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Abstract

Despite a well-documented pattern of semantic memory (SM) impairment, the patterns of brain
activation during semantic processing in svPPA still remain poorly understood. The current study
aimed to investigate the neural substrates of residual semantic processing in the context of this
significant but selective SM impairment, through the case study of one svPPA patient. One svPPA
patient (EC) and six elderly controls carried out a general-level semantic categorization task (biological
and manufactured objects) while their brain activity was recorded using magnetoencephalography
(MEG). Despite similar behavioral performance, EC showed hyperactivation of the left inferior
temporal gyrus (ITG) and right anterior temporal lobe (ATL) relative to controls. This suggests that
periatrophic regions within the ATL region may support preserved semantic abilities in svPPA. These
results thus contribute to our understanding of the brain regions which are recruited to compensate for

bilateral atrophy of the ATL and ensure residual semantic processing in svPPA.
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Introduction

Semantic variant primary progressive aphasia (SVPPA), also described in the literature as semantic
dementia, is a neurodegenerative disorder characterized by an insidious breakdown of conceptual
knowledge (Hodges, Patterson, Oxbury, & Funnell, 1992; Snowden, Goulding, & Neary, 1989;
Warrington, 1975). The conceptual loss observed in svPPA is sensitive to specific properties of words,
such as frequency/familiarity, prototypicality, and the level of specificity (taxonomy) of semantic
processing required for these concepts (Ralph, Jefferies, Patterson, & Rogers, 2017; Rogers et al.,
2006). Regarding taxonomy, knowledge of properties that allow to individuate a specific concept from
its semantic neighbors (e.g., a husky has blue eyes) is more vulnerable to decline than knowledge about
properties shared by related concepts of the same category (e.g., a husky has four legs)(Catricala et al.,
2015). Therefore, patients are more impaired on tasks that require objects to be classified with greater
precision (Patterson, Nestor, & Rogers, 2007; Ralph and Patterson, 2008). This taxonomic impairment
has been documented in an array of tasks recruiting various input/output modalities (naming, word—
picture matching, drawing, object recognition, coloring, lexical decision, and object use (Papagno and
Capitani, 2001; Patterson et al., 2006; Rogers et al., 2004; Snowden, Neary, & Mann, 1996;
Warrington, 1975). It is also observed during spontaneous speech in svPPA patients, who tend to
gradually replace the specific terms previously used to describe objects by more general words (e.g.
thing), thus affecting their conversational intelligibility.

From a neuroanatomical standpoint, sSvPPA is marked by an extensive pattern of asymmetric
bilateral gray and white matter degeneration, which typically begins (and is most prominent) on the
lateral and ventral surfaces of the left anterior temporal lobe, but eventually progresses to include a
larger portion of the temporal and inferior frontal cortices (Brambati et al., 2009; Desgranges et al.,
2007; Diehl-Schmid, Onur, Kuhn, Gruppe, & Drzezga, 2014; Hodges and Patterson, 2007; Whitwell
and Josephs, 2012). More precisely, studies have shown, particularly in the early stage, a localized loss

of 50 to 80% of gray matter volume on the inferolateral surface of the ATL (Hodges and Patterson,



2007), as well as a number of alterations in the white matter tracts that connect anterior temporal
regions to frontal (uncinate, arcuate fasciculi) and posterior temporal / occipital (inferior longitudinal
fasciculi) regions (Acosta-Cabronero et al., 2011; Tu, Leyton, Hodges, Piguet, & Hornberger, 2016).
Furthermore, a direct relation between hypometabolism in anterior temporal regions (PET, i.e.
functional damage) and atrophy of the same regions (MRI; i.e. structural damage) has been established
(Diehl et al., 2004). More recently, alterations in the connectivity between regions of the semantic
network have also started to emerge from concerted research efforts; studies suggest that, while
neurodegeneration in svPPA originates in the left temporal pole, it appears to target preferentially the
brain regions that are closer and more strongly connected to this region with disease progression
(Collins et al., 2016). Therefore, behavioral deficits in svPPA could also result from this progressive
“disconnection” pattern targeting the semantic network.

Due to the relatively circumscribed nature of semantic deficits in svPPA (at least in the early
stages), and to the predominant underlying ATL atrophy, this syndrome has served as a critical
pathological model of semantic memory (Patterson, et al., 2007; Ralph, et al., 2017). According to the
most recent version of this model (Ralph, et al., 2017), the deployment of semantic knowledge in a
variety of verbal and non-verbal everyday tasks relies on two interacting neural systems; the first is a
representational one, while the second is associated with controlled/executive semantic processes. The
representational system relies on the concerted interaction of a widely distributed neural network, in
which sensory, motor, linguistic and affective sources of information (also referred to as the “spokes”)
are combined to form an integrated, heteromodal, representation. In accordance with the behavioral
deficits and atrophy patterns documented in svPPA, the bilateral ventrolateral ATL region is considered
to be the convergence site (a “hub”) where the semantic information is processed at a conceptual level
(Patterson, et al., 2007; Ralph, et al., 2017). This framework also postulates that semantic function
varies in a graded manner across specific ATL subregions adjacent to the hub. For instance, because of

its preferential connection to visual systems, the medial portion of ATL responds more to visual /



concrete concepts, as opposed to STS/STG, which shares a greater connection to the language systems
(Ralph, et al., 2017). The second control system was more recently introduced to the model, and is
largely based on the study of patients with stroke aphasia (Jefferies and Lambon Ralph, 2006; Ralph, et
al., 2017). This system manipulates activation within the representational system to generate inferences
and behaviors that are tailored to each specific context (Ralph, et al., 2017). From an anatomical
standpoint, it relies on regions such as the anterior cingulate-ventromedial prefrontal cortex, the
posterior middle temporal gyrus (PMTG), the intraparietal sulcus and the pre-supplementary motor
area, which are involved in strategic processes such as the manipulation and the controlled retrieval of
semantic information from the semantic store (Jefferies and Lambon Ralph, 2006; Noonan, Jefferies,
Visser, & Ralph, 2013; Whitney, Kirk, O'sullivan, Lambon Ralph, & Jefferies, 2010). Due to its widely
distributed organization, the semantic network is thought to be relatively robust and resistant to neural
damage. In addition, while unilateral ATL damage is associated with a slight decrease in performance
(i.e. longer RTs, greater anomia, etc.), the intact contralateral “demi hub” appears to remain as
operative as when the network was fully intact; it is therefore allowed to dominate performance,
compensating for the decreased contribution of the damaged side. However, when both demi hubs are
damaged, as is typically the case in later stages of the disease in svPPA, semantic processing is
disrupted throughout, which results in much more significant impairment (Ralph, et al., 2017; Schapiro,
McClelland, Welbourne, Rogers, & Ralph, 2013). Although the “hub-and-spoke” model of semantic
cognition is widely accepted, it is not the only existing perspective to explain semantic processing.
While other models do not always agree on the existence of a single hub that supports the integration of
modality-specific information into a multimodal representation (ATL), they generally conceptualize
semantic memory as a network, which consists of both modality-specific and supramodal
representations, and where semantic processing is supported by the gradual convergence of information
across large regions of the temporal and inferior parietal association cortex (Binder and Desai, 2011,

Binder, Desai, Graves, & Conant, 2009) .



To date, a number of studies have explored the semantic disturbances associated with structural
alterations (gray matter loss) of the ATLs in svPPA patients (Adlam et al., 2006; Chan et al., 2009;
Chen et al., 2017; Kumfor et al., 2016; Ralph, McClelland, Patterson, Galton, & Hodges, 2001; Seeley
et al., 2005). However, the functional correlates underlying semantic processing in svPPA remain
poorly understood. In fact, very few studies have studied the dynamics of the brain regions underlying
either impaired semantic processing or preserved (residual) semantic processing in svPPA (e.g. in the
context of semantic tasks tapping superordinate properties of concepts). Among the few, Mummery et
al. (1999) measured PET activation associated with a semantic decision task in svPPA patients.
Consistent with their impaired semantic performance, hypoactivation of the left ATL and posterior
inferior temporal lobe was documented in svPPA patients relative to controls. However, relative to an
equivalent visual task, they observed an increase in functional activation within the frontal regions and
the bilateral ATL (more precisely, left anterior STG (BA21) and right TP (BA38)). Therefore, the
results obtained from this study appear to provide some evidence that while semantic memory is indeed
altered in svPPA patients, “residual” semantic processing abilities may elicit an additional recruitment
of homologous and periatrophic temporal regions, as well as an increase in demands on the
“controlled” semantic system (i.e. parietal/frontal regions). Other functional neuroimaging studies of
SsVPPA patients focused on the semantic mechanisms associated with reading, in an attempt to identify
the neuronal substrates underlying reading aptitudes in the context of normal and pathological aging
(Wilson et al., 2008). In line with the behavioral manifestations of “surface dyslexia” observed in
SVPPA, results showed an increased activation of the left intraparietal sulcus, a region normally
associated with subword mapping from orthographic to phonological representations, while patients
were reading low-frequency/irregular words (Wilson, et al., 2008). This suggests that svPPA patients
become increasingly dependent on subword orthographic-to-phonological processes (an alternative
reading route) when knowledge related to the concept is impaired, suggesting compensation

mechanisms at play.



The aim of the current study was to conduct an in vivo investigation of the brain mechanisms
associated with semantic processing in a case of svPPA, who presented with relatively circumscribed
atrophy of the left ATL. More specifically, using a general-level semantic categorization task of man-
made and biological entities requiring processing at a superordinate level, our aim was to gain a better
understanding of the neural substrates underlying semantic processing in svPPA. We used
magnetoencephalography (MEG), a non-invasive imaging technique used to record the magnetic fields
generated by cortical electric activity. In contrast to other neuroimaging techniques such as fMRI,
MEG has excellent temporal resolution. Another crucial advantage of MEG is that it allows a more
accurate recording of the signal in the ATL region (i.e. the temporal poles), which is susceptible to
significant signal reduction and has been found difficult to activate in classic fMRI protocols
(Noppeney and Price, 2004; Visser, Jefferies, & Ralph, 2010). The fMRI signal is distorted near air-
filled cavities, such as the sinuses, due to discrepancies in the magnetic susceptibility across different
tissue types (“susceptibility artifact”) (Devlin et al., 2000; Schmithorst, Dardzinski, & Holland, 2001;
Smith, Matthews, & Jezzard, 2001)

To this end, the patterns of brain activation associated with a semantic judgment task involving
the presentation of pictures of objects and animals were investigated in a sSvPPA patient and in a control
group of healthy older adults matched for age and education. Prior to the presentation of each picture,
the written name of a category (animal, tool, fruit/vegetable or means of transportation) was presented
on the screen and each participant was instructed to correctly categorize the objects (e.g. the picture of
a dog had to be matched with the written category “animal’’). We focused on the signal around the
N400, a component elicited by material requiring access to semantic memory and hence associated
with semantic processing (Marinkovi¢, 2004). Initially described by Kutas and Hillyard (1984), the
N400 has since then been extensively studied and is now conceptualized as a cortical response
reflecting the activity of brain regions part of the semantic network following the presentation of a

word or an image, regardless of modality (Kutas and Federmeier, 2000, 2011). The N400 is namely



generated within the left ATL (Lau, Phillips, & Poeppel, 2008; Luck, 2005) and thus appears to reflect
a specifically semantic (heteromodal) process (Besson, Magne, & Regnault, 2004; Kutas and
Federmeier, 2011).

From a behavioral standpoint, our main hypothesis was that the svPPA patient would show
relatively poorer performance than healthy controls in terms of accuracy and reaction times (RT) on the
semantic task. We also predicted that MEG would reveal a disruption of the N400 component in the
SVPPA patient, associated with abnormal patterns of functional activation within key regions of the
semantic network (including the ATL, IPC and the pMTG). Namely, given the ATL atrophy in svPPA,
we hypothesized that other regions of the semantic network would respond to a greater extent in the
SVPPA patient during the task, reflecting a pattern of functional compensation and allowing for residual

semantic processing to occur.

Methods

Participants

One svPPA patient and one group of six healthy elderly controls (HC) matched for age and education
were recruited the current study. All subjects gave written informed consent before taking part to the
protocol, which was approved by the Research Ethics Board of the Institut Universitaire de Gériatrie de
Montréal (IUGM). Because semantic tests are particularly sensitive to cultural background, all
participants included in the study had lived in Quebec for the previous 40 years (at least) and spoke
French as their native tongue.

Patient. EC is a 67-year-old right-handed French-speaking woman, with 13 years of education. Retired
at the time of testing, she was a former elementary school teacher. At the time of the study, she had
already been an outpatient of the Memory Clinic of the IUGM in Montreal for two years. She was
initially referred to the Clinic because she complained of word-finding difficulties, which had begun

about two years earlier. The svPPA diagnosis was established by the neurologist (CC) based on current



clinical criteria (Gorno-Tempini et al., 2011; Gorno-Tempini et al., 2004). EC was able to carry out
independently many of her everyday activities. For instance, she drove and managed her budget alone,
took part on a regular basis to “aquagym” lessons and was very much involved in her religious
community. EC was quite introverted and rarely initiated conversation, but was described as an
independent, proud and somewhat stubborn woman by her relatives, who confirmed that these
personality traits were present prior to her svPPA diagnosis. EC was very aware of her deficits and
verbalized concern about how they would impact her performance on some of the neuropsychological
tasks (i.e., semantic). An exhaustive neuropsychological assessment was carried out over several
sessions; EC’s exhaustive neuropsychological assessment was reported in a previous publication, as
she had later undergone a personalized semantic memory intervention (Bier et al., 2011). The extensive

neuropsychological profiled is detailed in Table 1.

Table 1. Neuropsychological test results for patient EC

Neuropsychological testing EC’s results Norms

General functioning
MMSE 27 Cut-off: 26/30

MoCA 17 Cut-off: 24/30

Global 1Q (WAIS-I1I)
Verbal 1Q *68 z>-2

Performance 1Q 91

Visuospatial functions
Perceptual Organization Index (WAIS-111) *92
Rey-Osterrieth Complex Figure (ROCF)
Copy (36) 36 z=0.80
Birmingham Object Recognition Battery (BORB): Object decision subtest
OD A Easy (32) *22 z2>-2

OD A Hard (32) *15 z>-2



OD B Easy (32) *17 z>-2
OD B Hard (32) *14 z>-2
Episodic memory
Delayed recall of ROCF (36) 16 z2=-0.26
Working memory
Working Memory Index (WAIS-I1I) 78
Attentional and executive functions
Processing Speed Index (WAIS-III) 103
DKEFS Color-Word Interference (sec.)
Naming (colors) 37 ss= 8
Reading 23 ss=11
Inhibition *102 ss= 5
Inhibition/Switching 79 ss=10
Errors (corrected/uncorrected) ss= 8
D2 Test: concentration endurance test
Total raw score 323 z=-1.24
Errors 10 z=-044
Trail Making Test (sec.)
Part A 50 z=0.86
Part B 101 z=-0.10
Language
Letter fluency *16 z2>-2
Category fluency (total) *4 z>-2
Repetition of words (15) 15 z=0
Repetition of non-words (10) 10 z=05
Delayed repetition of words (15) 15 z=0
Delayed repetition of words (10) 10 z=0.7
Reading
Regular words (5) 5 z2>-2



Irregular words (5) *3 z>-2
Nonwords (10) 8 z=-13

Writing to dictation

Regular words (10) 9 z>-2
Irregular words (10) *9 z>-2
Nonwords (10) 9 z=-0.6
DO-80 picture naming test (80) *16 z2>-2

Pyramid and Palm Trees Test (52)

Picture-picture *34 z>-2

Word-word *28 z>-2
Verbal Comprehension Index (WAIS-111) *69 z>-2
Affect

Geriatric depression scale

Self-Rated (30) 4 Cut-off: 15

Patient EC

Figure 1. Structural MRI image of EC’s brain, exhibiting a pattern of bilateral but asymmetric (left-predominating)
atrophy of the ATLs, consistent with the pattern of atrophy classically observed in svPPA (Gorno-Tempini, et al.,

2011; Hodges, et al., 1992).



Healthy elderly controls. The control group included 6 healthy elderly individuals (1M, 5F; mean age
=69.33, SD = 3.78), who had completed an average of 14.83 years of education (SD =3.71). They were
matched to patient EC for age and education level, and with normal cognitive function, as verified
through a standard neuropsychological assessment. Controls were recruited via the CRIUGM
participant database and through written public announcements. A Mann-Whitney U test indicated that
the control group did not differ significantly from EC in terms of age (U = 5.5, z = 1.038, p = .571) or
education (U =3,z =0, p = 1). Basic exclusionary criteria for both EC and the control group included a
history of systemic or neurological disease, past or current psychiatric illness, traumatic brain injury,
history of alcoholism, untreated medical or metabolic condition, general anesthesia in the last year, as
well as uncorrected hearing and/or vision problems.

Semantic decision task

This computerized task was developed in the Laboratory and specifically adapted to MEG. It was
devised to evaluate the integrity of semantic processing through a semantic categorization task
addressing knowledge of everyday objects. Stimuli were back projected on a computer screen located
at eye level at a distance of 60 cm from the subject in the MEG using the E-Prime software
(Psychology Software Tools, Pittsburg, PA). Stimuli were presented one by one. Stimuli consisted of
192 high resolution colored photographs of everyday objects belonging to four semantic categories:
animals, transportation, fruits/vegetables and tools. All pictures were equivalent in terms of resolution
(number of pixels) and background luminosity and contained no contextual clue which may have

helped participants in their decisions (i.e. no background information).

The semantic decision task was administered to each subject individually during a two-hour
meeting in the MEG lab located in the Université de Montréal Psychology Department. Upon arrival,
participants were tested for MEG compatibility before they were given the instructions relative to the

computerized task. Once installed into the magnetically shielded room, each participant completed a



testing session consisting of 48 practice trials followed by 192 experimental trials. Each trial started
with concise written instructions reminding the participants to keep their eyes fixated on the cross
located at the center of the screen and to blink only once feedback was given to them. Participants
initiated trials by pressing simultaneously with their thumbs on both side buttons on the side of the
response case. At the beginning of each of the four blocks, the written name of a semantic category
(e.g., ‘animal’) was presented on the screen during 1000ms. Participants were instructed to decide if
each of the 48 stimuli presented subsequently for a duration of 500ms belonged to that semantic
category and to provide an answer by pressing the appropriate key on the response cases. Each of the
96 images (24 per category) was presented twice in the experiment: once in a congruent condition (e.g.,
animal-tiger) and once in an incongruent condition (e.g., tool — tiger). Participants were given 2500ms
to respond and were instructed to respond as accurately yet as quickly as possible after each stimulus
presentation. The order of blocks and the hand used to for each type of answer (matching, non-
matching) was counterbalanced between subjects, as well as the order of presentation of the stimuli in
each 48-trial block, which was randomized for each subject. To minimize the impact of performance
anxiety and ensure that participants remained focused throughout the task, feedback relative to
accuracy was not given. The only feedback shown to them was a blank circle post-response, informing
them that their answer had been correctly recorded (refer to Figure 2 for a schematic representation of

a trial design).



Figure 2. Trial design illustrating an example of a trial for the congruent condition.

Data Acquisition

MEG data. The participants’ functional brain activity was recorded while they completed the semantic
decision task using a whole-head CTF-VSM 275 sensors MEG system in a magnetically shielded
room. MEG signals were acquired continuously during the task at a sampling rate of 1200 Hz. Prior to
recording, subjects were screened for MEG artifacts (dental work/metal implants). When necessary,
plastic lenses were installed on the subjects’ eyes to avoid magnetic perturbations from the metal parts
of their personal glasses and ensure their optimal visual processing of the stimuli during the task.
Bipolar electroocculogram (EOG) (electrodes placed at the left and right canthi for horizontal EOG and
above and below the left eye for vertical EOG) as well as unipolar ECG were also recorded.

Structural MRI. Following the MEG protocol, each control and aMCI participant underwent a high
resolution anatomical MRI using an optimized MPRAGE protocol with a 3.0 T Siemens TRIO MRI
(Siemens, Erlanger, Germany) located at the Unité de neuroimagerie fonctionnelle in the Research

Centre of the IUGM (http://www.unf-montreal.ca/siteweb/Home_en.html). A volumetric magnetization



prepared rapid gradient echo (MP-RAGE) sequence was used to acquire high-resolution T1-weighted
3D anatomical images, using the following parameters: TR=2.3s, TE=2.94ms, TI=900ms, flip
angle=9°, FOV=240x256, voxel size = 1x1x1.2mm3. An 8-channel head coil was used. The scans
were then used to constrain source localization analyses of the MEG data. Using their respective MRI
images, a 3D representation of each subject’s cortex was realized through mathematical morphometry

(refer to the Source localization section for more details).

Data Analyses
Behavioral Data. Response times and number of correct responses were averaged across each
participant to allow comparison with patient EC. Items left unanswered were recorded as incorrect

responses. Mann-Whitney U tests were performed on both accuracy and response times.

Voxel-based morphometry. VBM was applied to detect regional gray matter (GM) atrophy in the
patients compared to 15 age-matched healthy controls. The VBM group was composed of neurotypical
older female participants (mean age = 71.1, SD = 2.6) without neurological diseases or cognitive
impairment (mean MoCA score = 27.4; SD = 1.8). VBM analyses were conducted using SPM12
software  package  (Wellcome  Department of  Imaging Neuroscience, London;

http://www.fil.ion.ucl.ac.uk/spm). The images were segmented into gray (GM) and white (WM) matter.

Affine registered tissue segments were used to create a custom template using the DARTEL
(diffeomorphic anatomical registration using exponentiated lie algebra) approach, including the image
of the patient and of the control group (Ashburner, 2007). For each participant, the flow fields
calculated during the DARTEL template creation step were applied to each participant's GM image.
The VBM analysis was based on modulated GM images, where the GM value for each voxel was
multiplied by the Jacobian determinant derived from spatial normalization to preserve the total amount
of GM from the original images (Ashburner and Friston, 2000). The resulting modulated and

normalized images were then smoothed with a Gaussian kernel of 8 mm FWHM. A t-test was used to
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compare the pre-processed image of the patient to the control group, in order to obtain and visualize the

pattern of GM atrophy of the patient. A significance threshold of p<0.001 uncorrected was applied.

MEG Data. MEG analyses were conducted using CTF tools, BrainVisa (http://brainvisa.info) and
AFNI software (Cox, 1996). Third-order gradient noise reduction (computed with CTF software) and
low-pass filter at 20 Hz was applied to all MEG signals before segmentation. Subsequently, signals
were segmented according to the chosen time window (-200 to 1000ms relative to the onset of the
stimulus) with the 200ms preceding stimulus onset used as a baseline period. Trials with eye movement
were systematically removed following a careful inspection of the vertical and horizontal EOG traces.
Trials with large movement artifacts, such as head motion exceeding 5 mm from baseline recording and
other external noise were removed as well. Only trials with a correct response were included in the
following brain signal analyses.

Because the task was aimed to assess EC’s ability to adequately categorize objects, a specific
time window reflecting this type of semantic processes was selected based on visual inspection of maps
displaying the averaged MEG signal, as well as supporting evidence in the literature. This time
window, extending from 495ms to 695ms, was determined as the probable latency of the N400
component, which is known to reflect the semantic processing of meaningful semantic stimuli (Kutas
and Federmeier, 2011; Kutas and Hillyard, 1984; Lau, et al., 2008). Previous ERP studies documenting
the particularities associated with semantic processing in aging have demonstrated that the peak latency
of this component is generally delayed, supporting our choice of a slightly delayed and extended time
window range (Federmeier and Kutas, 2005; Federmeier, Van Petten, Schwartz, & Kutas, 2003,
Giaquinto, Ranghi, & Butler, 2007; Harbin, Marsh, & Harvey, 1984; Kutas and Iragui, 1998; Taler,
Klepousniotou, & Phillips, 2009). Subsequently, MEG signals were averaged over time for this

preselected time window (495 to 695ms), for every participant and each trial.



Source localization. Source localization analyses were performed on these averaged MEG signals
using the maximum entropy on the mean method (MEM) (Amblard, Lapalme, & Lina, 2004; Grova et
al., 2006). This method is a cortically constrained distributed source-localization approach. The cortical
surface was segmented from each anatomical MRI scan wusing BrainVisa software
(http://brainvisa.info). Approximately 4000 sources were distributed over the entire cortical surface,
and these local sources were used in distributed source localization analyses, which were conducted
separately for each participant and every trial. Following the analyses of the localizations performed on
a participant-wise basis, the following procedure was used to perform a group analysis of the
localization. Each cortical-surface localization map was interpolated in the volume MRI image for each
subject and the resulting image was smoothed using a Gaussian filter with an 8 mm FWHM (full width
at half maximum). Finally, all the images were normalized to a common template in Talairach space

(ICBM 152, Montreal Neurological Institute) using SPM2.

Statistical analyses. Covariation analyses were performed using a General Linear Model (AFNI)
considering the normalized source-localization maps. Because of limitations in the AFNI software in
terms of the GLM size (the number of lines considered in the analysis), a subset of 110 trials per
subject was included in the GLM (fifty-five trials per condition for each participant, for a total of 770
entries). Comparisons between EC and the control group were performed using a voxel-wise threshold
at p < .05, corrected for multiple comparisons with false discovery rate (FDR) method (Benjamini and
Hochberg, 1995). Clusters of voxels with a volume of at least 632 mm?3 (t = 2.607) were considered as

statistically significant based on these criteria.

Results

Semantic decision task. Both EC (accuracy score = 95%, Mgt = 1003.43ms) and the healthy controls

(Maccuracy score = 94.83%, Mgt = 891.71ms) performed exceptionally well on the semantic task. Thus,



Mann-Whitney U tests conducted on the behavioral data collected during the task showed no
significant differences in terms of total accuracy scores (U = 2.5, z = -.255, p = .857) or mean response
time (U=5.0,z=-.1,p=.571).

Voxel based morphometry. Patient EC showed a pattern of significant gray matter atrophy extending
throughout the left ATL. More precisely, atrophy encompassed the anterior portion of the superior,
middle and inferior temporal gyrus, as well as the temporal pole and the left hippocampal region (refer

to Table 2 and Figure 3 for an exhaustive representation of the atrophied structures).

Table 2. Regions of significant atrophy for patient EC™.

Region (Brodmann Areas) X y z Z-score

-46 3 -2 4.1
L. Superior Temporal Gyrus (BA22)

-36 12 -29 3.6

-27 17 -36 3.6
L. Middle Temporal Gyrus (BA21)

-51 -21 1 3.6

-51 -30 -20 3.3
L. Inferior Temporal Gyrus (B20)

-46 -7 -41 3.3

-27 21 -39 3.6
L. Temporal Pole (BA38)

-48 18 -14 35
L. Hippocampus / Amygdala -27 2 -21 3.1

L A significance statistical threshold of p>.001 uncorrected was used for the VBM analyses.



Patient EC

Figure 3. Whole-brain VBM analysis showing regions of significant atrophy for patient EC compared with healthy

controls.

Functional (MEG) activation. Direct contrasts were carried out between EC and the control group on a
time window stretching from 495-695ms (see Methods for more details). Maps of mean functional
activation for both groups are displayed in Figure 4a. Despite performing equally well in the MEG
task, as expressed by accuracy scores, a pattern of bilateral temporal lobe hyperactivation was found in
EC relative to the control group. In contrast, no significantly greater pattern of hyperactivation was
found in the control group relative to EC. More specifically, EC activated the left ITG as well as the
right ITG/AT to a greater extent than the control group. Localization maps depicting those differences
are shown in Figure 4b, while peaks of hyperactivation are listed in Table 3. The Talairach
coordinates and Brodmann area labels were provided by AFNI software (Cox, 1996). Also, although
not statistically significant, a difference approaching significance (q < .11 FDR) was found between

conditions (incongruent>congruent) in the right ATL region. However, additional analyses revealed a



pattern of group x condition interaction. More precisely, in both groups, subtracting the cortical activity
generated in the congruent condition from the cortical activity generated in the incongruent condition
resulted in a typical “N400 effect” pattern (incongruent>congruent) within the right ATL; this N400
effect was, however, intensified (incongruent>>congruent) for patient EC. Within the left ATL region,
while a typical N400 effect pattern was observed for the control group (incongruent>congruent), the
opposite pattern was observed for patient EC (whereas processing of congruent stimuli with the context
appeared to generate greater activation than incongruent ones; congruent>>incongruent). Localization

maps depicting those differences are shown in Figure 4c.

Table 3. Differences of activation between EC and the control group?

Region (Brodmann Areas) X y z  Cluster Size T value

EC>Control group (congruent + incongruent context)

R. Inferior Temporal Gyrus / Temporal Pole (BA20/38) 39 -15 43 140 -15.78

L. Inferior Temporal Gyrus (BA20) -45 -3 37 130 -14.53

Interaction effect (group x condition)®

R. Superior Temporal Gyrus (BA38) 35 6 -46 81 5.73

L. Inferior Temporal Gyrus (BA20) -45 -7 037 42 -1.98

2 Peaks of hyperactivation in EC relative to the control group. A significance statistical threshold at q < .05 FDR has been
used. Talairach (MNI) coordinates are provided.
3 Peaks of hyperactivation for the crossover interaction. A significance statistical threshold at q < .05 FDR has been used.
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Figure 4a. Patterns of mean functional activation for EC and the Control group related to the semantic categorization
task. For all three images, results are depicted for the 495-695ms time window. 4b. Differences in MEG activation
between EC and the Control group. Areas in blue indicate significantly greater activation in patient EC relative to the
Control group (left = left hemisphere). In contrast, there were no areas showing a significant pattern of
hyperactivation in the Control group relative to patient EC. 4c. Interaction effect (group x condition). The blue area
indicates that a typical “N400 effect” (activation: incongruent>congruent) was found for each group; but this effect
was amplified in patient EC. Areas in yellow indicate that, while a typical N400 effect was observed within the left
ATL for the control group, a reversed (activation: congruent>incongruent), amplified pattern was observed for patient

EC.



Discussion

In the current study, we used MEG to conduct an in vivo investigation of the brain mechanisms
associated with semantic processing in a case of svPPA. To this aim, one svPPA patient (EC) and a
control group of healthy seniors strictly matched for age and education completed a computerized
semantic categorization task while their neural activity was recorded with the MEG system. It is
important to know that the task was designed in a way that required EC to adequately categorize, but
not to name, describe or share explicit knowledge concerning each object. Surprisingly, the
performance of patient EC and of the control group was strictly identical at the behavioral level. At the
brain level, however, EC activated the left and right ATL region to a greater extent than the control
group. At the behavioral level, these results may seem surprising at first glance, considering the
magnitude of EC’s impairment on neuropsychological measures of semantic memory (see Table 1).
However, even though semantic impairment in svPPA is found across a wide range of
neuropsychological tasks, overall performance of patients has been shown to depend on the level of
specificity required by the semantic task (Rogers, et al., 2006; Rogers and Patterson, 2007; Rogers,
Patterson, Jefferies, & Ralph, 2015). For instance, svPPA patients are known to perform fairly well on
tasks requiring a relatively coarse, domain-level categorization of the stimulus (for instance, knowing
that a Chihuahua is an animal but that a carrot isn’t), as opposed to a more precise classification
(knowing that a Chihuahua is a dog and not a cat) or subordinate-level classification (knowing that a
Chihuahua is a Chihuahua but that a Yorkshire isn’t). This can be explained by the fact that
discriminating concepts with a higher degree of overlap (i.e. concepts within the same basic- or
subordinate-level category) is known to exert increased demands on identification and differentiation
processes at the level of both semantic and perceptual processing (Ikeda, Patterson, Graham, Ralph, &
Hodges, 2006; Tyler and Moss, 2001; Tyler et al., 2004), as opposed to concepts with little overlap (for

instance, items belonging to different domains) which lead to different responses, and for which even



an imprecise/weakly-specified or partial conceptual representation can translate into an appropriate
response or behavior (Hodges, et al., 1992; Pobric, Jefferies, & Ralph, 2007; Rogers, et al., 2006).
Accordingly, recent studies have demonstrated that the level of specificity required by the task may
influence the degree to which the ATLs are activated. In this regard, although the ATLs are
preferentially recruited when concepts are processed at a specific (subordinate) level (Grabowski et al.,
2001; Patterson, et al., 2007), they remain involved to a lesser extent during processing of concepts at
the domain (superordinate) level (Pobric, et al., 2007; Ralph, 2014; Rogers, et al., 2006; Visser and
Ralph, 2011). For instance, Rogers and Patterson (2007) showed that, while healthy controls are faster
and more accurate at categorizing items at the basic level (for example, dog) relative to a more general
(for example, animal) or specific level (for example, Chihuahua), patients with svPPA show the
opposite pattern and are more impaired when basic-level classification is required by the task. Such
findings suggest that semantic tasks that require a distinctive classification of closely related stimuli
(semantic neighbors) place particularly strong demands on the ATL region, which is affected in svPPA.
Because of the ATL implication in generalizing/differentiating between concepts, it becomes difficult
for patients, as the disease progresses, to differentiate between similar/neighboring concepts on the
basis of idiosyncratic details, since the damaged semantic system is no longer able to generate
sufficiently precise conceptual representations to support these processes. Nevertheless, the degraded
system is still able to generate an adequate response when it comes to more general/common
characteristics, because their high level of resemblance within a conceptual category makes them more
readily accessible and less vulnerable to damage (Marques and Charnallet, 2013; Murre, Graham, &
Hodges, 2001; Rogers, et al., 2015). In the case of the semantic judgment task used in the current study,
there was little overlap across the different categories (e.g. Animals vs. Tools), therefore stimuli could
be processed at a very basic, superordinate level and still yield the right answer. Thus, patient EC could
have relied on coarse knowledge to accomplish the task, or on a general criterion (e.g. edible =

fruit/vegetable or has eyes = animal) to guide her decisions for each category, which may explain why



she performed so well on the task despite showing significant atrophy of the ATL region.

The main goal of this study was to investigate the neural correlates associated with semantic
processing in svPPA using MEG, a neuroimaging technique offering both excellent temporal and
spatial resolution. Analyses of the patterns of functional neural activity associated with semantic
processing revealed differences between EC and the control group. Firstly, patient EC activated the
bilateral ATL region to a greater extent than the control group. Secondly, no brain regions showed
significant hypoactivation in EC relative to the control group. Finally, the control group did not activate
any region to a greater extent than EC (see maps of activation for the control group in Figure 4b). EC’s
pattern of functional hyperactivation suggests that semantic processing in svPPA exert demands on
peri-atrophic and homologous ATL regions. These results are similar to those found by Mummery et
al. (1999). Despite these similarities, the svPPA patients in their study also showed hypoactivation of
the left ITG and right temporo-parietal junction, which was not the case in the current study. In
addition, the patients’ performance was significantly lower than that of the control group, leading the
authors to conclude that the additional recruitment of right temporal structures proved insufficient to
counterweight ongoing neurodegenerative processes and allow svPPA patients to process semantic
information as effectively as healthy seniors. In addition, the authors also observed an increase in
activation of prefrontal regions (BA44/45/47/6) in their svPPA patients compared to controls, which
was not replicated in the current study. The involvement of prefrontal regions in semantic control is
fairly well established (Binder, et al., 2009; Noonan, et al., 2013; Ralph, et al., 2017). This pattern of
prefrontal cortex (PFC) hyperactivation was interpreted by the authors as a reflecting task difficulty and
increased demands on the executive mechanisms of selection, discrimination and strategic control
underlying the retrieval of information in long-term memory (Mummery et al., 2000). Such
mechanisms are considered necessary to select the best answer between very similar concepts (within

the same basic-level category). Within the context of the present study, it is possible that the relatively



simple degree of semantic processing to carry out the task did not exert significant demands on the
PFC-based semantic controlled mechanisms.

Furthermore, the pattern of functional hyperactivation found in patient EC involving peri-
atrophic regions in the left ATL as well as additional contralateral activation in the more preserved
right ATL may reflect a mechanism of functional compensation, by which EC is able to achieve a
similar level of performance as healthy elderly individuals. This suggests that despite significant
structural loss in this key region of the semantic network, residual abilities underlying successful
coarse/domain-level semantic processing in this patient may be underpinned by the additional
recruitment of peri-atrophic regions and homologous regions within the ATL. Although operational
criteria to define compensation in the context of pathological aging are still debated, compensation in
neurodegenerative disease is increasingly recognized as taking place when patients’ behavioral
performance remains similar to that of the normal population in the presence of structural degradation
(Barulli and Stern, 2013; Gregory et al., 2017; Scheller, Minkova, Leitner, & Kloppel, 2014). In the
current case study, it is possible that compensatory processes were at play in this svPPA patient
because atrophy was strongly left-lateralized and the right ATL region sustained minimal damage (see
Table 2 and Figure 3). There is indeed increasing evidence highlighting the importance of bilateral
ATL involvement in semantic processing (Bi et al., 2011; Ralph, et al., 2017; Rice, Lambon Ralph, &
Hoffman, 2015; Schapiro, et al., 2013). In addition, studies have documented the mechanisms by which
additional recruitment of the less damaged contralateral demi hub allows to help compensate (at least in
part) for the decreased contribution of the damaged hub in the context of neural insult (Binney and
Ralph, 2015; Schapiro, et al., 2013). For instance, in a recent TMS study conducted on healthy
participants, Binney and Ralph (2015) used rTMS to suppress left ATL activity, while recording neural
activity (using fMRI) as they completed a semantic judgment task. Their results shed some light on the
dynamics of the unperturbed semantic system, by demonstrating that while task performance was

initially underpinned by the bilateral ATL region, network activity became essentially unilateral with



time (left-lateralized in their case). This intrinsically-modulated change in the distribution of neural
activity was interpreted as “an initial generous allocation of processing resources preparing the system
for the most challenging of (initially unknown) task demands, followed by a gradual decrease until the
most parsimonious and efficient state of activity is reached” (Binney and Ralph, 2015) p.179).
However, following TMS-induced suppression of the left ATL activity, an active maintenance of
activation was observed within the right ATL whereas, under normal circumstances, activity was
observed to diminish over time. Therefore, it is possible that the increased activation of the right ATL
regions in EC (relative to controls) may reflect a similar process of "up-regulation™ of the contralateral
regions following a predominantly left-lateralized breach of the semantic network (Binney and Ralph,
2015).

As evidenced by a pattern of group x condition interaction (see Figure 4c), it is possible that the
pattern of hyperactivation found may reflect different mechanisms with the left and right ATL in
patient EC. The pattern of activation in the right ATL suggests a typical N400 effect, whereby the
integration of incongruent (relative to congruent) information with context (semantic category) is
associated with an increase in neural activity. Although amplified in EC relative to the control group,
the activity found in this region is consistent with what has been reported concerning the role and
distribution of the N400 effect in the literature (see Kutas and Federmeier (2011) for a review). While a
typical N400 effect was observed for the control group in the left ATL, a reversed and amplified N400
pattern was found for patient EC (i.e. congruent condition resulted in greater activation than
incongruent condition). In line with the functional compensation hypothesis, it is possible that semantic
integration requires the deployment of additional neural resources within the semantic network when
there is an incongruity between a stimulus and its context. In the patient, this operation would require
greater support/involvement from the right ATL (up-regulation) than in a semantically congruent
context. In the latter case, it is possible that the left periatrophic ATL regions may be sufficient to

ensure successful semantic performance. Nonetheless, the nature of the possible collaboration between



periatrophic and contralateral regions within the left and right ATL, as well as their specific
compensatory roles, will need to be further investigated in future studies in order to better understand
the specific mechanisms at play.

Finally, the current study has some limitations which deserve to be mentioned. First of all, as is
the rule with all single case studies, the results presented need to be interpreted carefully and should be
replicated in a larger sample of svPPA patients in order to confirm the specific brain mechanisms
described here. Longitudinal studies of svPPA patients may also bring valuable insights into our
understanding of the evolution of compensatory mechanisms as the disease progresses. Finally,
although beyond the scope of the current study, future studies could also investigate how varying levels
of difficulty in the semantic tasks may impact resulting patterns of functional hyperactivation and
compensation in the context of neurodegeneration. This may provide further insights regarding the

functional mechanisms underlying the semantic network in pathological and normal aging.

Conclusion

In summary, we investigated the neural correlates of semantic processing in a case of svPPA with
predominantly left-lateralized atrophy and in a group of age and education-matched healthy older
controls. Despite undistinguishable performance at the behavioral level (accuracy rates, RT), functional
neuroimaging (MEG) analyses showed a pattern of significant hyperactivation within the left and right
ATL region in the svPPA patient relative to the control group. No such patterns of hyperactivation
were found within other regions of the semantic network, including semantic control regions (PFC,
PMTG). These results suggest that compensatory mechanisms within specific regions of the semantic
network are at play in svPPA, allowing to successfully perform basic-level semantic tasks, despite
damage to more fine-grained semantic processing. Results of the current study are also consistent with
the idea of a concerted and balancing role of the left and right ATL in semantic processing.

Accordingly, the contralateral and perilesional portions of the ATL region may help compensate for



decreased involvement of the damaged hub. Therefore, taken together, these results suggest that
regions of the semantic network adjacent to atrophic regions may help compensate neurodegeneration

in svPPA when some aspects of semantic processing are still possible.
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