathologies. Both Rogalski et al. (2007)
and our study included participants with variable levels of
language severity and found no gender effects. Our current
findings suggest that these features (age, onset, and gender) are
not significantly associated with naming performance in PPA
patients.

Another interesting finding was the small but significant
contribution of education (4%), showing that PPA patients’
performance on naming objects was not associated with poor
education, but instead that more years of schooling correlated
with lower performance. This finding probably depicts the effect
of poor naming in PPA patients who nevertheless had high
education (most patients in our sample were generally well-
educated, i.e., above 16 years), and there was no range in
education as seen in AD samples. In stroke patients, education
provided resilience in particular for written naming, compared
to oral naming of objects (González-Fernández et al., 2011). The
small but significant effect of education for object naming that
was independent from language severity in our cohortmay reflect
the fact that this well-educated sample may indeed manifest the
neuroprotective role of education: those who were recruited due
to poor naming had higher education because high education had
not allowed the disease to manifest or progress until that point.

Limitations of the Present Study
One limitation of this study is that it focused mainly on lexical
processes involved in picture naming. A seemingly simple task
such as naming objects or actions involves at least three cognitive

components of the language production system: retrieval of
the meaning from the conceptual system, retrieval of the
phonological representation of the word in the lexicon, and
then coordination of the orofacial, palatal, jaw, laryngeal and
respiratory muscles to produce the word, according to models by
Caramazza (1997) and Levelt (1999). Therefore, the same deficit,
such as failure to name a picture, may result from a deficit in the
semantic system in svPPA, a deficit in searching the lexicon in
lvPPA, or a deficit in coordinating muscles in nfvPPA. By not
penalizing motor-speech errors, we focused predominantly on
access to meaning and access to the lexicon and phonological
representations but not on motor-speech schemata. Another
limitation of the present study is that we did not use a voxel-
based approach to determine atrophy but instead we used an
atlas where areas are defined cytoarchitectonically and therefore
the contribution of small areas or significant divisions of larger
areas may not have reached significance. Finally, we used only
gray matter volume to see correlations with naming performance
and not any whitematter measures or functional measures, so the
contribution of such measurements to naming was not captured.

AUTHOR CONTRIBUTIONS

MR, CO, JD, CF and KT contributed to the conception and
design. BF and KW acquired the data. MR, AF, CO, CF and KT
analyzed and interpreted the data. MR, AF, BF, KW, CF and
KT drafted and/or revised the article critically for intellectual
content.

FUNDING

This work was supported by grants from the Science of
Learning Institute at Johns Hopkins University and by the
National Institutes of Health (National Institute of Deafness
and Communication Disorders) through award NIH/NIDCD
R01 DC014475 to KT.

ACKNOWLEDGMENTS

We are grateful to our participants for their unfailing
commitment and interest in our study. We also thank referring
physicians.

REFERENCES

Bedny, M., Caramazza, A., Grossman, E., Pascual-Leone, A., and Saxe, R. (2008).
Concepts are more than percepts: the case of action verbs. J. Neurosci. 28,
11347–11353. doi: 10.1523/jneurosci.3039-08.2008

Benetello, A., Finocchiaro, C., Capasso, R., Capitani, E., Laiacona, M., Magon, S.,
et al. (2016). The dissociability of lexical retrieval and morphosyntactic
processes for nouns and verbs: a functional and anatomoclinical study. Brain
Lang. 159, 11–22. doi: 10.1016/j.bandl.2016.05.005

Borod, J. C., Goodglass, H., and Kaplan, E. (1980). Normative data on the
boston diagnostic aphasia examination, parietal lobe battery and the boston
naming test. J. Clin. Neuropsychol. 2, 209–215. doi: 10.1080/0168863800
8403793

Breining, B. L., Tippett, D. C., Davis, C., Posner, J., Sebastian, R., Oishie, K., et al.
(2015). ‘‘Assessing dissociations of object and action naming in acute stroke,’’
in Paper Presented at the Clinical Aphasiology Conference (Monterey, CA).

Caramazza, A. (1997). How many levels of processing are there in lexical
access? Cogn. Neuropsychol. 14, 177–208. doi: 10.1080/0264329973
81664

Caramazza, A., and Hillis, A. E. (1991). Lexical organization of nouns and verbs in
the brain. Nature 349, 788–790. doi: 10.1038/349788a0

Damasio, A. R., and Tranel, D. (1993). Nouns and verbs are retrieved with
differently distributed neural systems. Proc. Natl. Acad. Sci. U S A 90,
4957–4960. doi: 10.1073/pnas.90.11.4957

Daniele, A., Giustolisi, L., Silveri, M. C., Colosimo, C., and Gainotti, G. (1994).
Evidence for a possible neuroanatomical basis for lexical processing of
nouns and verbs. Neuropsychologia 32, 1325–1341. doi: 10.1016/0028-3932(94)
00066-2

González-Fernández, M., Davis, C., Molitoris, J. J., Newhart, M., Leigh, R., and
Hillis, A. E. (2011). Formal education, socioeconomic status and the severity of
aphasia after stroke. Arch. Phys. Med. Rehabil. 92, 1809–1813. doi: 10.1016/j.
apmr.2011.05.026

Frontiers in Aging Neuroscience | www.frontiersin.org 8 October 2018 | Volume 10 | Article 346

https://doi.org/10.1523/jneurosci.3039-08.2008
https://doi.org/10.1016/j.bandl.2016.05.005
https://doi.org/10.1080/01688638008403793
https://doi.org/10.1080/01688638008403793
https://doi.org/10.1080/026432997381664
https://doi.org/10.1080/026432997381664
https://doi.org/10.1038/349788a0
https://doi.org/10.1073/pnas.90.11.4957
https://doi.org/10.1016/0028-3932(94)00066-2
https://doi.org/10.1016/0028-3932(94)00066-2
https://doi.org/10.1016/j.apmr.2011.05.026
https://doi.org/10.1016/j.apmr.2011.05.026
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Riello et al. Predicting Object and Action Naming in PPA

Gordon, E., Rohrer, J. D., and Fox, N. C. (2016). Advances in neuroimaging in
frontotemporal dementia. J. Neurochem. 138, 193–210. doi: 10.1111/jnc.13656

Gorno-Tempini, M. L., Dronkers, N. F., Rankin, K. P., Ogar, J. M.,
Phengrasamy, L., Rosen, H. J., et al. (2004). Cognition and anatomy in
three variants of primary progressive aphasia. Ann. Neurol. 55, 335–346.
doi: 10.1002/ana.10825

Gorno-Tempini, M. L., Hillis, A. E., Weintraub, S., Kertesz, A., Mendez, M.,
Cappa, S. F., et al. (2011). Classification of primary progressive aphasia and
its variants. Neurology 76, 1006–1014. doi: 10.1212/WNL.0b013e31821103e6

Grossman, M., Mickanin, J., Onishi, K., Hughes, E., D’Esposito, M., Ding, X.-S.,
et al. (1996). Progressive nonfluent aphasia: language, cognitive and pet
measures contrasted with probable Alzheimer’s disease. J. Cogn. Neurosci. 8,
135–154. doi: 10.1162/jocn.1996.8.2.135

Hall, J. R., Vo, H. T., Johnson, L. A., Wiechmann, A., and O’Bryant, S. E.
(2012). Boston naming test: gender differences in older adults with and without
Alzheimer’s dementia. Psychology 03, 485– 488. doi: 10.4236/psych.2012.36068

Henry, M. L., Wilson, S. M., Babiak, M. C., Mandelli, M. L., Beeson, P. M.,
Miller, Z. A., et al. (2015). Phonological processing in primary progressive
aphasia. J. Cogn. Neurosci. 28, 210–222. doi: 10.1162/jocn_a_00901

Hillis, A. E., Heidler-Gary, J., Newhart, M., Chang, S., Ken, L., and
Bak, T. H. (2006a). Naming and comprehension in primary progressive
aphasia: the influence of grammatical word class. Aphasiology 20, 246–256.
doi: 10.1080/02687030500473262

Hillis, A. E., Kleinman, J. T., Newhart, M., Heidler-Gary, J., Gottesman, R.,
Barker, P. B., et al. (2006b). Restoring cerebral blood flow reveals neural regions
critical for naming. J. Neurosci. 26, 8069–8073. doi: 10.1523/jneurosci.2088
-06.2006

Hillis, A. E., Oh, S., and Ken, L. (2004). Deterioration of naming nouns
versus verbs in primary progressive aphasia. Ann. Neurol. 55, 268–275.
doi: 10.1002/ana.10812

Hillis, A. E., Tuffiash, E., and Caramazza, A. (2002a). Modality-specific
deterioration in naming verbs in nonfluent primary progressive aphasia.
J. Cogn. Neurosci. 14, 1099–1108. doi: 10.1162/089892902320474544

Hillis, A. E., Tuffiash, E., Wityk, R. J., and Barker, P. B. (2002b). Regions of neural
dysfunction associated with impaired naming of actions and objects in acute
stroke. Cogn. Neuropsychol. 19, 523–534. doi: 10.1080/02643290244000077

Knopman, D. S., Kramer, J. H., Boeve, B. F., Caselli, R. J., Graff-Radford, N. R.,
Mendez, M. F., et al. (2008). Development of methodology for conducting
clinical trials in frontotemporal lobar degeneration. Brain 131, 2957–2968.
doi: 10.1093/brain/awn234

Levelt, W. J. M. (1999). Models of word production. Trends Cogn. Sci. 3, 223–232.
doi: 10.1016/s1364-6613(99)01319-4

Mack, W. J., Freed, D. M., Williams, B. W., and Henderson, V. W. (1992). Boston
naming test: shortened versions for use in Alzheimer’s disease. J. Gerontol. 47,
P154–P158. doi: 10.1093/geronj/47.3.p154

Mesulam, M. M. (2007). Primary progressive aphasia: a 25-year retrospective.
Alzheimer Dis. Assoc. Disord. 21, S8–S11. doi: 10.1097/wad.0b013e31815
bf7e1

Mesulam, M. M., Wieneke, C., Hurley, R., Rademaker, A., Thompson, C. K.,
Weintraub, S., et al. (2013).Words and objects at the tip of the left temporal lobe
in primary progressive aphasia. Brain 136, 601–618. doi: 10.1093/brain/aws336

Miceli, G., Silveri, M. C., Nocentini, U., and Caramazza, A. (1988). Patterns
of dissociation in comprehension and production of nouns and verbs.
Aphasiology 2, 351–358. doi: 10.1080/02687038808248937

Miller, M. I., Beg, M. F., Ceritoglu, C., and Stark, C. (2005). Increasing the power
of functional maps of the medial temporal lobe by using large deformation
diffeomorphic metric mapping. Proc. Natl. Acad. Sci. U S A 102, 9685–9690.
doi: 10.1073/pnas.0503892102

Moore, C. J., and Price, C. J. (1999). Three distinct ventral occipitotemporal
regions for reading and object naming. Neuroimage 10, 181–192.
doi: 10.1006/nimg.1999.0450

Mori, S., Oishi, K., Faria, A. V., and Miller, M. I. (2013). Atlas-based
neuroinformatics via MRI: harnessing information from past clinical cases and
quantitative image analysis for patient care.Annu. Rev. Biomed. Eng. 15, 71–92.
doi: 10.1146/annurev-bioeng-071812-152335

Mori, S., Oishi, K., Jiang, H., Jiang, L., Li, X., Akhter, K., et al. (2008). Stereotaxic
white matter atlas based on diffusion tensor imaging in an ICBM template.
Neuroimage 40, 570–582. doi: 10.1016/j.neuroimage.2007.12.035

Mori, S., Wu, D., Ceritoglu, C., Li, Y., Kolasny, A., Vaillant, M. A., et al. (2016).
MRICloud: delivering high-throughput MRI neuroinformatics as cloud-based
software as a service. Comput. Sci. Eng. 18, 21–35. doi: 10.1109/mcse.2016.93

Mummery, C. J., Patterson, K., Price, C. J., Ashburner, J., Frackowiak, R. S. J.,
and Hodges, J. R. (2000). A voxel-based morphometry study of semantic
dementia: relationship between temporal lobe atrophy and semantic memory.
Ann. Neurol. 47, 36–45. doi: 10.1002/1531-8249(200001)47:1<36::aid-ana8>3.
3.co;2-c

Oishi, K., Faria, A., Jiang, H., Li, X., Akhter, K., Zhang, J., et al. (2009).
Atlas-based whole brain white matter analysis using large deformation
diffeomorphic metric mapping: application to normal elderly and Alzheimer’s
disease participants. Neuroimage 46, 486–499. doi: 10.1016/j.neuroimage.2009.
01.002

Perani, D., Cappa, S. F., Schnur, T., Tettamanti, M., Collina, S., Rosa, M. M.,
et al. (1999). The neural correlates of verb and noun processing. Brain 122,
2337–2344. doi: 10.1093/brain/122.12.2337

Price, C. J., and Devlin, J. T. (2003). The myth of the visual word form area.
Neuroimage 19, 473–481. doi: 10.1016/s1053-8119(03)00084-3

Race, D. S., Tsapkini, K., Crinion, J., Newhart, M., Davis, C., Gomez, Y., et al.
(2013). An area essential for linking word meanings to word forms: evidence
from primary progressive aphasia. Brain Lang. 127, 167–176. doi: 10.1016/j.
bandl.2013.09.004

Randolph, C., Lansing, A. E., Ivnik, R. J., Cullum, C. M., and Hermann, B. P.
(1999). Determinants of confrontation naming performance. Arch. Clin.
Neuropsychol. 14, 489–496. doi: 10.1016/s0887-6177(98)00023-7

Rogalski, E., Cobia, D., Harrison, T. M., Wieneke, C., Thompson, C. K.,
Weintraub, S., et al. (2011a). Anatomy of language impairments in primary
progressive aphasia. J. Neurosci. 31, 3344–3350. doi: 10.1523/JNEUROSCI.
5544-10.2011

Rogalski, E., Cobia, D., Harrison, T. M., Wieneke, C., Weintraub, S., and
Mesulam, M.-M. (2011b). Progression of language decline and cortical
atrophy in subtypes of primary progressive aphasia. Neurology 76, 1804–1810.
doi: 10.1212/wnl.0b013e31821ccd3c

Rogalski, E., Rademaker, A., and Weintraub, S. (2007). Primary progressive
aphasia: relationship between gender and severity of language impairment.
Cogn. Behav. Neurol. 20, 38–43. doi: 10.1097/WNN.0b013e31802e3bae

Schwartz, M. F., Kimberg, D. Y., Walker, G. M., Faseyitan, O., Brecher, A.,
Dell, G. S., et al. (2009). Anterior temporal involvement in semantic word
retrieval: voxel-based lesion-symptom mapping evidence from aphasia. Brain
132, 3411–3427. doi: 10.1093/brain/awp284

Sebastian, R., Gomez, Y., Leigh, R., Davis, C., Newhart, M., and Hillis, A. E. (2014).
The roles of occipitotemporal cortex in reading, spelling and naming. Cogn.
Neuropsychol. 31, 511–528. doi: 10.1080/02643294.2014.884060

Tang, X., Crocetti, D., Kutten, K., Ceritoglu, C., Albert, M. S., Mori, S., et al.
(2015). Segmentation of brain magnetic resonance images based on multi-
atlas likelihood fusion: testing using data with a broad range of anatomical
and photometric profiles. Front. Neurosci. 9:61. doi: 10.3389/fnins.2015.
00061

Thompson, C. K., Lukic, S., King, M. C., Mesulam, M. M., and Weintraub, S.
(2012). Verb and noun deficits in stroke-induced and primary progressive
aphasia: the northwestern naming battery. Aphasiology 26, 632–655.
doi: 10.1080/02687038.2012.676852

Thompson, C. K., and Mack, J. E. (2014). Grammatical impairments in PPA.
Aphasiology 28, 1018–1037. doi: 10.1080/02687038.2014.912744

Tranel, D., Adolphs, R., Damasio, H., and Damasio, A. R. (2001). A neural
basis for the retrieval of words for actions. Cogn. Neuropsychol. 18, 655–674.
doi: 10.1080/02643290126377

Tranel, D., Damasio, A. R., and Damasio, H. (1997).On The Neurology of Naming.
Anomia: London Academic Press.

Tranel, D., Martin, C., Damasio, H., Grabowski, T. J., and Hichwa, R. (2005).
Effects of noun-verb homonymy on the neural correlates of naming concrete
entities and actions. Brain Lang. 92, 288–299. doi: 10.1016/j.bandl.2004.
01.011

Tsapkini, K., Frangakis, C. E., and Hillis, A. E. (2011). The function of the left
anterior temporal pole: evidence from acute stroke and infarct volume. Brain
134, 3094–3105. doi: 10.1093/brain/awr050

Wang, L., Beg, F., Ratnanather, T., Ceritoglu, C., Younes, L., Morris, J. C.,
et al. (2007). Large deformation diffeomorphism and momentum based

Frontiers in Aging Neuroscience | www.frontiersin.org 9 October 2018 | Volume 10 | Article 346

https://doi.org/10.1111/jnc.13656
https://doi.org/10.1002/ana.10825
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1162/jocn.1996.8.2.135
https://doi.org/10.4236/psych.2012.36068
https://doi.org/10.1162/jocn_a_00901
https://doi.org/10.1080/02687030500473262
https://doi.org/10.1523/jneurosci.2088-06.2006
https://doi.org/10.1523/jneurosci.2088-06.2006
https://doi.org/10.1002/ana.10812
https://doi.org/10.1162/089892902320474544
https://doi.org/10.1080/02643290244000077
https://doi.org/10.1093/brain/awn234
https://doi.org/10.1016/s1364-6613(99)01319-4
https://doi.org/10.1093/geronj/47.3.p154
https://doi.org/10.1097/wad.0b013e31815bf7e1
https://doi.org/10.1097/wad.0b013e31815bf7e1
https://doi.org/10.1093/brain/aws336
https://doi.org/10.1080/02687038808248937
https://doi.org/10.1073/pnas.0503892102
https://doi.org/10.1006/nimg.1999.0450
https://doi.org/10.1146/annurev-bioeng-071812-152335
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1109/mcse.2016.93
https://doi.org/10.1002/1531-8249(200001)47:1<36::aid-ana8>3.3.co;2-c
https://doi.org/10.1002/1531-8249(200001)47:1<36::aid-ana8>3.3.co;2-c
https://doi.org/10.1016/j.neuroimage.2009.01.002
https://doi.org/10.1016/j.neuroimage.2009.01.002
https://doi.org/10.1093/brain/122.12.2337
https://doi.org/10.1016/s1053-8119(03)00084-3
https://doi.org/10.1016/j.bandl.2013.09.004
https://doi.org/10.1016/j.bandl.2013.09.004
https://doi.org/10.1016/s0887-6177(98)00023-7
https://doi.org/10.1523/JNEUROSCI.5544-10.2011
https://doi.org/10.1523/JNEUROSCI.5544-10.2011
https://doi.org/10.1212/wnl.0b013e31821ccd3c
https://doi.org/10.1097/WNN.0b013e31802e3bae
https://doi.org/10.1093/brain/awp284
https://doi.org/10.1080/02643294.2014.884060
https://doi.org/10.3389/fnins.2015.00061
https://doi.org/10.3389/fnins.2015.00061
https://doi.org/10.1080/02687038.2012.676852
https://doi.org/10.1080/02687038.2014.912744
https://doi.org/10.1080/02643290126377
https://doi.org/10.1016/j.bandl.2004.01.011
https://doi.org/10.1016/j.bandl.2004.01.011
https://doi.org/10.1093/brain/awr050
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Riello et al. Predicting Object and Action Naming in PPA

hippocampal shape discrimination in dementia of the Alzheimer type. IEEE
Trans. Med. Imaging 26, 462–470. doi: 10.1109/tmi.2006.887380

Wang, H., Suh, J. W., Das, S. R., Pluta, J. B., Craige, C., and Yushkevich, P. A.
(2013). Multi-atlas segmentation with joint label fusion. IEEE Trans. Pattern
Anal. Mach. Intell. 35, 611–623. doi: 10.1109/TPAMI.2012.143

Williams, B. W., Mack, W., and Henderson, V. W. (1989). Boston naming test
in Alzheimer’s disease. Neuropsychologia 27, 1073–1079. doi: 10.1016/0028-
3932(89)90186-3

Yokoyama, S., Miyamoto, T., Riera, J., Kim, J., Akitsuki, Y., Iwata, K.,
et al. (2006). Cortical mechanisms involved in the processing of verbs: an
fMRI study. J. Cogn. Neurosci. 18, 1304–1313. doi: 10.1162/jocn.2006.18.
8.1304

Zhang, Y., Zhang, J., Oishi, K., Faria, A. V., Jiang, H., Li, X., et al. (2010). Atlas-
guided tract reconstruction for automated and comprehensive examination

of the white matter anatomy. Neuroimage 52, 1289–1301. doi: 10.1016/j.
neuroimage.2010.05.049

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.

Copyright © 2018 Riello, Faria, Ficek, Webster, Onyike, Desmond, Frangakis and
Tsapkini. 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) and the copyright owner(s)
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.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 October 2018 | Volume 10 | Article 346

https://doi.org/10.1109/tmi.2006.887380
https://doi.org/10.1109/TPAMI.2012.143
https://doi.org/10.1016/0028-3932(89)90186-3
https://doi.org/10.1016/0028-3932(89)90186-3
https://doi.org/10.1162/jocn.2006.18.8.1304
https://doi.org/10.1162/jocn.2006.18.8.1304
https://doi.org/10.1016/j.neuroimage.2010.05.049
https://doi.org/10.1016/j.neuroimage.2010.05.049
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	The Role of Language Severity and Education in Explaining Performance on Object and Action Naming in Primary Progressive Aphasia
	INTRODUCTION
	MATERIALS AND METHODS
	Participants and Recruitment
	Clinical Assessment
	Outcome Measures
	MRI Data Acquisition
	Statistical Analyses

	RESULTS
	Descriptive Statistics
	Results of Object Naming (BNT)
	Results of Action Naming (HANA)

	DISCUSSION
	The Contributions of the Left ITG, Left MTG and Left IFG in Naming Objects and Actions
	The Role of Language Severity and Variant in Naming Performance
	Demographic Considerations in Naming Performance: Gender and Education
	Limitations of the Present Study

	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


