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In dit proefschrift heb ik gebruik mogen maken van het bijzonder mooie werk van
beeldend kunstenaar Abraham Blankers (1948), die tevens als proefpersoon deelnam
aan mijn onderzoek. Abraham volgde een schildersopleiding bij een particulier instituut,
vervolgd door een studie tot grafisch vormgever aan de grafische school te Utrecht.
Sinds 1980 heeft hij aan meer dan honderd exposities in binnen en buitenland
meegewerkt en zijn werken zijn opgenomen in verschillende collecties over de wereld.
Ondanks de toenemende beperkingen als gevolg van primair progressieve afasie,
zijn kunst en schilderen voor hem een passie gebleven. Bovenstaand kunstwerk
genaamd “de Verbinding” staat op meerdere manieren symbool voor dit proefschrift.
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GENERAL INTRODUCTION

The ability to speak comes so naturally to us that people often take it for granted. But
being able to produce spoken words is a unique ability that gives us humans a subtle and
rich communication system like no other species has. For most of us, there is not a day
that passes without talking. It is a fast and seemingly effortless process, as we produce up
to 150 words per minute and hardly make any mistakes in doing so (Levelt, 1989). But what
is it that makes us so special? How are different areas in our brain connected to enable us
to speak? And what happens if speaking does not come naturally anymore because of a
brain disease?

Speech production: A dorsal and ventral view
Research on the relationship between the brain and language dates back to the late 19th
century when Paul Broca and Carl Wernicke linked certain lesions in the brain to specific
language deficits known as aphasia. Broca identified a patient with speech production
deficits, linking this to damage in the left inferior frontal gyrus (Broca, 1861). Wernicke
identified a patient with comprehension deficits and associated this with damage in the
left posterior superior temporal gyrus (Figure 1.1) (Wernicke, 1874).

Figure 1.1. Broca’s area (green) and Wernicke’s area (red). (From Kaan & Swaab, 2002, p. 351)

Since this work and the influential Wernicke-Lichtheim model (Lichtheim, 1885), it has
been assumed that spoken word production, comprehension, and repetition are enabled
by left perisylvian regions of the brain, including Wernicke’s and Broca’s areas. Here,
production concerns expressing meaning by saying words, repetition concerns saying
words or pseudowords you hear, and comprehension concerns understanding the
meaning of words you hear.
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Based on this work, current speech production models assume that left posterior superior
temporal gyrus (pSTG, Wernicke’s area, BA 22) contains speech input representations of
words and the left posterior inferior frontal gyrus (pIFG, Broca’s area) contains speech
output representations. Moreover, conceptual representations making up word meanings
are assumed to be represented in more widespread areas of the brain, including inferior
and middle temporal cortex.
Although researchers agree on the involvement of these perisylvian areas in language,
there is no consensus about the function of the white matter fiber tracts that transmit
information between the areas for speech production in the brain. The temporal and
frontal language areas are connected by dorsal and ventral white matter pathways,
namely dorsally by the arcuate fasciculus (AF) and ventrally by tracts like the uncinate
fasciculus (UF) and the inferior fronto-occipital fasciculus (IFOF), with temporal areas
further connected by the inferior longitudinal fasciculus (ILF). A hotly debated issue
concerns the functional role of these pathways (Dick & Tremblay, 2012), in particular, how
meaning is mapped onto speech output in production. Analysis of data from both
participants without language impairments as well as patients with aphasia has yielded
two different views on the issue, namely the dorsal production view and the ventral
production view (Figure 1.2).
According to the ventral production view, computationally implemented in the
Lichtheim 2 model (Ueno, Saito, Rogers & Lambon Ralph, 2011), production is primarily
underpinned by the ventral tracts (UF/Extreme capsule), which are assumed to map
meaning in left anterior superior temporal gyrus (aSTG) and ventral anterior temporal lobe
(vATL) onto speech output in Broca’s area. Repetition is primarily achieved by the AF,
according to this view.
In contrast, according to the dorsal production view (Glasser & Rilling, 2008; Roelofs,
2014), the AF is responsible for mapping both speech input (from Wernicke’s area) as well
as meaning (from middle and inferior temporal gyrus) onto speech output (in Broca’s area)
in repetition and language production, respectively. This view is supported by evidence
that one AF part connects Wernicke’s and Broca’s areas (the STG-AF tract, for repetition),
whereas another AF part connects left middle temporal gyrus (MTG, BAs 21 and 37) and
Broca’s area (the MTG-AF tract, for production). This view is computationally implemented
in the WEAVER++/ARC model (for WEAVER++ Arcuate Repetition and Conversation;
Roelofs, 2014). It is compatible with tractography evidence showing that the ventral tracts
are important for language comprehension, including top-down cognitive control over
conceptual processing (Saur et al., 2008). Moreover, interference control in language
production may be mediated by the ventral tracts (Schnur et al., 2009). However, on this
view, the ventral tracts are not directly mapping meaning onto speech output.
To date, no agreement exists on whether the dorsal or ventral pathway primarily
underlies production. Whereas studies in cognitively unimpaired individuals have provided
evidence that the ventral pathway underlies comprehension and the AF underlies repetition
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Figure 1.2. Schematic representation of the Ventral production view (left) and the Dorsal production
view (right)

(Saur et al., 2008), no such studies have directly examined production. Furthermore,
whereas evidence from individuals with aphasia after stroke supports the dorsal
production view (Roelofs, 2014), the absence of an effect on picture naming of dorsal
pathway atrophy in primary progressive aphasia (Wilson et al., 2011) seems to challenge it.

Measuring pathways of speech: Diffusion weighted imaging
In order to study the neural pathways involved in cognitive functions like speech
production, a non-invasive imaging technique can be utilized: tractography based on
diffusion weighted imaging. One of the most frequently used forms of diffusion-weighted
imaging is diffusion tensor imaging (DTI), which quantifies the relative diffusivity of water
in a voxel into quantitative measures based on amplitude and direction of the diffusion. In
intact white matter, which is composed mostly of nerve fibers, water molecules diffuse
most quickly along the length of the fiber and most slowly across the width of the fiber.
Based on the amplitude and direction of diffusion, a scalar quantity known as the fractional
anisotropy (FA) can be computed as a measure of WM integrity for each voxel of an MR
image. The white matter pathology and resulting axonal damage that characterizes some
neurological diseases, such as multiple sclerosis and dementia, can be identified as
decreased FA values in affected voxels.
DTI has widely been used to perform tractography, which is the identification and
measurement of white matter tracts that connect certain brain regions. From the
estimated diffusion tensors, the most preferred direction of diffusion can be used to
reconstruct white matter tracts as they travel between functionally associated brain
regions, and create maps of structural connectivity (Figure 1.3). While DTI and tractography
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have gained attention in the past decades, the development of tractography is still
ongoing, and more advanced acquisition techniques and higher-order diffusion models
are being developed to resolve problems with tracking in complex regions with crossing
fibers.

Figure 1.3. An image of DTI tractography that illustrates the major fiber tracts involved in language:
arcuate fasciculus (blue), inferior longitudinal fasciculus (green), inferior fronto-occipital fasciculus
(red) and uncinate fasciculus (yellow) (Adapted from: https://www.natbrainlab.co.uk/atlas-maps)

When speech production is affected:
Primary progressive aphasia
Whereas for most of us speaking is a fast and seemingly effortless process, this does not
hold for everyone. Primary Progressive Aphasia (PPA) is a neurodegenerative syndrome in
which insidiously declining language abilities are the most salient clinical characteristic
and the principal cause of restrictions in daily life (Mesulam & Weintraub, 1992). PPA is a
rare disorder with a typical early age of onset between the ages of 50 and 70 years (Kertesz,
McMonagle, Blair, Davidson, & Munoz, 2005), making it devastating for patients, their
occupation, and their family (Tippett, Hillis, & Tsapkini, 2015). Because typical features and
the clinical presentation of PPA were not clearly defined and agreed upon, new diagnostic
guidelines were developed by experts in the field in 2011 (Gorno-Tempini et al., 2011).
Following these guidelines, a patient is first diagnosed with PPA, and can subsequently
be categorized into one of three different variants/subtypes based on specific cognitive
and neuroimaging features: the semantic (sv-PPA), nonfluent/agrammatic (nfv-PPA),
and logopenic variants (lv-PPA). The semantic variant (sv-PPA) is characterized by semantic
deficits and impairments in confrontational naming and word comprehension. The logopenic variant (lv-PPA) has characteristically difficulties with word retrieval and naming in
spontaneous speech, as well as impaired repetition of sentences and phrases. The non-
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fluent/agrammatic-variant (nfv-PPA) is characterized by agrammatism in language
production and effortful, slowed speech together with apraxia of speech (Gorno-Tempini
et al., 2011; Table 1.1).
Despite the clear scientific diagnostic criteria for PPA and its subtypes, the diagnostic
process and distinction between PPA variants remains complex and difficult for clinicians
due to clinical heterogeneity. Making a reliable clinical diagnosis, on the other hand, is
important, as underlying pathologies and clinical courses are typically different between
subtypes. The early differentiation of the PPA variants, thus, has important consequences
for treatment and interventions (Newhart, Davis, Kannan, Heidler-Gary, Cloutman, & Hillis,
2009; Tippett et al., 2015), which stresses its importance.
Table 1.1. Current diagnostic criteria for PPA subtypes (Adapted from Gorno-Tempini
et al., 2011).
Semantic variant PPA
(sv-PPA)
Core features
2/2 should be present:
1. Impaired confrontation
naming
2. Impaired single-word
comprehension
Supporting features
≥ 3 should be present:
1. Impaired object knowledge
2. Surface dyslexia or
dysgraphia
3. Spared repetition
4. Spared speech production

Nonfluent variant PPA
(nfv-PPA)
Core features
≥ 1 should be present:
1. Agrammatism in speech
production
2. Effortful and halting speech
(apraxia of speech)
Supporting features
≥ 2 should be present:
1. Impaired comprehension
of syntactically complex
sentences
2. Spared single-word
comprehension
3. Spared object knowledge

Logopenic variant PPA
(lv-PPA)
Core features
2/2 should be present:
1. Impaired single-word
retrieval in spontaneous
speech and naming
2. Impaired repetition of
sentences and phrases
Supporting features
≥ 3 should be present:
1. Phonologic errors in
spontaneous speech and
naming
2. Spared single-word
comprehension and object
knowledge
3. Spared motor speech
4. Absence of frank
agrammatism

For a long time, neuroimaging research in PPA has focused primarily on grey matter
damage, but converging evidence suggests white matter pathology to be early and
widespread in PPA, extending beyond the areas of grey matter atrophy (Galantucci et al.,
2011; Mahoney et al., 2013; Agosta et al., 2013). Overlapping but distinct profiles of white
matter integrity loss have been reported for the PPA variants (Figure 1.4). Tracts often
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found to be compromised in sv-PPA are the UF and the ILF in both hemispheres. In contrast,
nfv-PPA is characterized by white matter integrity loss of mainly the dorsal tracts, like the
superior longitudinal fasciculus (SLF) and AF (Agosta et al., 2013). Lastly, the most prominent
white matter changes in lv-PPA appear in the temporoparietal components of the dorsal
bundles (Galantucci et al., 2011). While a growing literature illustrates the importance of
white matter tracts in language function in PPA, the investigation into how these profiles
and specific tracts link to (dys)function is still ongoing and no consensus has been reached.

Figure 1.4. White matter damage as measured by mean diffusivity in the three main primary
progressive aphasia variants versus controls. ILF = inferior longitudinal fasciculus, UNC = uncinate
fasciculus, AF = arcuate fasciculus. The asterisk symbol indicates significant statistical difference from
participants without language impairments (From Galantucci et al., 2011)
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Aims and outline of this thesis
The aim of this thesis is twofold as it serves both a theoretical/fundamental and a
practical/clinical purpose. First, I hope to gain insight into the role of ventral and dorsal
white matter pathways in speaking in health and neurodegenerative disease. Second,
I aim to improve the process of diagnosing PPA by the development of new (linguistic)
diagnostic measures and the detection of additional clinical markers for PPA and its
variants.
In Chapter 2, the dorsal language pathway is investigated by assessing the functional role
in speech production of the two subtracts of the arcuate fasciculus: the STG-AF and the
MTG-AF tracts. For this, a combination of functional magnetic resonance imaging (fMRI)
with diffusion-weighted imaging and probabilistic tractography was used in a group of
cognitively unimpaired participants (N = 50) performing a spoken pseudoword repetition
and a verb generation task. These tasks tap the two hypothesized functions of the AF
subtracts, namely repetition and conceptually driven production of speech.
In Chapter 3, I describe the validation and diagnostic value of the Dutch Sydney Language
Battery (SYDBAT-NL), a language screen that measures four main aspects of language
proficiency that was developed because such a language screen for use in memory clinics
was lacking. I aimed to create a predictive diagnostic algorithm based on the distinct task
profiles of both PPA as well as Mild Cognitive Impairment and Alzheimer’s dementia
patients. It was hypothesized that each PPA subtype would demonstrate a distinct profile
across these tasks and differences between dementia types were explored.
In Chapter 4, the search for ways to improve the diagnostic process of PPA is expanded by
investigating the cognitive domain of memory. To overcome the often-reported drawback
of small sample sizes in PPA research, I used a meta-analytic approach to investigate the
diagnostic value of both verbal and non-verbal working memory and episodic memory
measures. Based on previous research, I hypothesized both episodic- and working
memory dysfunction to be most pronounced in lv-PPA, whereas memory impairments
were assumed to be limited to the verbal episodic memory domain for sv-PPA and to the
working memory domain for nfv-PPA.
In Chapter 5, the practical and theoretical goals will be combined by investigating word
retrieval and interference control in individuals with PPA through the picture-word
interference paradigm, an attentional demanding picture-naming task, and relating these
behavioral findings to integrity of the ventral white matter tracts. In this study, tract
integrity was assessed with a novel and comprehensive DWI technique called “fixel based
analysis”. Besides unraveling the involvement of the ventral white matter tracts in word
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finding, this study also aimed to determine the feasibility of administering the PWI task
and the value of RT measures in the diagnostic process of individuals with PPA.
Finally, Chapter 6 provides a summary and discussion of the main results of the reported
studies. Also, an outlook to future research and recommendations for clinical practice are
presented.
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2
DISSOCIATING THE FUNCTIONAL ROLES
OF ARCUATE FASCICULUS SUBTRACTS IN
SPEECH PRODUCTION

This chapter is based on:
Janssen, N., Kessels, R.P.C., Mars, R.B., Llera, A., Beckmann, C.F., Roelofs, A. (in revision).
Dissociating the functional roles of arcuate fasciculus subtracts in speech production.

CHAPTER 2

Abstract
Recent tractography and microdissection studies have shown that the left arcuate
fasciculus (AF), a fiber tract thought to be crucial for speech production, consists of a
minimum of two subtracts directly connecting the temporal and frontal cortex. These
subtracts link the posterior superior temporal gyrus (STG) and middle temporal gyrus
(MTG) to the inferior frontal gyrus. Although they have been hypothesized to mediate
different functions in speech production, direct evidence for this hypothesis is lacking.
To functionally segregate the two AF segments, we combined functional magnetic
resonance imaging with diffusion-weighted imaging and probabilistic tractography using
two prototypical speech production tasks, namely spoken pseudoword repetition
(tapping sublexical phonological mapping) and verb generation (tapping lexical-semantic
mapping). We observed that the repetition of spoken pseudowords is mediated by the
subtract of STG, while generating an appropriate verb to a spoken noun is mediated by
the subtract of MTG. Our findings provide strong evidence for a functional dissociation
between the AF subtracts, namely a sublexical phonological mapping by the STG subtract
and a lexical-semantic mapping by the MTG subtract. Our results contribute to the
unraveling of a century-old controversy concerning the functional role in speech production
of a major fiber tract involved in language.
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Introduction
For almost 150 years, disagreement has existed about the function of the fiber tracts
connecting Wernicke’s area in the temporal cortex and Broca’s area in the frontal cortex.
Wernicke (1874) assumed that a ventral tract connects auditory images in temporal cortex
with motor images in frontal cortex via the insula, which he took to underpin the repetition
of speech. About a century later, Geschwind (1972) assumed that a more dorsal pathway
directly connecting temporal and frontal cortex, the arcuate fasciculus (AF), not only
underpins speech repetition but also conceptually driven speech production, such as
involved in object naming. Geschwind’s perspective has been revived by Glasser and Rilling
(2008), who reported that the AF consists of two subtracts that appear to mediate distinct
sublexical phonological and lexical-semantic processes. A computational implementation
of this view has been provided by Roelofs (2014).
Using deterministic tractography, Glasser and Rilling (2008) obtained evidence that
one subtract of the left AF directly connects the posterior superior temporal gyrus (STG)
with the left inferior frontal gyrus (IFG), and another subtract directly connects the
posterior middle temporal gyrus (MTG) and the IFG. A comparison with activations from
prior functional neuroimaging (fMRI) studies revealed the STG terminations overlapped
with phonological activations and the MTG terminations with lexical-semantic activations.
Based on these results, Glasser and Rilling argued that the AF is responsible for mapping
both phonological representations derived from speech input (in the STG) as well as
lexical-semantic representations (in the MTG) onto speech output (in the IFG) in repetition
and conceptually driven language production, respectively. Recent tractography and
postmortem microdissection studies have confirmed these structurally distinct STG and
MTG subtracts (Fernández-Miranda et al., 2015; Yagmurlu, Middlebrooks, Tanriover, &
Rhoton, 2016). However, the hypothesized functional distinction has remained speculative
because none of the previous phonological and lexical-semantic activations in the prior
studies were obtained using tasks involving speech production. Also, fMRI and tractography
data were acquired from different cohorts in Glasser and Rilling’s study (2008), making
their conclusions about the function of the subtracts post-hoc and indirect. Hence, some
authors do not assign a role in language to the direct AF connection between temporal
and frontal cortex, but instead assume that two indirect connections via the parietal
cortex mediate the repetition of speech (Ueno, Saito, Rogers, & Ralph, 2011).
Here, we directly investigate the functional roles of the STG and MTG subtracts in
speech production using fMRI activations and probabilistic tractography in the same
cohort of participants. To functionally segregate the two AF subtracts, two different
language tasks were performed. Overt repetition of aurally presented pseudowords (PR)
was used to activate areas involved in sublexical phonological processes and hypothesized
to be subserved by the STG subtract of the AF. In contrast, overt generation of verbs in
response to aurally presented nouns (VG) was used to activate areas associated with lexi-
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cal-semantic processes that are hypothesized to be subserved by the MTG subtract of the
AF (Allendorfer et al., 2012; Indefrey and Levelt, 2004). Task-based peak activations then
served as seed regions for probabilistic tractography (Behrens, Berg, Jbabdi, Rushworth, &
Woolrich, 2007), which enabled us to determine the most probable anatomical pathways
linking activated nodes in the temporal and frontal cortex. We analyzed the inter-individual
differences of Fractional Anisotropy (FA, a measure of tract integrity) within these two
subtracts related to reaction time for the two tasks to further corroborate the differential
functional contributions of these subtracts.

Materials and Methods
Participants
Fifty cognitively unimpaired adults (25 woman, mean age 45.2 years, range 19–75, all righthanded) voluntarily participated in the experiment for monetary compensation or for
course credits. All participants were native speakers of Dutch. All had normal or correctedto-normal vision, and none had a history of central nervous system disease or language
deficits (self-report). All individuals were scanned with the approval of the local ethics
committee (CMO Arnhem-Nijmegen) under the general ethics approval (“Imaging Human
Cognition”, CMO 2014/288), and gave their written consent.

Behavioral Tasks and Materials
In the pseudoword repetition task, stimuli consisted of 100 meaningless pseudowords
(e.g., tokber and lart), composed of either one or two syllables. These pseudowords were
derived from Dutch words by substituting the first phoneme of each syllable on the basis
of Dutch phonotactical rules, which resulted in stimuli without any meaning but with a
phonemic structure typical for the Dutch language. In the verb generation task, stimuli
consisted of 100 high-frequency concrete Dutch nouns (e.g., hond [dog] and pistool [gun].
The pseudowords and nouns were taken from a slightly larger set of materials that were
pretested. The auditory recordings of the pseudowords and nouns were obtained from a
native female speaker of Dutch.
Stimuli for both tasks were randomized using Mix (Van Casteren & Davis 2006) and
were distributed into 10 blocks of 10 items each. The tasks alternated across blocks. The
interstimulus interval randomly varied between 5 and 8 seconds in both tasks. The
average pseudoword duration was 1025 ms and the average noun duration was 946 ms.
Stimuli were presented binaurally using Presentation (http://nbs.neurobs.com) and
MR-compatible headphones.
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Procedure
In the pseudoword repetition task, participants were instructed to overtly repeat the
pseudowords immediately after presentation. In the verb generation task, they were
instructed to overtly generate an appropriate verb to the heard noun. Participants were
asked to respond as quickly and accurately as possible.
At the start of each block, a reminder of the task for that block was presented on the
screen using “Zeg na” (“Repeat”) for the repetition task or “Noem werkwoord” (“Name verb”)
for the generation task. Each trial began with a white fixation cross on a black background,
displayed continuously during stimulus presentation. Stimulus presentation was pulsetriggered and stimuli were presented aurally. The spoken responses of the participants
were recorded for later determination of accuracy and reaction time. For the verb
generation task, a participant’s response was considered to be correct if the generated
verb was deemed appropriate to the presented noun by the first author.

MRI Data Acquisition
Functional and structural MRI data from all 50 individuals were acquired on a Siemens
Prisma Fit 3T scanner at the Donders Center for Cognitive Neuroimaging using a
32-channel head coil.
Functional MRI. Functional data consisted of 64 T2*-weighted slices that were recorded
by Multiband gradient-echo EPI sequence with a multiband acceleration factor of 8,
interleaved slice acquisition (repetition time [TR] = 735 ms, echo time [TE] = 39 ms, field of
view (FOV) = 210×210 mm), giving a 2.4×2.4×2.4 mm3 resolution.
Diffusion-weighted imaging. DWI was acquired with a simultaneous-multislice diffusion-weighted Echo Planar Imaging (EPI) sequence with the following parameters:
multiband factor = 3, TR/TE = 2282/71.2 ms, in-plane acceleration iPAT = 2, voxel size =
2×2×2 mm3, 9 unweighted scans, 100 diffusion-encoding gradient directions in multiple
shells (b-values = 1250 and 2500 s/mm2), Taq = 8 min 29 s.
MP2RAGE. A high-resolution T1 anatomical scan was obtained for spatial processing of
the fMRI and DTI data using the MP2RAGE sequence (Marques et al., 2010) with the
following parameters: 176 slices, voxel size = 1×1×1 mm3, TR = 6 s, TE = 2.34 ms, Taq =
7 min 32 s.

fMRI and DWI Data Analysis
Preprocessing. All fMRI and MP2RAGE data were processed using the FMRIB software
library (FSL 5.0.10, http://www.fmrib.ox.ac.uk/fsl). Preprocessing consisted of head motion
correction, brain extraction, spatial smoothing using a Gaussian kernel of FWHM of 5 mm,
and high-pass temporal filtering equivalent to 60 s. Each fMRI run was subjected to
ICA-based Automatic Removal of Motion Artifacts (ICA-AROMA) to identify motion related
components and to remove these using linear regression (Pruim et al., 2015).
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DWI images were preprocessed to realign and correct for eddy-current (SPM12) and
for artefacts from head and/or cardiac motion using robust tensor modelling (PATCH;
Zwiers, 2010). Tensor reconstruction using weighted least squares fit was performed via
DTIFit within FDT to create DTI scalar images, including the FA, MD and three eigenvalues
(FSL 5.0.10; Behrens et al., 2003).
Statistical analysis. After preprocessing, statistical analyses of fMRI data were performed at
the single-subject level by using the general linear model within the FMRI Expert Analysis
Tool (FEAT) Version 6.00, from FMRIB’s Software Library (FSL; Smith et al., 2004, Jenkinson,
Beckmann, Behrens, Woolrich, & Smith, 2012). Since tasks were assessed during two
consecutive fMRI scan runs, statistical analysis proceeded through three levels.
At the first level, each individual run was analyzed using general linear modeling
(GLM). In both tasks, overt response onsets were manually calculated using the software
package Praat (Boersma & Weenink 2018) and incorporated into the GLM to correct for
speaking related movements. Timing of the effect of interest was, thus, defined for each
item by combining stimulus onset and reaction time in the first and second column of the
time series file, respectively. The time series representing the effect of interest for each of
the two tasks (PR and VG) were entered as separate regressors into the GLM. Four contrast
images were produced for each participant, corresponding to the main effect of each task
and the differential effects between the tasks, targeting areas where PR>VG and where
VG>PR. All these images were used for the second-level analysis.
To identify brain areas activated by the differential effects between the tasks (PR>VG
and VG>PR), a second-level analysis was performed combining the two runs from each
participant. This was done using a fixed-effects model for which the coefficients (β weights)
obtained for each contrast in the first-level GLM analyses were the input.
After analysis at the individual level, The FMRIB Nonlinear Image Registration Tool
(FNIRT) was used to register EPI functional datasets into standard Montreal Neurological
Institute (MNI)-152 space using the participant’s individual high-resolution anatomical
images (MP2RAGE).
At the third-level, mixed-effects group analyses were performed for each contrast
using FSL’s FLAME (FMRIB’s Local Analysis of Mixed Effects) module using the coefficients
from each individual determined in the second-level GLM. The resulting statistical images
were thresholded using Gaussian random field-based cluster inference with a height
threshold of Z > 2.3 and a cluster significance threshold of p < 0.05.
Definition of seed regions. The temporal seed regions for the probabilistic fiber tracking
were extracted from the z-statistic maps of the differential-effect contrasts of the fMRI
random-effects analyses. The frontal seed regions for the probabilistic fiber tracking were
defined on the z-statistic map based on the conjunction of the PR and VG activations.
Within the major temporal and frontal activation clusters of these z-statistic maps the
peak voxels were identified using FSL’s featquery function. Despite rigorous motion
correction, these voxels of peak activation had to be defined on a group average level due
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to the noise at the individual level of the z-statistic maps. These peak voxels were then
resliced to each individual’s native diffusion space by use of FNIRT, and enlarged to a
sphere with a 6mm radius. Whenever a sphere contained voxels from outside the temporal
lobe, for example by spreading over the Sylvian fissure to the parietal lobe, those voxels
were removed to prevent misleading connections.

Probabilistic DTI-Based Fiber Tracking
Fiber tracking was performed in native DT MRI space using FSL’s probtrackX (Behrens et al.,
2007). After preprocessing, diffusion parameters were estimated at each voxel using BedpostX.
Probabilistic tractography (ProbtrackX) was then used to estimate the distribution of
connections between seed and target regions. Tracking was initiated from all voxels
within the seed masks to generate 10000 streamline samples, with a curvature threshold
of 0.2 and a 0.5 mm step length. Segmentations of cerebrospinal fluid (CSF) in temporal
and frontal regions, acquired through FSL FAST, were used as exclusion masks to prevent
anatomically impossible tracking. Also, an extreme capsule exclusion mask was used to
prevent tracking of the ventral pathway. This resulted in probabilistic connectivity maps
in which each voxel value is the total number of streamlines crossing that voxel. These
connectivity distribution values were log-transformed, and normalized by dividing by
the maximum tracts identified for each participant. This resulted in images with normalized
connection strength (connection probability distribution maps) between 0 and 1 in each
voxel and allowed us to correct for possible differences between tracts due to different
dimensions of the starting seeds and to exclude the background noise. The normalized
connection maps were thresholded at 0.5 (following earlier studies; Mars et al., 2016) to
exclude spurious connections. The connectivity maps were then warped to MNI space
and an average connectivity map was created.

Validation of subtracts
To assess the resulting connectivity maps in a quantitative way, we subsequently focused
on the region where the fMRI-based tracts arc around the lateral sulcus and calculated the
locality of peak sample count of the group probability maps of each tract using Fslstats.
For validation purposes, we then performed Linear Discriminant Analyses (LDA) using as
features the xyz-coordinates of the peak voxel count within the arc of the AF for each task
and each subject and assessed the performance using Leave One Out (LOO) cross-validation.

Linking structure to function
A paired sample t-test was used to assess functional differences between tasks by testing
for reaction time and error rate differences. The relationship between structure and function
of the AF subtracts was assessed by using a general linear model (GLM) multivariate
regression within the FMRI Expert Analysis Tool (FEAT) Version 6.00, from FMRIB’s Software
Library (FSL; Behrens et al., 2003; Smith et al., 2004). The MNI-aligned FA image of each
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participant were merged into a 4D FA data set and fed into this GLM-model, in which the
time series representing the reaction time for each of the two tasks (PR and VG) were
entered as separate independent explanatory variables. Age was included as a regressor
of no interest to correct for age effects on both FA as well as task RT. This GLM produced
two contrast images, corresponding to the differential effects between the tasks (PR>VG
and VG>PR) related to reaction time, targeting areas where FA was related to reaction time
per task. The resulting Z-statistic images were cropped by the masks of the two arcuate
subtracts and a two-sample t-test was used with the null hypothesis that the Z-statistic
images within each subtract mask have equal means, against the alternative that the
means are not equal.

Results
fMRI
The comparison of pseudoword repetition versus verb generation (PR>VG) revealed strong
bilateral (left more than right) temporal and frontal activations with peak activations in
the STG (including the planum temporale) and primary motor areas (Figures 2.1A and 2.1B).
This effect defined the temporal areas underpinning the sublexical phonological mapping.
Strongest activation was observed in the posterior STG (xyz-coordinates: -62, -30, 14).
When contrasting verb generation with pseudoword repetition (VG>PR), a more
widespread pattern of activation was seen, with peak activations observed in the left
MTG, the anterior cingulate gyrus, and left frontal areas including the IFG (Figures 2.1A
and 2.1B). This effect defined the areas underpinning the lexical-semantic mapping.
The temporal peak with the highest activation strength was located in the MTG (xyzcoordinates: -60, -42, -10). These STG and MTG activations for repetition and generation
respectively correspond to the phonological and lexical-semantic activations that Glasser
and Rilling (2008) derived from prior fMRI studies in the literature, albeit from studies not
involving speech production.
The pars opercularis of the IFG is assumed to be common to both subtracts and
related phonological and lexical-semantic mappings (Glasser & Rilling 2008). Therefore,
rather than using the contrasts between repetition and generation (which would give
disjoint activations), we obtained the peak with the highest activation strength in the IFG
common to both tasks, which was in the IFG pars opercularis (xyz-coordinates: -50, 8, 14).

fMRI-Guided Tractography
From the fMRI-based peak voxels of activation, we created two ROIs per task, one temporal
and one frontal, to initiate fiber tracking in the native diffusion space of every participant
(Figure 2.1C). To identify fiber pathways linking the activated nodes for the sublexical
phonological mapping during pseudoword repetition, probabilistic connectivity maps
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Figure 2.1. fMRI results. Functional networks involved in repetition > verb generation (blue-light
blue) and verb generation > repetition (red-yellow). Statistical activation maps displayed on (A) an
MNI152 template brain in 3D and (B) in a selection of axial slices with corresponding slice numbers.
(C) Spheres were created based on peak voxels within the temporal and frontal clusters and served
as seed regions for the probabilistic fiber tracking. Seed based on verb generation in red, seed based
on repetition in green and seed based on frontal activation in both tasks in blue.

were generated from the posterior STG seed to the IFG pars opercularis seed. In the same
way, probability maps were generated from the posterior MTG seed to the IFG pars
opercularis seed to identify fiber pathways linking the activated nodes for the lexicalsemantic mapping during verb generation.
The participant-specific tracts for each task, acquired from the probabilistic connectivity
maps, were warped to MNI space and an average connectivity map was created (Figure
2.2). In the left panel of Figure 2.2, both the tracts connecting the fMRI-based seeds in the
left posterior STG and IFG pars opercularis for the pseudoword repetition task as well as
the tracts connecting the fMRI-based seeds in the left posterior MTG and IFG pars
opercularis for the verb generation task are shown. For both tasks, seeds are connected
via the AF, and when these tracts are shown in combination, a clear dissociation of the AF
into two subtracts becomes evident (Figure 2.2). The subtract connecting the repetition
(PR>VG) seeds forms a fiber pathway running shallowly under the cortex, while the
subtract connecting the verb generation (VG>PR) seeds courses more posterior and
medially to it. The spatial course of these subtracts corresponds to the findings of earlier
tractography and postmortem microdissection studies in the literature (Glasser & Rilling
2008; Fernández-Miranda et al., 2015; Yagmurlu et al., 2016).
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Figure 2.2. Tractography results. Left: Composite fiber networks subserving repetition (in blue-light
blue) and verb generation (in red-yellow) in the left hemiphere computed by averaging connections
of 50 subjects based on seeds defined in the repetition and verb generation tasks. Right: Corresponding
sagital and coronal slices.

Validation of the AF-Subtracts
Since the fMRI-based tractography revealed a clear segregation within the left AF of two
subtracts (Figure 2.2), further steps to validate this observation were undertaken. First, the
location of the peak sample count of the group probability maps of each tract was
calculated within the region where the fMRI-based tracts arc around the lateral sulcus
(Figure 2.3A). The voxels of peak sample count of each of these subtracts showed a clear
difference in distribution of y-coordinates within the arc of the AF (Figure 2.3B).
Subsequently, this segregation into subtracts was confirmed by a Linear Discriminant
Analyses (LDA) using the xyz-coordinates of the peak sample count within the arc of the
AF for each task and each participant as features. The LDA resulted in a mean classification
accuracy of 82.9% (STD = 0.29) under cross-validation, demonstrating that the location of
peak sample count within the AF contains discriminative power to distinguish which of
both tasks was being performed (Figure 2.3C). The x, y and z coordinates received LDA
weights equal to 0.53, 0.70, 0.02 respectively, indicating that the z-axis is not informative for
discrimination between peak locations. Indeed, using only the x and y coordinates resulted
in a slight increase in performance, mean classification accuracy of 84.15% (STD = 0.26).

Linking structure to function
A paired sample t-test showed reaction times to be significantly longer for the verb
generation task (M = 1.82 second, SE = 0.3) than for the pseudoword repetition task (M =
1.57 second, SE = 0.25), t(49) = 11.54, p < .001, r = .85. There was no statistical difference in
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Figure 2.3. (A) Region of interest for LDA, where the fMRI-based AF subtracts arc around the lateral
sulcus. (B) Histograms of anterior-posterior distributions (y-coordinates) of the peak voxel count
within the arc of the arcuate fasciculus for each task for all subjects. (C) Dots represent the 3D
coordinates of the peak count voxels per subject and per task; blue dots represent pseudoword
repetition and red dots verb generation. In grey a decision plane learned by the three-dimensional
LDA is shown.
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number of errors between tasks (p > .05). A multiple linear regression analysis of Fractional
Anisotropy (FA) against reaction time, including age as regressor of no interest, for the two
different tasks was applied to further establish the differential functional contributions of
the MTG and STG subtracts. The two-sample t-test comparing the mean Z-statistic within
the two AF subtract masks for each of the two contrasts (VG>PR and PR>VG related to
reaction time) showed significant dissociations between the subtracts and the different
tasks. The inter-individual differences in FA within the MTG (verb generation) subtract are
significantly better explained by the reaction time for VG than for PR (t = 11.0, p < .001).
Reversely, the inter-individual differences in FA within the STG (repetition) subtract are
significantly better explained by the reaction time for PR than for VG (t = 11.65, p < .001).

Discussion
To date, no study has directly investigated the functional role of the two AF subtracts in
speech production. To assess this relationship between AF structure and function, we
combined diffusion weighted MRI and probabilistic tractography with fMRI to extract the
most probable white-matter pathways connecting functionally specified speech
production areas. We observed that left superior temporal and inferior frontal regions
activated during pseudoword repetition are linked via the STG subtract of the AF, and
additionally, that microstructural properties of this subtract are related to functional
measures of the pseudoword repetition task. In contrast, left middle temporal and inferior
frontal regions activated during conceptually driven verb generation are linked via the
MTG subtract of the AF, and microstructural properties of this subtract are related to
functional measures of the verb generation task.
Our findings support the functional account of the STG and MTG subtracts of the
AF by Glasser and Rilling (2008), who proposed that these subtracts mediate sublexical
phonological and lexical-semantic mappings, respectively. However, the evidence
advanced by Glasser and Rilling remained indirect, because their functional activations
were derived from prior studies that involved different groups of participants and did not
involve speech production.
To accommodate these issues, tractography in the present study was based on
cortical activations obtained in a single group of participants through task-based fMRI
using two overt speech production tasks specifically engaging the sublexical phonological
and lexical-semantic mappings, namely pseudoword repetition and verb generation.
Further, by employing a probabilistic tracking algorithm we can account for the possibility
of crossing fibers and subject movement (Behrens et al., 2007).
In the pseudoword repetition task, activation focused on left STG, premotor, and
prefrontal areas, replicating the findings on speech repetition obtained by Saur (Saur et al.
2008). In the verb generation task, a more widespread pattern of activations was found, as
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can be expected for conceptually-driven word production (e.g., Indefrey & Levelt 2004).
This difference in functional processing demands was also reflected behaviorally, as
reaction times were significantly longer for the verb generation task than for the
pseudoword repetition task. Besides the extent of activated areas, each task also showed
different locations of peak activation within the temporal lobe, namely posterior STG for
pseudoword repetition and posterior MTG for verb generation, in agreement with Glasser
and Rilling’s functional activations derived from prior studies.
Catani et al. (2005) proposed a DTI-based classification for the AF, separating the
fascicle into a long segment running directly from temporal to frontal cortex and two
indirect segments via parietal cortex, namely a posterior temporo-parietal segment and
an anterior parietal-frontal segment. According to Catani and colleagues, the long
segment underpins speech repetition and the indirect segments underpin conceptually
driven naming. In contrast, Glasser and Rilling (2008) and Roelofs (2014) argue that the AF
segment that directly connects temporal to frontal areas underlies both speech repetition
as well as conceptually driven speech production. The function of the parietal cortex and
the indirect temporo-parietal and parietal-frontal connections of the AF in speech
production remains a topic of debate. The current study focused on the direct segment of
the AF connecting temporal and frontal cortex, and doesn’t include functional assessment
of the indirect temporo-parietal and parietal-frontal connections of the AF. The evidence
for the existence of two functionally distinct direct temporo-frontal subsegments of the
AF obtained in the present study supports the view by Glasser and Rilling (2008) and
Roelofs (2014) and calls into question the view that the long AF segment is solely involved
in speech repetition, as suggested by Catani et al. (2005).
In discussing the AF, Ueno et al. (2011) only considered the two indirect parietal
segments, which they took to mediate primarily the repetition of speech (different from
Catani et al. 2005). Evidence from aphasia patients reported by Kümmerer et al. (2013),
Marchina et al. (2011), and Wang et al. (2013) and the tractography evidence obtained by
Saur et al. (2008) and in the present study indicates that speech repetition is instead, or in
addition, mediated by a direct connection between the temporal and frontal cortex.
In addition, there is a debate about whether lexical-semantic information from
temporal language areas (including MTG) is conveyed to the IFG via a ventral or dorsal
pathway (Roelofs, 2014; Ueno et al., 2011; Fridriksson et al., 2018). The aim of the present
study was to assess the functional involvement of the dorsal AF pathway in conceptually
driven speech production. Our results indicate that the MTG subtract is involved in the
lexical-semantic mapping during speech production. However, our results do not exclude
ventral pathway involvement, which may be further examined in future research.
Our observation that the AF mediates both pseudoword repetition and verb generation
is in line with the classic view of Geschwind (1972) that the AF underlies both speech
repetition and conceptually driven naming. This view is supported by the evidence that
damage to the AF may not only impair speech repetition but also object naming (Marchina
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et al., 2011; Wang et al., 2013; Geller, Thye, & Mirman, 2019 Hope, Seghier, Prejawa, Leff,
& Price, 2016). However, Geschwind did not assume distinct subtracts of the AF for these two
language tasks as we observed. As argued by Glasser and Rilling (2008) and demonstrated
by computer simulations (Roelofs 2014), the assumption of spatially separate AF subtracts
may explain double dissociations between repetition of speech and conceptually driven
production of speech observed in aphasia. These dissociations are more difficult to
accommodate by the view on the AF of Geschwind.
In summary, our findings provide direct evidence for distinct functional roles in
speech production of subtracts within the left AF. These subtracts link the posterior STG
and MTG to the posterior IFG. We observed that the repetition of spoken pseudowords is
mediated by the STG subtract and that the generation of a verb that is appropriate to a
spoken noun is mediated by the MTG subtract. These findings suggest that a sublexical
phonological mapping is underpinned by the STG subtract and a lexical-semantic mapping
by the MTG subtract, supporting the dual-stream view on the AF of Glasser and Rilling
(2008) and Roelofs (2014).
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SCREENING IN PRIMARY PROGRESSIVE APHASIA:
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Abstract
The three variants of primary progressive aphasia (PPA) differ in clinical presentation,
underlying brain pathology, and clinical course, which stresses the need for early differentiation. However, brief neuropsychological tests that validly distinguish between all PPA
variants are lacking. The Sydney Language Battery (SYDBAT) is a promising screening
instrument to distinguish PPA subtypes, but evidence on its validity is so far limited. In the
current study, the validation and diagnostic value of the SYDBAT is described for both
PPA as well as Mild Cognitive Impairment (MCI) and Alzheimer’s dementia (AD) patients.
Forty-one patients with PPA, 23 MCI patients, 12 AD patients and 51 cognitively healthy
controls were included in this study. Both patients and controls completed the SYDBAT-NL
(Dutch version), and the performance on and predictive ability of its four subtests (Naming,
Word Comprehension, Repetition, Semantic Association) was assessed. In addition,
the construct validity was examined. Performance of PPA patients, non-PPA patients, and
controls differed on all SYDBAT-NL subtests, with specific profile differences between PPA
and non-PPA patients. Using discriminative function analysis, 76% of PPA cases were
correctly classified from two SYDBAT-NL subtest scores (Λ = 0.34, χ2(4) = 40.3, p < 0.001).
From this, diagnostic decision rules were created to aid clinical interpretability. Satisfying
validity measures were found. The SYDBAT-NL is an easy-to-use and promising screen for
assessing single-word language processes, which may contribute to the differential
diagnostic process of PPA. It can be easily implemented for initial screening of patients in
a memory clinic.
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Introduction
Primary progressive aphasias (PPA) are syndromes characterized by progressive decline
in language abilities while other cognitive functions remain relatively spared, at least in
the initial phases of the disease (Matías-Guiu & García-Ramos, 2013; Mesulam, 1982). PPA
is a rare disorder with a typical age of onset between the ages of 50 and 70 years
(Kertesz, McMonagle, Blair, Davidson, & Munoz, 2005). The early onset and progressive
evolution make it devastating for patients, their occupation, and their family (Tippett,
Hillis, & Tsapkini, 2015). Three PPA subtypes are generally recognized based on their
clinical manifestation and underlying neuropathology (Gorno-Tempini et al., 2011) and
include nonfluent/agrammatic (nfv-PPA), semantic (sv-PPA), and logopenic (lv-PPA)
variants. The core symptoms of nfv-PPA are agrammatism in language production and/
or effortful speech with inconsistent speech sound and distortions. Patients with
nfv-PPA usually have intact single-word comprehension and object knowledge. In
contrast, sv-PPA is characterized by deficits in confrontation naming and single-word
comprehension, accompanied by surface dyslexia or dysgraphia. Repetition and
speech production are relatively spared in these patients. Finally, lv-PPA includes
impairments in single-word retrieval in spontaneous speech and naming as well as
impaired repetition of phrases and sentences. Phonological errors in spontaneous
speech and naming are also observed. Patients with lv-PPA usually do not show deficits
in single-word comprehension and object knowledge, and agrammatism is absent
(Gorno-Tempini et al., 2011).
Given their different underlying pathologies, early differentiation of the PPA subtypes
has important consequences for treatment and interventions (Newhart, Davis, Kannan,
Heidler-Gary, Cloutman, & Hillis, 2009; Tippett et al., 2015). Nfv-PPA and sv-PPA are most
frequently associated with frontotemporal lobar degeneration pathology (Josephs et al.,
2006), whereas lv-PPA has mostly been related to Alzheimer’s disease pathology (Mesulam,
Grossman, Hillis, Kertesz, & Weintraub, 2003). In addition, PPA subtypes differ in their clinical
course, with lv-PPA patients generally showing a more rapid cognitive and functional
decline compared to the other two subtypes, which stresses the importance of early differentiation (Matías-Guiu et al., 2015).
A comprehensive cognitive and multidisciplinary investigation is an integral part of
an accurate diagnosis of PPA (Butts et al., 2015). Most language tests, however, have been
primarily developed for the assessment of aphasia syndromes after stroke and examine
the different language domains separately. For example, the Boston Naming Test (Kaplan,
Goodglass, & Weintraub, 1983) only examines the presence of anomia, the difficulty in
retrieving words, and is therefore insufficient to differentiate between all PPA subtypes
since this difficulty is common to all three variants of PPA (Gorno-Tempini et al., 2011). As a
result, different language measures are often combined to distinguish across PPA subtypes.
Combining different tests, however, may lead to invalid interpretation due to differences
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in normative groups and task properties (e.g., word frequency, number of syllables) across
tests (Savage et al., 2013).
To overcome these problems, Savage et al. (2013) developed a new language screen,
the Sydney Language Battery (SYDBAT). This instrument measures the integrity of four
main aspects of language proficiency: naming, single-word comprehension, semantic
association, and repetition abilities, using the same set of items across the four subtests.
This approach eliminates the confounds of linguistic differences and varying norms that
trouble the current clinical practice when combining multiple measures from different
tests. While the SYDBAT has proven successful in correctly classifying 80% of the PPA
patients using a simple diagnostic algorithm based on the performance on two subtests
(Savage et al., 2013), evidence on its validity is to date limited.
Therefore, the present study aims to create a predictive diagnostic algorithm using
the distinct task profiles for each PPA subtype with the goal of confirming the findings of
Savage et al. (2013) in an independent sample. In addition, we administered the SYDBAT in
patients diagnosed with MCI or with Alzheimer’s dementia, thus extending previous
research by including a non-PPA population and investigating its possible diagnostic
value in this group. The construct validity was examined through comparison between
performance on the SYDBAT subtests and other, commonly used language tests. The
SYDBAT may be the first reliable clinical tool to quickly distinguish between PPA subtypes,
which highlights the instrument’s value in the diagnostic process of PPA. By establishing
the validity of the SYDBAT, early detection and differentiation can be made possible,
which has great prognostic value and possible implications for treatment (Leyton, Hsieh,
Mioshi, & Hodges, 2013; Tippett et al., 2015).

Materials and Methods
Participants
Forty-one patients diagnosed with PPA, 35 non-PPA patients diagnosed with either
Alzheimer’s dementia (AD; N=12) or Mild Cognitive Impairment (MCI; N=23), and 51 healthy
controls were included in this study. The patients visited the memory clinic of one of the
participating Medical Centers in the Netherlands (Radboud University Medical Center in
Nijmegen, Erasmus MC University Medical Center in Rotterdam, Jeroen Bosch Hospital in
’s-Hertogenbosch, and Maastricht University Medical Center in Maastricht) between
September 2016 and February 2019 with cognitive complaints (self-reported or reported
by significant others). When a patient presented with language problems and suspicion of
neurodegenerative disease, the SYDBAT-NL was added to the standard neuropsychological
assessment. Subsequently, the patient’s data were included if the patient fulfilled the
clinical diagnostic criteria of PPA (Gorno-Tempini et al., 2011). Furthermore, the SYDBAT-NL
was added to the neuropsychological assessment of a randomly selected group of
patients visiting the memory clinic for the non-PPA groups.
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Clinical diagnoses were established based on an extensive multidisciplinary assessment
including neuropsychological assessment, neurological testing and neuroimaging. PPA
patients were between 52 and 82 years of age and specific variants were diagnosed
according to the guidelines by Gorno-Tempini et al. (2011). Non-PPA patients were between
52 and 85 years of age and were diagnosed according to the Dutch guidelines for the
diagnosis and treatment of dementia (Nederlandse Vereniging voor Klinische Geriatrie,
2014). Cognitively unimpaired controls were between 48 and 85 years of age and had
neither cognitive impairments (Montreal Cognitive Assessment [MoCA] score ≥ 26) nor
self-reported cognitive complaints. For all participants, exclusion criteria were the inability
to speak and understand the Dutch language, a current psychiatric disorder or substance
abuse, or a current or past severe neurological disorder affecting the brain. All patients
were assessed by use of a neuropsychological assessment, including the Dutch version
of the SYDBAT (referred to from hereon as the SYDBAT-NL). The controls only completed
the MoCA and the SYDBAT-NL. All data were collected in compliance with the Helsinki
Declaration.

Sydney Language Battery – Dutch Version (SYDBAT-NL)
The specifics of the SYDBAT have been described in detail previously (Savage et al. 2013).
In short, the Sydney Language Battery consists of four subtests (Naming, Repetition, Word
Comprehension, and Semantic Association), each including 30 nouns of three or more
syllables (e.g., krokodil [crocodile]; aardappel [potato]). Items include living and nonliving
things and are graded in difficulty based on word frequency. Each subtest has a total score of
30 and the administration of a subtest has to be ended after six incorrect responses.
The total administration takes approximately 15-20 minutes.
For the translation and adaptation of the SYDBAT into Dutch, characteristics of the
original test were kept as similar as possible. Items with fewer than three syllables after
translation into the Dutch were replaced by new items that matched the category of the
removed items as much as possible. For example, the item cauliflower of the original test
comprises only 2 syllables in Dutch (“bloemkool”) and was therefore replaced by the
three-syllable item broccoli (“broccoli”) in the SYDBAT-NL. In addition, some response
options on the Semantic Association subtest were modified when the semantic relation
of existing SYDBAT items was not apparent for the Dutch language or culture. Subsequently,
items were ordered by decreasing word frequency and graded into three blocks of
difficulty based on the SUBTLEX-NL frequency database (Keuleers, Brysbaert, & New, 2010).
A pilot version of the SYDBAT-NL was tested on ten individuals before the final version was
established.

Neuropsychological assessment
The MoCA was used as a short screening instrument to establish global cognitive
functioning (Nasreddine et al., 2008). The Trail Making Test-Part A was used to measure
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processing speed (TMT; Bowie & Harvey, 2006). Executive functioning was assed using the
TMT (dividing the TMT-Part B score by the score on Part A; Oosterman et al., 2006), the
Semantic Fluency Test (1-minute Animal & Profession naming; Van der Elst et al., 2006) and
the Letter Fluency Test (Letters tested: ‘D-A-T’, which is the Dutch-language equivalent of
‘F-A-S’; Lezak et al., 2012; Schmand & Groenink, 2008). Working memory was examined
with the Digit Span (total score for Forward, Backward and Sorting) subtest of the Dutch
version of the Wechsler Adult Intelligence Scale – Fourth Edition (Wechsler, 2008).
Visuospatial memory was assessed with the Location Learning Test-Revised (Bucks,
Kessels, Willison, & Byrne, 2012). The copy trial of the Rey-Osterrieth Complex Figure Test
was used to evaluate visuo-construction (Osterrieth, 1994).
Several established language tests were used to also examine the convergent validity
of the SYDBAT-NL. The short form of the Boston Naming Test with 29 line drawings,
validated for the Dutch language (Van Loon-Vervoorn & Velden, 2006), was used to
assess naming abilities. The verbal subtest of the Semantic Association Test (Visch-Brink,
Denes, & Stronks, 1996) was used to examine deficits in semantic associations. The Word
Comprehension and Word Repetition subtests from the Comprehensive Aphasia Test
(CAT-NL; Visch-Brink, Vandenborre, De Smet, & Mariën, 2004) were administered to
measure word comprehension and repetition abilities, respectively.

Descriptive measurements
The level of formal education was measured using a Dutch scoring system developed by
Verhage (1964) and updated by Duits and Kessels (2014), based on the Dutch educational
system that includes education levels rather than years of education. This 7-category
ordinal scale includes less than six years primary education (1), completed primary
education (2), more than six years of primary education, without a secondary school
diploma (3), lower vocational training (4), advanced vocational training or lower professional
education (5), advanced professional training or upper secondary school (6), and academic
degree (7). The duration of cognitive decline was estimated by use of the reported years
since symptom onset either via self-report or reported by significant others.

Statistical analyses
As the PPA and non-PPA dementia group were relatively small and scores were not
normally distributed, between-group comparisons were performed using non-parametric
tests (Kruskal & Wallis, 1952). Therefore, to assess the between-group differences in
performance between the PPA, non-PPA and control group on the SYDBAT-NL and other
neuropsychological tests, Kruskal-Wallis- and follow-up Mann-Whitney U tests were used
with Benjamini and Hochberg correction for multiple testing (Benjamini & Hochberg,
1995) with false discovery rate Q set at 0.05 (MacDonald, 2018). Effect sizes were calculated
using Rosenthal’s (1994) formula. Also, raw scores of the neuropsychological assessment
were converted into Z-scores based on sex, age, and education-adjusted norms for
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descriptive purposes using 1.5 SD as a cut-off for classifying a patient as impaired on that
test (Petersen, Smith, Waring, Ivnik, Tangalos & Kokmen, 1999).
The specific SYDBAT-NL impairment profile was analyzed by comparisons between
each patient (sub)group on the SYDBAT-NL subtests using Kruskal-Wallis- and follow-up
Mann-Whitney U tests. Next, a discriminant function analysis was conducted to explore
whether patients could be classified into diagnostic groups using a combination of
SYDBAT scores of the Naming and Semantic Association subtests. Subsequently, based on
the profile of each PPA variant, cut-off values for each subtest were selected in a data-driven
way in which cut-off scores with the highest predictive ability (i.e., the highest number of
patients who were correctly classified) were eventually chosen. Subsequently, based on
these cut-off values, sensitivity and specificity were calculated per subtype and simple
diagnostic rules that can be used in clinical practice were created.
Construct validity was examined by exploring the convergent and divergent validity
(Campbell & Fiske, 1959). Convergent validity of the SYDBAT-NL subtests was examined by
calculating Spearman correlation coefficients (rs) between each subtest and a similar
established test measuring the same construct. To illustrate, correlation coefficients were
calculated between the Naming subtests and the BNT, the Word Comprehension subtest
and the Word Comprehension task of the CAT-NL, the Repetition subtest and the Word
Repetition subtests of the CAT-NL, and the Semantic Association subtest and the verbal
task of the SAT. Divergent validity of the SYDBAT-NL was examined by calculating
Spearman correlation coefficients (rs) between each SYDBAT-NL subtest and between the
SYDBAT-NL subtests and the established language tests measuring a different construct
and were thus expected to be unrelated. Since the SYDBAT-NL scores were not normally
distributed, Spearman’s rank-order correlation coefficients (rs) were used (Spearman,
1904). The correlations were interpreted according to Cohen’s (1988) convention of small
(0.10), moderate (0.30), and large (0.50). All statistical analyses were performed with IBM
SPSS Statistics 25.0.

Results
General cognitive profile
No significant group differences were present for age, distribution of sex, or years of
education between the PPA, non-PPA, and healthy control groups (all H-values < 5.9, all
p-values > 0.05; Table 3.1). MoCA scores showed significant differences between the three
groups (H(2)=45.98, p < .001), which emanated from the healthy controls having
significantly higher MoCA scores compared to the PPA (U=9, Z=6.62, p < .001, r=.78) and
non-PPA patient groups (U=33.5, Z=2.78, p=.004, r=.37). The PPA and non-PPA groups did
not differ with regard to years of symptoms (U=323, Z=-0.48, p=.63, r=-.06) or severity of
cognitive deficits (U=47.5, Z=-0.33, p=.75, r=-.06) as measured by the MoCA (Table 3.1).
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25/16
5.2
(1.1)
3.3
(1.8)

Number of males/females

Education level (1-7)a (SD)

Years of symptoms (SD)
21.4
(2.6)

3.3
(1.3)

5.7
(1.0)

6/6

65.4
(7.2)

12

sv-PPA

PPA

18.7
(4.7)

3.2
(2.1)

4.8
(1.0)

14/5

67.3
(7.0)

19

lv-PPA

21.8
(2.5)

3.6
(1.8)

5.1
(1.2)

5/5

70.2
(6.9)

10

nfv-PPA

18.7
(6.2)

3.3
(3.0)

5.0
(1.1)

18/17

69.6
(6.7)

35

All

23.7
(4.5)

3.3
(3.7)

5.1
(1.2)

13/10

70.1
(6.0)

23

MCI

Non-PPA

13.50
(5.0)

4.0
(2.0)

4.9
(0.9)

5/7

68.5
(8.2)

12

AD

27.5
(1.3)

N/A

5.5
(1.2)

24/26

66.1
(8.2)

50

All

Controls

Notes. Data are reported as mean (SD) or number (%). sv-PPA = semantic variant PPA; lv-PPA = logopenic variant PPA; nfv-PPA = non-fluent variant PPA; AD = Alzheimer’s
dementia; MCI = Mild Cognitive Impairment; N = number of participants; MoCA = Montreal Cognitive Assessment.
a1 = less than six years elementary school; 2 = six years elementary school; 3 = more than six years elementary school; 4 = vocational training; 5 = community college;
6 = advanced vocational training; 7 = Bachelor of Science or higher
Statistical significance (PPA vs. non-PPA vs. controls): * p < .05. ** p < .01. *** p < .001.

20.3 (3.8)

67.5
(7.1)

Age (SD)

MoCA score (SD)***

41

N (%)

All

Table 3.1. Characteristics of Included Participants.

CHAPTER 3

THE VALIDATION AND APPLICATION OF THE SYDBAT IN PPA

Table 3.2 shows the results of the complete neuropsychological assessment for the PPA
and non-PPA groups. No significant differences were found on any of the neuropsychological tests between PPA-subtypes (all H-values < 7.3, all p-values > .025). Comparing all
PPA subtypes to MCI and AD, we showed that only the lv-PPA patients performed worse
on the Digit Span than the MCI patients (U=20.0, Z=-3.99, p < .001, r=-.71).

SYDBAT-NL
Between-group comparisons
SYDBAT-NL subtest scores of all groups are visualized in Figure 3.1 and results of the
differences in performance between all PPA and non-PPA subtypes are shown in Table 3.3.
As hypothesized, significant groups differences were found between the PPA patients,
non-PPA patients, and healthy controls on Naming (H(2)=67.32, p < .001), Repetition
(H(2)=12.50, p=.002), Word Comprehension (H(2)=13.47, p=.001), and Semantic Association
(H(2)=34.95, p < .001).
Significant differences in SYDBAT-NL performance were found between the PPA
subtypes. Sv-PPA patients performed worse on both the Naming (U=12.0, z=-4.15, p < .001,
r=-.75) and Semantic Association (U=56.0, z=-2.37, p=.018, r=-.43) subtests compared to
lv-PPA patients. This same pattern of differences was present when comparing sv-PPA to
nfv-PPA, where sv-PPA patients scored lower on Naming (U=2.5, z=-3.80, p < .001, r=-.81),
Semantic Association (U=11.5, z=-3.22, p=.001, r=-.69), but also Word Comprehension
(U=15.0, z=-3.04, p=.002, r=-.65). No significant differences in SYDBAT-NL performance
were found between the lv-PPA and nfv-PPA subtypes.
Comparing the specific PPA and non-PPA subtypes, significant profile differences
were observed. When comparing lv-PPA with MCI, scores on the Word Comprehension
and Semantic Association subtests were similar for both groups, yet lv-PPA patients scored
significantly lower on the Naming (U=108.5, Z=-2.79, p=.005, r=-.43) and Repetition (U=82.0,
z=-3.38, p=.001, r=-.53) subtests. There were no significant differences in SYDBAT-NL
performance between patients with lv-PPA and AD after correction for multiple comparisons.
Sv-PPA patients had significantly lower scores than MCI patients on the Naming
(U=4.0, Z=-4.66, p < .001, r=-.79) and Semantic Association (U=56.0, z=-2.87, p=.004, r=-.48)
subtests. Compared to AD patients, sv-PPA patients performed worse only on the Naming
subtest (U=19.5, z=-3.05, p=.001, r=-.62).
In contrast, nfv-PPA patients had a lower performance only on the Repetition subtest
compared to MCI patients (U=38.5, z=-3.06, p=.004, r=-.55), whereas MCI patients had a
lower score on Word Comprehension (U=49.0, z=-2.57, p=.012, r=-.45). This same pattern of
differences was present when comparing nfv-PPA to AD, where AD patients scored lower
on Word Comprehension (U=19.0, z=-2.78, p=.006, r=-.59), Semantic Association (U=10.5,
z=-3.29, p < .001, r=-.70), but also Naming (U=23.5, z=-2.43, p=.014, r=-.52). Nfv-PPA patients,
however, had significantly lower scores on the Repetition subtest (U=29.5, z=-2.08,
p=.006, r=-.44).
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CI

Raw

CI

Raw

Nfv-PPA

Digit Span total

15/17 (88%) 13.0 (6.0)

14.2 (3.8) 10/13 (77%) 17.0 (4.2)

9.2 (3.7)

28.8 (7.8)

0 (3.0)
1/5 (20%)

1/11 (9%)
28.9 (4.7)

-1.9 (1.8)
4/11 (36%)

1/18 (6%)
29.7 (5.7)

0.3 (3.5)

27.6 (22.2) 2/10 (20%) 41.6 (22.7) 4/17 (24%) 33.3 (15.8)

1/7 (14%)

6/7 (86%)

3/7 (43%)

1/3 (33%)

0/8 (0%)

0/7 (0%)

3/6 (50%)

3/8 (38%)

4/6 (67%)

CI

Raw

Non-PPA
AD

2/17 (12%)

7/12 (58%)

18.8 (2.1)

9.8 (4.3)

20.4 (7.6)

28.7 (4.4)

-0.31 (3.4)

7/16 (86%)

1/16 (6%)

27.8 (4.9)

-1.2 (6.9)

38.4 (22.9) 4/16 (25%) 60.4 (30.7)

22.5 (4.5)

14.7 (5.2)

26.3 (11.6) 8/16 (50%)

166.3 (148) 3/15 (20%) 268.6 (156)

51.6 (15.9) 3/14 (21%) 71.2 (27.5)

Raw

MCI

2/4 (50%)

2/5 (40%)

2/5 (40%)

0/7 (0%)

3/5 (60%)

3/5 (60%)

4/7 (57%)

3/8 (38%)

CI

Notes. Data are reported as raw test scores (Raw) (SD) and number of clinically impaired (Z < 1.5 SD) (%) for sv-PPA = semantic variant PPA; lv-PPA = logopenic variant PPA; nfv-PPA
= non-fluent variant PPA; MCI = Mild Cognitive Impairment; AD = Alzheimer’s disease. TMT = Trail Making Test; LLT-R = Location Learning Test-Revised; RCFT = Rey Complex
Figure Test.
a For calculation of % clinically impaired, B/A-values were used (Oosterman et al., 2006). Patients where the test was discontinued were counted as clinically impaired.
b Mean raw for animal and profession naming.
c Number of items forgotten during the delay period.

RCFT copy

Visuoconstruction

LLT-R Delayed scorec

LLT-R Total Score

Visuo-spatial memory

21.3 (5.8)

7.8 (5.1)

Semantic Fluencyb

16.9 (8.8) 10/16 (63%) 20.2 (5.4)

22.2 (16.5)

4/6 (67%)

115.1 (53.9) 3/10 (30%) 192.4 (118) 12/17 (70%) 245.4 (163)

Letter Fluency

Working memory

CI

49.2 (27.4) 3/10 (30%) 103.2 (95.8) 8/17 (47%) 103.9 (70.4) 3/8 (38%)

Raw

PPA
lv-PPA

TMT Ba

Executive function

TMT A

Processing speed

Domain

Sv-PPA

Table 3.2. Performance on neuropsychological tests for PPA patients and non-PPA patients per subtype
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Figure 3.1. Performance on SYDBAT-NL per subtest for healthy controls (Control) and patients with
Alzheimer’s dementia (AD), Mild Cognitive Impairment (MCI), logopenic variant PPA (lv-PPA), nonfluent variant PPA (nfv-PPA) and semantic variant PPA (sv-PPA). Each dot represents one participant.

Discriminant function analysis
Next, a discriminant function analysis was performed, which significantly differentiated
the PPA variants (Λ=0.34, χ2(4)=40.3, p < .001), with the cross-validated classification
resulting in 75.6% of cases (31/41) correctly classified (canonical R2=.66). The majority of
classification errors related to the distinction between lv-PPA and nfv-PPA, with 70% of the
nfv-PPA cases incorrectly classified as lv-PPA based on this analysis. Repeating the
discriminant function analysis including all SYDBAT-NL subtests yielded a lower cross-validated classification result (73.2%), showing the two extra subtests (Repetition and Word
Comprehension) to be redundant for this analysis.
Despite its ability to establish classification accuracy in a statistically sound way, the
clinical interpretability of a discriminant function analysis might not be very straightforward. For this purpose, the following diagnostic decision rules were created based on
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23.0
(8.2)

28.8
(1.9)

19.8
(7.3)

Word Comprehension

Repetition

Semantic Association

9/12
(75%)

3/12
(25%)

6/6
(50%)

12/12
(100%)

CI

12/19
(63%)
9/19
(47%)

25.5 **
(3.7)

3/19
(16%)

18/19
(95%)

CI

27.3
(3.5)

28.1
(1.5)

20.0 ***
(3.3)

Raw

PPA
lv-PPA

28.1 **
(1.3)
0/10
(0%)

5/10
(50%)

0/10
(0%)

29.3 **
(1.0)
26.7
(3.2)

5/10
(50%)

CI

23.3 ***
(3.9)

Raw

nfv-PPA

7/23
(30%)

1/21
(5%)

29.5 ††/‡‡
(0.9)
26.0 **
(2.9)

3/22
(14%)

9/23
(39%)

CI

Raw

AD

21.9 ‡‡‡
(4.2)

29.2 ‡‡
(1.0)

25.3 ‡
(4.1)

18.3 ***/‡
(5.7)

Non-PPA

28.0 ‡
(1.3)

23.3 ***/††
(3.6)

Raw

MCI

9/12
(75%)

1/12
(8%)

6/6
(50%)

12/12
(100%)

CI

28.6
(1.8)

29.0
(1.1)

28.9
(1.3)

27.1
(1.9)

Raw

All

Controls

Notes. Data are reported as raw mean test scores (Raw) (SD) and number of clinically impaired (Z < 1.5 SD) for. SV= sv-PPA; LV = lv-PPA; NFV =nfv-PPA; MCI = Mild Cognitive
Impairment; AD = Alzheimer’s dementia.
Statistical significance (vs. sv-PPA): * = p < .05. ** = p < .01. *** = p < .001 (corrected for multiple comparisons)
Statistical significance (vs. lv-PPA): † = p < .05. †† = p < .01. ††† = p < .001 (corrected for multiple comparisons)
Statistical significance (vs. nfv-PPA): ‡ = p < .05. ‡‡ = p < .01. ‡‡‡ = p < .001 (corrected for multiple comparisons)

9.3
(6.2)

Naming

SYDBAT-NL Subtest

Raw

sv-PPA

Table 3.3. Performance on the SYDBAT-NL per subtest by patient group
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cut-off scores with the highest predictive ability (i.e., 35/41 patients who were correctly
classified) and used to set up a diagnostic decision tree (Figure 3.2):
Naming ≤ 15
Semantic Association ≤ 26
Yes

No

sv-PPA
Sensitivity = 92%
Specificity = 100%

Naming ≤ 24 &
Repetition ≤ 24
Yes

lv-PPA
Sensitivity = 89%
Specificity = 82%

No

nfv-PPA
Sensitivity = 70%
Specificity = 94%

3

Figure 3.2. Decision tree for diagnosing PPA subtypes.

1.

2.

3.

If Semantic Association is clinically impaired (≥ 1.5 SD below control mean) and
Naming scores are 15 or lower (i.e., scores ≤ 15 and < 26, respectively), the most likely
diagnosis is sv-PPA. This simple rule correctly identified 11 out of 12 (92%) sv-PPA
cases, while no patients diagnosed with the other variants were misclassified as
having sv-PPA (i.e., 0% false positives). A diagnosis of sv-PPA is further supported by
good repetition and a relatively normal performance on neuropsychological tests
such as the TMT and non-verbal memory measures like the LLT-R.
If Naming is clinically impaired (< 25) and Repetition scores are 24 or higher (≥ 24), the
diagnosis is most likely lv-PPA. With this rule, 17 out of 19 (89%) were correctly
classified. However, it also resulted in the highest false-positive rate (4 cases), leading
to a specificity of 82%. Impaired scores on other neuropsychological tests such as
digit span and letter fluency further support the diagnosis of lv-PPA.
If either Naming is within 1.5 SD from control mean (i.e. ≥ 24) or Repetition is severely
impaired (i.e. ≤ 24), the diagnosis is most likely nfv-PPA. Application of this rule
correctly classified 7 out of 10 nfv-PPA patients and resulted in only 2 false-positive
cases (6%). This diagnosis is supported by relatively high scores on the Word
Comprehension and Semantic Association subtests.

When the same classification paradigm was used as a discriminative measure for all PPA
and non-PPA subtypes, the SYDBAT-NL alone could not discriminate between the three
PPA variants, AD and MCI, with the cross-validated classification resulting in 51.3% of cases
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(39/77) correctly classified (Λ=0.40, χ2=65.9, p < 0.001, canonical R2=.57). The majority of
classification errors were made in the AD group, where 75% of the AD cases were
incorrectly classified as either having sv-PPA (16.7%), lv-PPA (16.7%) or MCI (41.7%) based on
this discriminant function analysis. Also, with this algorithm, more than half of the lv-PPA
patients were misclassified as MCI.

Construct validity
The assessment of construct validity over the whole sample showed a good convergent
validity: Naming (SYBDAT-Naming vs BNT: rs=.84, p < .001), Repetition (SYBDAT-Repetition
vs CAT-NL-Repetition: rs=.57, p < .001), Word Comprehension (SYBDAT-Word Comprehension
vs CAT-NL-Word Comprehension: rs=.59, p < .001) and Semantic Association (SYBDATSemantic Association vs SAT: rs=.55, p < .001).
Divergent validity analyses showed significant correlations between the SYDBAT-NL
Naming, Word Comprehension, and Semantic Association subtests (rs between .56 and
.68, p < .001). Also, significant correlations were found between these three SYDBAT-NL
subtests and the SAT, CAT-NL Word Comprehension subtest, and the Boston Naming task
(rs between .41 and .62, p < .001). No significant correlations were found between the
SYDBAT-NL Repetition subtest and other language tests (all p-values > .05). All correlations
for convergent and divergent validity are shown in Table 3.4.

Table 3.4. Construct validity of SYDBAT-NL.
SYDBAT-NL subtest

BNT
(N = 71)

Word
Comprehension
CAT-NL
(N = 58)

Word
Repetition
CAT-NL
(N = 49)

SAT
(N =53)

Naming

.84***

.47***

.3*

.41***

Word Comprehension

.56***

.59***

.3*

.52***

Repetition

.17

-.02

. 57***

.14

Semantic Association

.52***

.62***

.05

.55***

Notes. Data are reported as Spearman’s rank correlations (rs). BNT = Boston Naming Test; CAT-NL = Comprehensive
Aphasia Test; SAT = Semantic Association Test.
Statistical significance: * p < .05. ** p < .01. *** p < .001
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Discussion
In the present study, the diagnostic value of the SYDBAT-NL was assessed in a sample of
patients with PPA or non-PPA, and healthy controls. A predictive diagnostic algorithm
using the distinct SYDBAT-NL profiles of each PPA subtype was created. As hypothesized,
different SYDBAT-NL performance patterns were found across PPA and non-PPA groups. A
discriminant function analysis based on SYDBAT-NL subtest scores could predict PPA
subtype with 75.6% accuracy. For assisting in clinical interpretation, simple rules were set
up and translated into a diagnostic decision tree, which was capable of diagnosing a large
proportion of the cases. This diagnostic tree resulted in very high specificity for the sv-PPA
(100%) and nfv-PPA (94%) subtypes, whereas the lv-PPA subtype showed a higher
sensitivity (89%) compared to specificity (82%).
To examine impairment profiles per patient group, SYDBAT-NL scores were classified
as either clinically impaired or unimpaired, based on a threshold of 1.5 SD below the
control mean. As expected, none of the nfv-PPA patients showed impaired scores on the
Semantic Association or Word Comprehension subtests (Gorno-Tempini et al., 2011). It is
worth noting that overall half of the nfv-PPA patients scored within the normal limits on
the Naming subtest, providing a clear distinction from the two other PPA variants. Even
though nfv-PPA patients typically present with effortful speech and production errors,
their performance on naming tasks that require single word production in response to a
target is relatively preserved (Graham, Patterson, & Hodges, 2004).
In contrast, sv-PPA patients showed the opposite pattern in which tasks that require
semantic knowledge were most affected. All had a clinically impaired Naming score and 9
out of 12 (75%) also had an impaired score on Semantic Association. Based on the diagnostic
rules, these two subtests together correctly predicted 92% of de sv-PPA cases. Only one
sv-PPA patient was misclassified as lv-PPA as his naming and semantic deficits were not (yet)
as pronounced. This patient may have been identified on tests involving the naming and
comprehension of very low frequency nouns (e.g., proper names) not included here.
Most predictive errors were made between nfv-PPA and lv-PPA variants as three
nfv-PPA patients were misclassified as lv-PPA and two lv-PPA patients were misclassified as
nfv-PPA. This is in line with previous studies reporting the distinction between these two
variants to be the most challenging, as they present with overlapping characteristics and
the differentiation of key linguistic features requires considerable expertise (Croot, Ballard,
Leyton, & Hodges, 2012). At the same time, the distinction between lv-PPA and nfv-PPA
is relevant to clinical practice, since the majority of lv-PPA patients have underlying
Alzheimer’s disease pathology while nfv-PPA is strongly linked to FTLD-tau pathology
(Gorno-Tempini et al., 2011). This stresses the importance of a broader neuropsychological
investigation, including tasks of episodic memory, emotion processing, and executive
functioning (Eikelboom et al., 2018; Piguet, Leyton, Gleeson, Hoon, & Hodges, 2015) and
the development of new discriminatory tests between these variants.
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As an example, both lv-PPA and nfv-PPA patients are likely to show impairments in
sentence comprehension, yet with different underlying pathological mechanisms.
Whereas for nfv-PPA patients this impairment is clearly influenced by the grammatical
complexity of the sentence, for lv-PPA patients impaired sentence comprehension is
influenced more by length and probability of a sentence than by its grammatical
complexity (Gorno-Tempini et al., 2011). The latter is related to the phonological short-term
memory deficit in lv-PPA. Utilizing this difference in underlying mechanisms to create a
sentence comprehension test in which these differences are expressed in different scores
could potentially be fruitful in distinguishing nfv-PPA from lv-PPA.
Similarly, a qualitative assessment of the errors made in the Repetition subtests of the
SYDBAT-NL might shed light on the differences between lv-PPA and nfv-PPA. Performance
on the SYDBAT-NL Repetition subtest showed no difference between lv-PPA and nfv-PPA
subtypes, with half of the nfv-PPA patients and less than half (7/19) of the lv-PPA patients
showing a clinical impairment on this subtest. While both subtypes thus show repetition
errors, the underlying mechanism causing these errors is likely to be different, since the
impairments in single word repetition in lv-PPA patients are likely to reflect a phonological
rather than the articulatory impairment that typifies nfv-PPA (Leyton et al., 2014). Thus, a
qualitative analysis of the SYDBAT-NL Repetition errors in both lv-PPA and nfv-PPA patients
could aid in the differentiation of these variants and might even be used as a clinical
marker for underlying amyloid burden (Leyton, Ballard, Piguet & Hodges, 2014).
In addition to the PPA profiles, this is the first study to report on the SYDBAT in a
non-PPA patient sample. Compared to other cognitive domains such as memory, clinical
assessment of language in other neurodegenerative syndromes is often limited (Emery,
2000). The SYDBAT-NL profiles of the non-PPA group, showing Naming and Semantic
Association scores to be lowest with a relatively preserved Repetition, are in agreement
with previous findings reporting deficits in confrontation naming as well as semantic tests
like category fluency, semantic categorization and lexical decision in this group (Taler &
Philips, 2008). Even though Naming and Semantic Association scores are significantly
lower in the AD group compared to the MCI group, MCI patients performed significantly
lower than healthy controls. This confirms increasing evidence that language deficits
begin several years before the onset of dementia (Auriacombe et al., 2006) and that
differences in language features between AD and MCI reflect predominantly quantitative
instead of qualitative differences (Jokel, Lima, Fernandez and Murphy, 2013). Earlier studies
(Alexopoulos, Grimmer, Perneczky, Domes, & Kurz, 2006) have shown that individuals with
MCI in multiple domains, including language, are more likely to develop AD than those
with an isolated memory deficit. Clarifying the nature of language impairment and the
realization of sensitive measures for language impairment in these patient groups,
therefore, constitutes an essential tool in the early detection of AD (Taler & Philips, 2008).
The application of the SYDBAT could therefore possibly be useful in the diagnostic process
of MCI and AD.
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Comparative studies investigating language performance in PPA versus non-PPA
dementias, like AD and MCI, to examine the predictive value of language tests in the
diagnostic process are scarce and inconclusive. Some studies have suggested language
test performance to be equivalent (Cosentino, Chute, Libon, Moore, & Grossman, 2006) or
lower (Perry & Hodges, 2000) in PPA than in AD, yet most of these studies have only looked
at sv-PPA. For example, Diehl et al. (2005) showed that sv-PPA patients were more impaired
on animal fluency and the Boston Naming Test (Kaplan et al., 1983) than both bvFTD and
AD patients. In a longitudinal study on semantic memory, Rogers, Ivanoiu, Patterson, and
Hodges (2006), demonstrated a performance profile indicating amodal semantic deficits
in sv-PPA and a similar, yet less impaired performance in AD.
By comparing the SYDBAT-NL profiles of our PPA and non-PPA patients in a qualitative
manner, the profile of non-PPA patients appears to be intermediate to sv-PPA and lv-PPA
profiles. For the semantically based subtests (Naming, Word Comprehension, and
Semantic Association), MCI patients showed a similar profile as lv-PPA patients, whereas
lv-PPA patients were more impaired in Repetition compared to MCI. Thus, linguistic
impairments in MCI are most likely located at the semantic level, explaining their profile
of mildly impaired semantically based subtests and preserved repetition skills. While
lv-PPA and MCI profiles are rather similar, the underlying mechanisms are thought to
be different. Specifically, phonological short-term memory deficits are suggested to be
the key cognitive mechanism underlying most language deficits in lv-PPA (Gorno-Tempini
et al, 2011), whereas phonological abilities are typically relatively preserved in MCI (Taler &
Phillips, 2008).
In AD, a worsening of this profile can be observed, with impaired semantically based
subtests and preserved repetition skills. Quantitatively, the profile of AD patients greatly
overlaps with that of sv-PPA patients, with the exception of Naming, on which sv-PPA
patients score significantly lower than AD patients. This is in accordance with previous
findings suggesting language deficits in AD to be primarily semantic in nature causing
similar but milder deficits compared to sv-PPA on semantically related language tasks
(Rogers et. al, 2006; Verma & Howard, 2012).
The limitations of our study lie in the relatively small sample sizes and the reliance on
clinical diagnosis that can limit the validity because of potential misclassification. However,
it should be noted that large study samples of PPA patients are relatively rare given the
low prevalence of PPA (Matías-Guiu & García-Ramos, 2013). Also, the combination of
complementary clinical diagnostic tools such as MRI, cerebrospinal fluid analysis, and
neuropsychological assessment, as used in our patient sample, can assure a good
diagnostic reliability in the clinical assessment of PPA (Grand, Caspar, & MacDonald, 2011).
The risk of misclassification was thus minimized as much as possible in the current study.
Finally, the SYDBAT-NL and other neuropsychological tests were administered concurrently
for the majority of the patients. One could argue that this bears the risk of circularity.
However, the clinical diagnoses were primarily based on the elaborative language
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assessment using established language tests, available neuroimaging and/or other biomarkers in a multidisciplinary way.
The SYDBAT-NL is a promising screening instrument developed to address the
paucity of simple and short tools suitable for neuropsychological assessment to help
discriminate between the three variants of PPA. However, it should be noted that the
SYDBAT-NL is not designed to determine an individual’s full linguistic profile. An extensive
diagnostic assessment is, therefore, still required to measure and observe all the important
characteristics of speech, including agrammatism and apraxia of speech. In addition, since
only nouns are used as items, the comprehension and repetition of single words as
measured by the subtests of the SYDBAT-NL might be intact in the early stages of the
disease (Leyton et al., 2013). Therefore, the comprehension of more complex grammatical
structures and the repetition of phrases and sentences should be included in the neuropsychological assessment by means of separate tests.
To conclude, this is the first study that reports on the use of the SYDBAT in PPA and
non-PPA (MCI and AD) patients. Results suggest distinct patterns of impairments on the
SYDBAT-NL subtests across the PPA variants. The SYDBAT-NL can be used to assess
single-word language processes that contribute to the differential diagnostic process of
PPA and can easily be implemented within the time constraints of neuropsychological
assessments. It should be stressed that the SYDBAT must be considered as an additional
fast and simple tool that cannot replace an extensive neuropsychological assessment. In
combination with neuropsychological results on other language and cognitive domains,
the SYDBAT may aid to improve the diagnostic accuracy of PPA and its subtypes.
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CHAPTER 4

Abstract
The distinction between Primary Progressive Aphasia (PPA) variants remains challenging
for clinicians, especially for the non-fluent (nfv-PPA) and the logopenic variants (lv-PPA).
Previous research suggests that memory tests might aid this differentiation. This metaanalysis compares memory function among PPA variants. Effects sizes were extracted
from 41 studies (N=849). Random-effects models were used to compare performance
on episodic and working memory tests among PPA patients and healthy controls, and
between the PPA variants. Memory deficits were frequently observed in PPA compared
to controls, with large effect sizes for lv- PPA (Hedges’ g = −2.04 [−2.58 to −1.49]), nfv-PPA
(Hedges’ g = −1.26 ([−1.60 to −0.92], p < .001)), and the semantic variant (sv-PPA; Hedges’
g = −1.23 [−1.50 to −0.97]). Sv-PPA showed primarily verbal memory deficits, whereas
lv-PPA showed worse performance than nfv-PPA on both verbal and non-verbal memory
tests. Memory deficits were more pronounced in lv-PPA compared to nfv-PPA. This suggests
that memory tests may be helpful to distinguish between these PPA variants.
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Introduction
Primary Progressive Aphasia (PPA) is a rare neurodegenerative disorder characterized by a
progressive decline in language functions (Matías-Guiu & García-Ramos, 2013; Mesulam,
1982; Mesulam & Weintraub, 1992). The most recent diagnostic guidelines distinguish
three PPA variants based on differences in linguistic deficits and underlying neuropathology
(Gorno-Tempini et al., 2011). The semantic variant (sv-PPA) involves semantic deficits and
impairments in confrontational naming and word comprehension. The logopenic variant
(lv-PPA) includes difficulties with word retrieval and naming in spontaneous speech, as
well as impaired repetition of sentences and phrases. The non-fluent/agrammatic-variant
(nfv-PPA) consists of agrammatism in language production and effortful, slowed speech
together with apraxia of speech (Gorno-Tempini et al., 2011).
Despite these criteria, the distinction between the different PPA subtypes remains
complex and challenging for clinicians. This holds for lv-PPA and nfv-PPA in particular,
because both subtypes overlap with respect to several linguistic deficits (Croot, Ballard,
Leyton, & Hodges, 2012). This highlights the need to establish other clinical markers that
can reliably distinguish between subtypes. Recent studies have suggested that deficits in
cognitive domains other than language may be promising in this respect (Kielb et al., 2016;
Ramanan et al., 2016).
The cognitive domain of memory could possibly function as such a behavioural
marker to facilitate the distinction between PPA variants (e.g., Piguet, Leyton, Gleeson,
Hoon, & Hodges., 2015; Ramanan et al., 2016). That is, both subjective memory complaints
by patients and caregivers (Magnin et al., 2013; Weintraub et al., 2013), and objective
memory impairments have been described in the literature, even in PPA patients in the
early phase of the disorder (e.g., Flanagan, Tu, Ahmed, Hodges, Hornberger, 2014;
Gorno-Tempini et al., 2004). Previous research showed that the prevalence and extent of
memory deficits differs across PPA variants, with evidence that both episodic memory and
working memory deficits are prevalent in patients with lv-PPA (e.g., Butts et al., 2015;
Flanagan, et al., 2014; Foxe, Irish, Hodges, & Piguet, 2013).
The differences in memory profile across PPA subtypes can be explained by the
distinctive underlying neuropathology among these subtypes. Sv-PPA and nfv-PPA have
both been related to frontotemporal lobar degeneration (FTLD) spectrum (respectively
FTLD TDP-43 and FTLD-tau pathology; Grossman, 2012; Hodges & Patterson, 2007),
whereas the majority of patients with lv-PPA show pathology that has been related to
Alzheimer’s disease (AD; Gorno-Tempini et al., 2004; Mesulam, Grossman, Hillis, Kertesz, &
Weintraub, 2003).
One complicating factor in the assessment of memory is that many neuropsychological
tests make use of verbal instructions, verbal stimuli and require a verbal response. As a
consequence, aphasia severity negatively affects neuropsychological performance in PPA
in any cognitive domain (Machulda et al., 2013). Thus, the question arises whether the
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subjective and objective memory difficulties observed in PPA patients can be attributed
to language impairments or can be considered as an independent deficit.
Previous studies on PPA have included small numbers of patients given the low
prevalence of this syndrome. In order to gain more insight into the extent of memory
function in PPA patients, a quantitative meta-analytic approach is preferred (Grossman,
2010). To date, memory performance and its manifestations in different PPA subtypes have
not been systematically reviewed, despite many individual studies in this area. The aim of
this study is to systematically review the existing studies covering memory functioning in
PPA patients, and apply meta-analytic techniques to establish and compare the nature,
extent and prevalence of memory impairments among PPA variants. For each PPA variant
we aimed to, (i) directly compare episodic memory and working memory function, and (ii)
compare the performance on both verbal and nonverbal memory tests to examine
whether memory dysfunction exceeds verbal memory.
Based on previous studies, we hypothesize that episodic memory dysfunction is
most pronounced in lv-PPA considering its characterization by a disruption of the temporoparietal circuitry (Gorno-Tempini et al., 2004). To a lesser extent, patients with sv-PPA can
be expected to show a worse episodic memory performance on verbal tests only given
the (left) anterior temporal lobe atrophy often associated with this subtype (Rohrer et al.,
2010). Episodic memory function is expected to be mostly intact in patients with nfv-PPA
consistent with the relatively spared temporal lobe (Hornberger & Piguet, 2012). Working
memory deficits in turn may be most frequently impaired in lv-PPA due to the loss of
storage and rehearsal processes of the phonological system caused by left temporoparietal atrophy (Gorno-Tempini et al., 2008). Verbal working memory is hypothesized to
be more impaired compared to the non-verbal working memory given the spared right
parietal and frontal regions in the early phases of lv-PPA (Gorno-Tempini et al., 2004).
Nfv-PPA patients may show some working memory problems, whereas these deficits will
be rare in sv-PPA patients (Gathery-Goulart, Knibb, Patterson, & Hodges, 2012).

Materials and Methods
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines were followed to perform and report this meta-analysis (Moher et al., 2009).

Search strategy
With the help of a university librarian, appropriate MeSH terms and entry terms were
identified. Consequently, a literature search in PubMed was conducted with following search
terms: “primary progressive aphasia”, “pick’s disease of the brain”, “frontotemporal dementia”,
“memory”, “cognition”, “cognitive dysfunction”, “neuropsychological tests”. In addition, reference
lists of identified papers where manually checked for potential articles. The guidelines by
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Gorno-Tempini et al. (2011) were used to define PPA and its variants. For articles published
before 2011, characterisations of the semantic variant by Hodges, Patterson, Oxbury, and
Funnell (1992), the non-fluent variant by Grossman et al. (1996), and the logopenic variant
by Gorno-Tempini et al. (2004) were used. The last search was carried out in October 2017
and updated in May 2018.

Study selection
For this review, articles were selected only when the following criteria were met: a) the
performance on a memory test had to be one of the outcome measures or had to be
reported in the characteristics; b) a healthy control (HC) group was included; c) PPA
patients had to be classified as having one of the three PPA subtypes; d) studies had to
report sufficient information (e.g., means, standard deviations, exact p-values, or
standardized effect sizes) in order to be able to perform a meta-analysis. Only a few
research groups are extensively investigating PPA patients by the use of large cohort
groups. Therefore, in cases in which there was a probability that the same patient sample
was used by different studies, the study’s principal investigator (PI) was contacted by
email with the question to comment on possible overlap. Based on the PI’s response we
only included the studies that had either no or minimal (<10%) overlap in patient sample
as compared to other included studies from the concerned research group (Bown &
Sutton, 2010). Study selection was done for each PPA variant, memory domain and verbal
or non-verbal tests separately. Case studies (N ≤ 5) and animal studies were excluded.
These criteria were examined by careful screening of the titles and abstracts of English-language research articles. Subsequently, the full-text papers were screened for eligibility by
two independent raters (WE and NJ). Disagreements were resolved through discussion
until consensus was reached. Only studies on which both authors agreed on were
included in the final systematic review and meta-analysis.

Data synthesis
First, an overall effect size (ES) was calculated including all PPA subtypes and memory
domains. Next, categorical analyses were run, in order to answer all research questions.
For each PPA variant 1) performance on memory tests was compared to the performance
of HC; 2) performance on episodic memory tests and working memory tests was
compared to that of HC; 3) the performance on non-verbal and on verbal memory tests
was compared. For the classification of memory tests, Lezak et al.’s (2012) handbook for
neuropsychological assessment was used. Widely reported examples of working memory
tasks included span tasks such as the Digit Span, Corsi Blocks, and Spatial Span. Widely
reported episodic memory tasks included word-list learning tasks such as the California
Verbal Learning Test, Philadelphia Verbal Learning Test, Rey Auditory Verbal Learning Tests,
and tests such as the Rey’s Complex Figure Test and subtests from the Wechsler Memory
Scales (Lezak et al., 2012). Tests were considered verbal in nature if the material presented
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(either visually or auditory) were digits, words, sentences or stories. Tests were nonverbal
in nature if stimuli were pictures of objects, scenes, line drawings or abstract figures.

Statistical analysis
In order to conduct analyses, means, standard deviations, and samples sizes for the
PPA subtypes and memory tests were extracted from the studies or, if necessary,
acquired through personal correspondence. All means (M) and standard deviations (SD)
were converted into a summary statistics (Hedges’ g) based on the following formula:
M – M2
g= 1
, where SD pooled was calculated using the following formula: SD pooled =
SD* pooled
. A negative effect size (ES) indicates that the performance of PPA
patients is lower compared to HC. If more than one measure was reported, an average
ES was calculated. The computed ESs were interpreted according to Cohen’s (1992)
convention of small (0.10), medium (0.30), and large (0.50) effects. Sample sizes were
incorporated to correct for the biased ES in studies with small sample sizes (Hedges &
Olkin, 1985).
Random-effects models were used since a substantial heterogeneity was expected
between studies, with regard to study design and patient samples, which these models
are able to account for (DerSimonian & Kacker, 2007). In addition, random-effects models
are preferred when the aim is to generalize the results beyond the observed studies
(Clark-Carter, 2010).
Heterogeneity was checked for each analysis by the use of the chi-square homogeneity
test (Q) and the inconsistency statistic (I2). To check the possibility of a publication bias
(the degree of unpublished null-findings), the Fail-safe N was calculated and a funnel plot
was made (Rosenthal, 1991). To rule out a possible publication bias, the fail-safe N must
be larger than (5 × k) + 10, where k is the number of studies included in the meta-analysis
(Clark-Carter, 2010). The funnel plot should reveal the studies included as distributed
around the mean ES in a funnel shape. Studies that fall outside the funnel shape have a
high risk of bias (Borenstein, Hedges, Higgins, & Rothstein, 2009). All analyses were
performed using Comprehensive Meta-Analysis version 2.0 (Engelwood, NJ, USA, 2005).

Results
Study characteristics
The literature search resulted in a total of 1,546 articles published between 1979 and 2018.
Of these, 1,062 were excluded after reviewing the titles and abstracts for eligibility.
Full versions were retrieved for 484 articles, of which 40 articles were eligible for inclusion.
Based on the responses of PI’s, we excluded three studies because of possible overlap
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Included

Eligibility

Screening

Identification

and included four studies with no or minimal overlap, resulting in a total of 41 studies.
Figure 4.1 shows the flowchart of this search and Table 4.1 lists the characteristics of
the included studies.

Records identified
through database searching
(k = 1,546)

Records screened
(k = 1,546)

Full-text articles
assessed for eligibility
(k = 484)

Studies excluded (k = 3)
& studies included (k = 4)
after contact with PI’s

Records excluded (k = 1,062)
Animals (k = 6)
Not English (k = 30)
Review (k = 135)
Case-study (k = 220)
No patients included (k = 42)
Other patients included (k = 559)
No healthy control group (k = 12)
No outcome of interest (k = 58)
Full-text articles excluded (k = 444)
Review (k = 3)
Case-study (k = 21)
No patients included (k = 3)
Other patients included (k = 18)
No healthy control group (k = 76)
No outcome of interest (k = 180)
Insufficient statistics (k = 26)
Same cohort (k = 88)
PPA subtypes not defined (k = 29)

4

Studies included
in quantitative synthesis
(meta-analysis)
(k = 41)

Figure 4.1. PRISMA Flowchart of literature search

Overall effect
Twenty-nine studies included a total of 450 sv-PPA patients, and the analysis showed a
large ES of -1.23 ([-1.50 to -0.97], p < .001). The analysis of the eleven studies including 212
nfv-PPA patients resulted in a large ES of -1.34 ([-1.68 to -1.00], p < .001). Eleven studies
included a total of 187 lv-PPA patients, with the analysis showing a large overall ES of -2.04
([-2.58 to -1.49], p < .001), which was significantly lower compared to the other PPA variants
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Patients

15 sv-PPA

19 sv-PPA

10 sv-PPA

33 sv-PPA

12 sv-PPA
15 lv-PPA
12 nfv-PPA

15 sv-PPA

6-8 sv-PPA

15 lv-PPA

18 sv-PPA

6 sv-PPA

7 lv-PPA

10 sv-PPA
10 lv-PPA
11 nfv-PPA

14 nfv-PPA

6 nfv-PPA

14 sv-PPA
18 nfv-PPA

21 nfv-PPA

8 sv-PPA

6 sv-PPA

20 sv-PPA

20 sv-PPA

14 sv-PPA

Study

Adlam et al. (2010)

Ash et al. (2016)

Auclair-Quellet et al. (2016)

Binney et al. (2014)

Charles et al. (2014)

Downey et al. (2015)

Duval et al. (2011)

Foxe et al. (2016)

Galton et al. (2001)

Gold et al. (2005)

Goll et al. (2011)

Gorno-Tempini et al. (2004)

Graham et al. (2004)

Hailstone et al. (2012)

Hardy et al. (2016)

Hazelton et al. (2017)

Hodges et al. (1999)

Hoffman et al. (2009)

Irish et al. (2016)

Johnson et al. (2011)

Julien et al. (2010)

5.3 ± 1.9

N/A

4.7 ± 1.7

3.8 ± 1.2

2.0 – 5.0

4.3 ± 2.8

6.7 ± 4.1
5.7 ± 5.2

3.5 ± 1.3

10

17

35

11

8

24

24

15

11

Episodic & WM

WM

WM

WM

WM

WM

Episodic & WM

WM

WM

Episodic & WM

10

4.0 ± 1.2
4.5 ± 0.8
4.4 ± 2.5
3.5 ± 1.6

WM

WM

Episodic

Episodic & WM

Episodic

Episodic

Episodic & WM

Episodic & WM

WM

Episodic & WM

Memory
domain tested

20

14

21

15

36

37

12

14

20

16

20

Healthy
controls

4.1 ± 0.9

4.0 ± 2.4

4.3 ± 2.9

3.3 ± 1.9

6.2 ± 1.9

N/A
N/A
N/A

4.2 ± 2.9

N/A

4.3 ± 2.2

N/A

Years of
symptoms

Table 4.1. Characteristics of studies included in the meta-analysis.

VOM, DS backward

SS backward

DS total

DS backward

DS backward

DS backward

RMT words, DS backward, SS backward

DS backward, WMS-III SS backward

DS total

CVLT-MS, RCF, WMS-III faces, DS backward

DS backward, WMS-III SS

DS backward

RCF, RMT faces & words, WMS-R LM

Doors A, DS

RCF, TdlR, WMS-III LM

RMT faces & words

PVLT, DS backward

CVLT-SF, RCF, DS backward

DS backward

DS backward

WMS-R LM, DS backward

Memory
tests used
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18 sv-PPA

22 sv-PPA

6 lv-PPA

6 sv-PPA
7 nfv-PPA

20 lv-PPA

25 nfv-PPA

14 sv-PPA

7 sv-PPA

9 sv-PPA

7 nfv-PPA

15 sv-PPA

10 sv-PPA

25 lv-PPA
29 nfv-PPA

9 lv-PPA
14 nfv-PPA

12 sv-PPA

20 sv-PPA

16-18 sv-PPA

74 sv-PPA
34 lv-PPA
48 nfv-PPA

24 lv-PPA

Laisney et al. (2015)

Leyton et al. (2017)

Mack et al. (2013)

Magerova et al. (2014)

Magnin et al. (2013)

Mandelli et al. (2016)

Matuszweski et al. (2009)

Mckay et al. (2007)

Montembeault et al. (2017)

Nestor et al. (2003)

Pengas et al. (2010)

Piolino et al (2003)

Ramanan et al. (2016)

Rohrer et al. (2010)

Rosen et al. (2002)

Savage et al. (2013)

Scahill et al. (2005)

Watson et al. (2018)

Whitwell et al. (2015)

3.4 ± 2.1

3.5 ± 1.4

N/A
N/A
N/A

0 – 1.0

4.2

N/A

5.3 ± 2.1
4.2 ± 0.9

4.0 ± 2.7
3.2 ± 2.2

0 – 2.0

4.8 ± 2.4

3.4 ± 1.4

N/A

N/A

3.57

0 – 0.5

1.7 ± 1.2

N/A
N/A

2.8 ± 1.1

4.0 ± 2.8

3.4 ± 1.8

20

24

79

9

54

10

18

90

18

35

10-31

12

19

21

34

20

15

17

29

18

AVLT, RCSRT, DS backward
DMS-48, RCF
CVLT-SF, RCF, DS backward
AMPIPB
RCF, DS total
RALVT, RCF

Episodic & WM
Episodic
Episodic & WM
Episodic
Episodic & WM
Episodic

DS backward
RCF
RCF, RMT faces & words, WMS-III LM
WMS vis, Benson figure, SS

AVLT

Episodic
Episodic & WM
Episodic & WM
Episodic & WM
Episodic

Episodic

Episodic

CPRMT

Episodic

WM

AVLT
Doors A, RAVLT, RCF

Episodic

RCF, RMT faces & words

DS backward

WM

RAVLT, RCF

DS backward

WM

Episodic

DS backward, SS backward

WM

Episodic

Doors A

Episodic

Notes: sv-PPA = semantic variant; lv-PPA = logopenic variant; nfv-PPA = non-fluent variant; WM = working memory; WMS-R LM = Wechsler Memory Scale-Revised logical
memory subtest; DS = Digit Span; CVLT-SF = California Verbal Learning Test – Short Form; RCF = Rey Complex Figure; PVLT = Philadelphia Verbal Learning Test; RMT = Recognition
Memory Test; TdlR = Test de la Ruche; Doors A = Doors Test A from the Doors and People memory battery; WMS vis = Wechsler Memory Scale – Visual Reproductions; WMS-III
SS = Wechsler Memory Scale-III Spatial Span; CVLT-MS = California Verbal Learning Test – Mental Status; VOM = Visual Object Memory; AVLT = Auditory Verbal Learning Test;
RCSRT = Free and Cued Selective Reminding Test; DMS-48 = Delayed Matching to Sample – 48 items; AMIPB = Adult Memory and Information Processing Battery; RAVLT = Rey
Auditory Verbal Learning Test; CPRMT = Camden Pictorial Recognition Memory Test.

12 sv-PPA

Kamminga et al. (2015)
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(p < .05). For these analyses, the heterogeneity indices (Q) were significant (p < .05),
indicating heterogeneity in study outcomes.

Episodic memory
Sv-PPA patients (k = 19, g = -1.79, [-2.15 to -1.44], p < .001), lv-PPA patients (k = 8, g = -1.52,
[-1.88 to -1.15], p < .001) and nfv-PPA patients (k = 8, g = -0.90, [-1.26 to -0.55], p < .001)
performed significantly worse on episodic memory tests compared to HC. Categorical
analysis showed a significant difference among PPA subtypes with sv-PPA = lv-PPA
< nfv-PPA < HC (p < .05). Lv-PPA patients thus performed similar to sv-PPA patients,
but significantly worse than nfv-PPA patients on episodic memory tests.

Working memory
All PPA subtypes performed significantly lower than HC on working memory (all p-values
< .05). Categorical analysis showed a significant difference between PPA subtypes, with lv-PPA
patients (k = 7, g = -2.83, [-3.73 to -1.93] p < .001) performing worse than nfv-PPA patients
(k = 9, g = -1.71, [-1.94 to -1.47] p < .001), and nfv-PPA patients performing worse on working
memory tests compared to patients with sv-PPA (k = 14, g = -0.51, [-0.75 to -0.26] p < .001).

Performance on verbal vs. nonverbal tests
For sv-PPA patients, the performance on verbal episodic memory tests (k = 11, g = -2.50,
p < .01) was significantly lower compared to non-verbal episodic memory tests (k =16,
g = -1.40, p < .001). However, the performance of sv-PPA on non-verbal episodic memory
tests was still significantly lower compared to HC (Figure 4.2). Both nfv-PPA patients and
lv-PPA patients performed worse than HC on verbal (k = 6, g = -0.97, p < .001 and k = 5,
g = -1.47, p < .001, respectively) and non-verbal (k = 6, g = -0.94, p < .001 and k = 6, g = -1.48,
p < .001, respectively) episodic memory tests. There was no significant difference between
performance on verbal and non-verbal episodic memory tests for both nvf-PPA and
lv-PPA patients, however (p > .05; Figure 4.3 & 4.4).
Patients with sv-PPA performed significantly worse compared to HC on verbal working
memory tests (k = 13, g = -0.61, p < .001), but similar to HC on non-verbal working memory
tests (k = 4, g = -0.38, p > .05). However, directly comparing verbal and non-verbal working
memory test performance did not result in a significant difference (p > .05; Figure 4.5).
Patients with lv-PPA performed significantly worse on verbal working memory tests
(k = 5, g = -2.15, p < .001) and on non-verbal working memory test compared to HC (k = 3,
g = -4.71, p < .001). The performance on non-verbal tests was similar compared to that on
verbal tests (p > .05, Figure 4.6).
Patients with nfv-PPA had significantly worse scores compared to HC on both verbal
working memory tests (k = 8, g = -1.76, p < .001) and non-verbal working memory tests
(k = 3, g = -1.67, p < .001). There was no difference between verbal and non-verbal test
performance in nfv-PPA patients (p > .05; Figure 4.7).

66

EPISODIC AND WORKING MEMORY FUNCTION IN PRIMARY PROGRESSIVE APHASIA: A META-ANALYSIS

Downey et al. 2015
Galton et al. 2001
Scahill et al. 2015
Charles et al. 2014
Binney et al. 2014
Pengas et al. 2010
Montembeault et al. 2017
Adlam et al. 2010
Duval et al. 2011
Magerova et al. 2014
Piolino et al. 2003
Overall verbal
Julien et al. 2010
Kamminga et al. 2015
Magerova et al. 2014
Watson et al. 2018
Downey et al. 2015
Gorno-Tempini et al. 2004
Galton et al. 2001
Scahill et al. 2005
Binney et al. 2014
Montembeault et al. 2017
Matuszewski et al. 2009
Rohrer et al. 2010
Pengas et al. 2010
Savage et al. 2013
Mckay et al. 2007
Duval et al. 2011
Overall nonverbal
-6

-5

-4

-3

-2

-1

0

1

Hedges' g

Figure 4.2. Performance of sv-PPA on episodic memory tests.
Note. Filled circles indicates verbal episodic memory tests and the open circles indicates nonverbal episodic
memory tests.
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Figure 4.3. Performance of nfv-PPA on episodic memory tests.
Note. Filled circles indicates verbal episodic memory tests and the open circles indicates nonverbal episodic
memory tests.
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Figure 4.4. Performance of lv-PPA on episodic memory tests.
Note. Filled circles indicates verbal episodic memory tests and the open circles indicates nonverbal episodic
memory tests.
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Figure 4.5. Performance of sv-PPA on working memory tests.
Note. Filled circles indicates verbal working memory tests and the open circles indicates nonverbal working
memory tests.
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Figure 4.6. Performance of lv-PPA on working memory tests.
Note. Filled circles indicates verbal working memory tests and the open circles indicates nonverbal working
memory tests.
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Figure 4.7. Performance of nfv-PPA on working memory tests.
Note. Filled circles indicates verbal working memory tests and the open circles indicates nonverbal working
memory tests.
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Risk of publication bias
The Fail-safe N was calculated for each analysis, in order to estimate the number of
unpublished studies with effect size zero that could be added to the meta-analysis before
the result lost statistical significance. As shown in Table 4.2, the number of studies needed
ranged from 606 for nfv-PPA to 2702 for sv-PPA for the overall effects. For the sub-analysis
the number of studies needed ranged from 212 to 2227 for nfv-PPA and sv-PPA respectively.
The estimated Fail-safe N was thereby larger than (5 × k) + 10 for all studies. The funnel
plots show the relation between sample size and ES (Figure 4.8). Visual inspection of
the funnel plots reveals an asymmetry in the distribution of the included studies in sv-PPA
and lv-PPA. This asymmetry might be due to heterogeneity in outcome measures (e.g.,
non-verbal or verbal tests, episodic memory or working memory tests) and therefore
show a larger or smaller ES independent of the included sample size, since differences in
memory performance are due to the tests used.

B
0.0

0.0

0.2

0.2

Standard Error

Standard Error

A

0.4

0.6

4

0.6

0.8

0.8
-5.0

0.4

-4.0

-3.0

-2.0

-1.0

0.0

1.0

Hedges’ g

C

-4.0

2.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

0.0

1.0

2.0

Hedges’ g

D
0.0

0.0

Standard Error

Standard Error

0.1
0.2

0.4

0.6

0.2
0.3
0.4
0.5

0.8
-5.0

-4.0

-3.0

-2.0

-1.0

Hedges’ g

0.0

1.0

2.0

0.6
-4.0

-3.0

-2.0

-1.0

Hedges’ g

Figure 4.8. Funnel plot for the performance on all memory domains of (A) all PPA subtypes together
(B) sv-PPA (C) lv-PPA (D) nfv-PPA.
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Discussion
In this meta-analysis, we investigated and compared the prevalence, nature and extent of
episodic memory and working memory impairments in PPA and its variants. In addition,
to examine whether this memory dysfunction might be only a secondary manifestation
of the prominent language deficits, performance of PPA patients on both verbal and
non-verbal memory tests was compared.

Differences in episodic memory
With regard to episodic memory, the test performance was found to be compromised in
all PPA variants compared to HC. However, somewhat different from what we expected,
the categorical comparison of episodic memory performance between the different PPA
variants showed sv-PPA patients being impaired to a similar extent as lv-PPA patients,
which in turn were more impaired than nfv-PPA patients. Yet, the significant impairment
in episodic memory in sv-PPA patients appears to be mainly driven by verbal memory test
performance, as was expected. As already proposed by Hornberger and Piguet (2012),
patients with sv-PPA may perform poorly on verbal episodic memory tests since these
tests require verbal output that is hampered by the loss of semantic knowledge and
anomia in these patients. The left-sided atrophy of the anterior temporal regions often
observed in sv-PPA may account for this. Indeed, this is supported by Scahill, Hodges and
Graham (2005), who showed that sv-PPA patients with predominant left-sided atrophy
performed poorly on verbal memory tests, but within the normal range on nonverbal
memory tasks, whereas sv-PPA patients with predominant right-sided atrophy did
perform poorly on the non-verbal tests (Scahill, Hodges, Graham, 2005).
The episodic memory deficits in lv-PPA and nfv-PPA, on the other hand, are driven by
both verbal and non-verbal measures. Compared with nfv-PPA, lv-PPA patients have
lower verbal as well as non-verbal episodic memory scores, as expected based on neuroanatomical differences involving more temporoparietal disruption in lv-PPA (GornoTempini et al., 2004; Hornberger & Piguet, 2012).
A longstanding view holds that the hippocampus and supporting medial temporal
lobe structures are critical for episodic memory performance. Recent evidence, however,
points to a more widely distributed neural network underlying episodic memory (Simons
& Spiers, 2003). The presence of episodic memory deficits in various neurodegenerative
disorders can therefore be based on different underlying neural substrates, as shown by
several studies comparing patients with behavioral variant frontotemporal dementia
(bv-FTD) and patients with AD (Irish, Piguet, Hodges, & Hornberger, 2014; Papma et al.,
2013; Poos, Jiskoot, Papma, van Swieten, & van den Berg, 2018). Our results, together with
the very few studies that have investigated the neural correlates of episodic memory
deficits in PPA patients are also in line with this notion. In general, prior studies have
revealed that the presence of episodic memory deficits in lv-PPA and sv-PPA patients
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might be more dependent on disrupted frontal and partial regions and to a lesser degree
on hippocampal damage (Irish et al. 2016; Tan et al. 2014; Win et al. 2017).

Differences in working memory
In the working memory domain, performance was also impaired in all PPA variants
compared to HC. However, the comparison between performances of PPA variants shows
a different profile than observed for episodic memory, with working memory in lv-PPA
being more affected than in nfv-PPA, while impairments were less prominent in sv-PPA.
The finding of impaired verbal working memory performance in sv-PPA is somewhat
surprising, since the most frequently used verbal working memory test (i.e. Digit Span) does
not rely heavily on semantic representations. Moreover, in contrast to object knowledge,
concepts of quantity such as numbers have been shown to be relatively preserved in
sv-PPA (Rascovsky & Grossman, 2013). However, as a consequence of advanced lexicalsemantic degradation in later stages of disease impairments of number knowledge have
been documented in svPPA (Jefferies, Bateman & Ralph, 2005). Furthermore, studies
investigating white matter tracts in sv-PPA have shown involvement of dorsal tracts in
later stages of the disease (Schwindt et al., 2013), which are known to be involved in verbal
working memory (Hickok, 2009; Saur et al., 2008). In addition to this, executive dysfunction
has been documented as PPA progresses and neuropathology become more widespread
(Harciarek & Cosentino, 2013). Updating and monitoring of working memory is a crucial
component of executive function (Miyake et al., 2000). The reported verbal working
memory deficits in sv-PPA could thus be the result of more widespread brain changes and
consequently more extensive cognitive deficits.
As hypothesized, lv-PPA patients showed deficits on working memory tasks, not only
in the verbal but also in the non-verbal domain. As expected, nfv-PPA patients also
showed deficits in working memory, which held for both verbal and non-verbal tests.
Overall, our results indicate that working memory performance does differ between
lv-PPA and nfv-PPA patients.
Studies investigating the neural correlates of working memory have shown the
importance of frontoparietal networks, a set of brain regions encompassing dorsomedial
prefrontal, lateral prefrontal, and superior parietal regions of the human cortex. Furthermore,
the dorsal white matter pathway connecting these regions appears to be implicated as
well (Saur et al., 2008). Interestingly, in both nfv-PPA and lv-PPA these frontoparietal
networks are involved, namely posterior fronto-insular in nfv-PPA and posterior perisylvian
or parietal damage in lv-PPA (Gorno-Tempini et al., 2011). Moreover, damage of the dorsal
language pathway has been found in both nfv-PPA and lv-PPA, but not in sv-PPA
(Gallantucci et al., 2011). This overlap of implicated brain regions may explain why working
memory deficits were mainly found in nfv-PPA and lv-PPA, and not in sv-PPA.
Nevertheless, it is exactly these differences in patterns of both grey and white matter
damage with focal involvement of specific portions of the language areas and pathways
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that could explain the differences in working memory performance between lv-PPA and
nfv-PPA (Gallantucci et al., 2011). The breakdown of the storage and rehearsal processes of
the phonological system in lv-PPA has on the one hand been related to temporal–parietal
atrophy and may explain the more pronounced working memory deficits in lv-PPA (Foxe
et al., 2013). On the other hand, damage to the posterior fronto-insular areas and more
frontal components of the dorsal language tracts in nfv-PPA could induce completely
different underlying mechanisms of working memory deficits (Gallantucci et al., 2011),
which may explain the less pronounced working memory deficits in nfv-PPA compared to
lv-PPA. The precise relationship between the different neuro-anatomical and pathological
substrates seen in both PPA variants and its effects on working memory performance is,
however, something that future studies should address.

Performance on verbal vs. nonverbal memory tests
The results of the current meta-analysis show PPA patients to have both verbal and
non-verbal memory impairments. Only in sv-PPA, lower performance was found on verbal
episodic memory tests compared to non-verbal episodic memory tests, whereas for nfv-PPA
and lv-PPA such a difference was not found. Furthermore, nfv-PPA and lv-PPA patients
performed worse on verbal and non-verbal working memory tests, while sv-PPA were
only impaired on the verbal working memory tests. This suggests that the working
memory problems in sv-PPA are dependent on the use of verbal or non-verbal tests and
might therefore be secondary to their language deficits.
In current literature, a selective loss of verbal memory function has frequently been
mentioned in PPA (e.g. Kielb et al., 2016; Zakzanis, 1999). This pattern of performance is
consistent with the notion that memory deficits in PPA are a secondary manifestation of
the aphasia. However, our results show that memory deficits are also pronounced when
using non-verbal memory measures suggesting memory impairments that cannot be
explained by language deficits alone.
However, it is important to note that the performance on non-verbal memory tests is
rarely fully independent of language function. Even on memory tests that are typically
considered to be non-verbal in nature, such as the Rey Complex Figure Test (RCFT), patients
may use verbal strategies (e.g. to remember the locations or forms of parts of the figure) and
have to understand verbal instruction in order to complete the test. Study designs for
investigating memory function in PPA should therefore make sure that memory tests are
used that only minimally rely on language function, for instance by using memory tests that
consist of difficult-to-verbalize stimuli, such as the Continuous Visual Memory Test (Trahan &
Larrabee, 1988), or by statistically adjusting for the extent of the language impairment. Until
now, only very few studies on memory in PPA have controlled for language deficits in such
a way. For example, Ramanan et al. (2016) showed that even after statistical adjustment for
the performance on language tests, PPA patients do show significant memory deficits and
that these measures are still able to discriminate between PPA variants.

74

EPISODIC AND WORKING MEMORY FUNCTION IN PRIMARY PROGRESSIVE APHASIA: A META-ANALYSIS

Furthermore, other cognitive deficits that arise as the disease progresses may also
underlie the deficits in non-verbal episodic memory. Because PPA is caused by progressive
neurodegeneration, patients eventually exhibit deficits in other cognitive domains.
Previous research has shown PPA-related atrophy to spread beyond the initial distinctive
locations into the medial temporal lobe as well as the frontal lobe (Rogalski et al., 2011;
Mesulam et al., 2014). The resulting executive dysfunction that can occur in PPA can affect
both encoding and retrieval in non-verbal episodic memory. In addition, PPA patients may
fail to implement sophisticated organizational strategies during learning as a result of
executive impairments.

Additional factors of consideration and limitations
The present meta-analysis is the first quantitative summary of the literature on memory
performance and its manifestations in different PPA subtypes. As such, it offers insight into
memory dysfunction in PPA and its extension beyond the verbal memory domain. In light
of the current diagnostic criteria for PPA (Gorno-Tempini et al., 2011), the outcomes of our
meta-analysis offer evidence suggesting extension of these criteria might be necessary,
since these include memory deficits as an exclusion criteria in the initial phase of the
disorder, while we show that memory dysfunction is frequently observed in PPA patients.
Unfortunately, we were not able to investigate the prevalence of memory deficits in
especially the initial stage since only a part of the studies that were used reported illness
duration or years from first symptom as an outcome measure. Of these, only some
reported sufficient information to allow for statistical analyses, making the use of symptom
duration as a confounding variable in our meta-analyses impossible. The variety in illness
duration within the included studies may therefore have contributed to the size of the ESs
that we found. However, the ESs we found were large and the majority of the utilized
studies reported to have included patients in the beginning stages of their disease (<
5-year symptom duration; see Table 4.1), suggesting that this influence cannot explain all
of the found effects. Future studies should, however, adequately report measures of illness
duration in order to study the prevalence of memory impairments across disease stages
and to provide evidence to retain memory deficits as an exclusion criterion for a PPA
diagnosis.
The current meta-analysis has some more limitations and caveats that should be kept
in mind when considering our findings. Although the risk of a publication bias was found
to be low, the included studies showed a large heterogeneity in ESs. This might also have
resulted in the asymmetrical funnel plots (Sterne et al., 2011). The heterogeneity possibly
arises because of the substantial differences in the studies’ patient samples, such as
variation in symptom duration or in diagnostic criteria. In addition, heterogeneity might
be caused by differences in task demands across the memory tests that are being used.
Although heterogeneity was substantially reduced when we investigated the effects for
the different PPA types, the different memory systems, and for verbal and non-verbal tests
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separately, heterogeneity was still present. However, it should be noted that we aimed to
summarize the literature on the underlying memory constructs in PPA rather than
examine the performances on individual tests.
Furthermore, even though the ESs found in this meta-analysis are robust, it was not
possible to establish how many patients performed in the clinically impaired range
(i.e. < 2 SD below the clinical norm). Therefore, based on our results, it cannot be established
whether the found significant ESs are also clinically relevant in all PPA patients.

Implications for the diagnosis of PPA variants
This meta-analysis was conducted in order to provide a possible clinical marker to
differentiate between nfv-PPA and lv-PPA, something that remains very challenging in
clinical practice (Croot et al., 2012). Our results show that patients with lv-PPA tend to
perform worse on both episodic memory as well as working memory tasks compared to
nfv-PPA patients. This might not be completely explained by language deficits since this
was observed in both verbal and non-verbal tests.

Conclusion
Taken together, this meta-analysis showed that impairments in both episodic and working
memory are observed in all PPA variants. However, different patterns of memory
performance were observed, with more pronounced episodic and working memory
deficits in lv-PPA when compared to nfv-PPA. These findings highlight the potential
benefit of using memory tests in addition to language assessment to better differentiate
nfv-PPA and lv-PPA.
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CHAPTER 5

Abstract
Primary progressive aphasia (PPA) is a clinical neurodegenerative syndrome with word
finding problems as a core clinical symptom. Many aspects of word finding have been
clarified in psycholinguistics using picture naming and a picture-word interference (PWI)
paradigm, which emulates naming under contextual noise. However, little is known about
how word finding depends on white-matter tract integrity, in particular, the atrophy of
tracts located ventrally to the Sylvian fissure. To elucidate this question, we examined
word finding in individuals with PPA and healthy controls employing PWI, tractography,
and computer simulations using the WEAVER++ model of word finding. Twenty-three
individuals with PPA and twenty healthy controls named pictures in two noise conditions.
Mixed-effects modelling was performed on naming accuracy and reaction time (RT) and
fixel-based tractography analyses were conducted to assess the relation between ventral
white-matter integrity and naming performance. Naming RTs were longer for individuals
with PPA compared to controls and, critically, individuals with PPA showed a larger noise
effect compared to controls. Moreover, this difference in noise effect was differentially
related to tract integrity. Whereas the noise effect did not depend much on tract integrity
in controls, a lower tract integrity was related to a smaller noise effect in individuals with
PPA. Computer simulations supported an explanation of this paradoxical finding in terms
of reduced propagation of noise when tract integrity is low. By using multimodal analyses,
our study indicates the significance of the ventral pathway for naming and the importance
of RT measurement in the clinical assessment of PPA.
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Introduction
Primary progressive aphasia (PPA) is a clinical syndrome characterised by progressive
decline in language abilities caused by neurodegeneration of the language network in
the brain (Mesulam, 1982). PPA is often subdivided into three different variants based
on specific cognitive and neuroimaging features (Gorno-Tempini et al., 2011): semantic
(sv-PPA), nonfluent/agrammatic (nfv-PPA), and logopenic (lv-PPA). Although these variants
present with different types of language impairment, word-finding disturbance is one of
the earliest and most prominent symptoms in all PPA variants, clinically assessed by
examining picture naming difficulty. In addition to the word finding deficit, sv-PPA is
characterised by word comprehension problems and loss of semantic knowledge, due to
anterior temporal atrophy. Nfv-PPA is characterised by motor speech problems and
agrammatism, related to atrophy of the left inferior frontal gyrus. Lv-PPA is characterised
by phonological errors in naming and spontaneous speech, and impaired repetition of
phrases and sentences, linked to left posterior temporal and inferior parietal atrophy
(Gorno-Tempini et al., 2011; Grossman, 2010, 2018).
Most studies investigating word finding difficulties in PPA have used traditional
neuropsychological tests that focus on the accuracy of picture naming. Such tests,
however, do not enable a more fine-grained analysis of naming as a complex multi-stage
process. Naming includes perceptual and conceptual encoding, lemma retrieval (also
called lexical selection), word-form encoding, and articulation (e.g., Levelt et al., 1999).
Word finding consists of lemma retrieval and word-form encoding. This process normally
unfolds rapidly, but in aphasia it is slower and overly susceptible to contextual noise,
resulting in increased naming reaction time (RT) or errors. Although several computational
models have been developed for word finding (e.g., Dell et al., 2013; Ueno et al., 2011), the
WEAVER++ model is the only computational model that explains both RT and accuracy
data (e.g., Levelt et al., 1999; Roelofs, 2014).
In everyday life, word finding does not occur in isolation, but usually happens in noisy
environments, like while hearing other people speaking or while other semantically
related words are activated in the mind of a speaker. The effect of contextual noise on
picture naming is typically examined using a picture-word interference (PWI) paradigm
(e.g., Glaser & Düngelhoff, 1984). Participants name pictures with written distractor words
superimposed or while hearing spoken distractor words. Effects of distractor words have
been examined extensively in healthy speakers and also increasingly often in people with
aphasia. For example, Piai et al. (2016) used the PWI paradigm to examine word finding in
stroke patients and healthy controls, and observed that distractor words caused longer
naming RTs and larger interference especially in the patient group. Few studies have used
PWI to examine individuals with PPA. Thompson et al. (2012) instructed individuals with
lv-PPA and nfv-PPA to name pictures (e.g., of a dog) while trying to ignore superimposed
semantically related words (e.g., mouse) or unrelated words (e.g., door). They observed an
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abnormally large semantic interference effect on naming RT in these patients. Their results
suggest that word finding in nfv- and lv-PPA patients is overly vulnerable to interference
from semantic competitors. Vandenberghe et al. (2005) found abnormal interference
effects in individuals with PPA, even though no word comprehension deficits were noted
on behavioural testing. Similar to Thompson et al., they concluded that selection among
competing words belonging to the same semantic category is abnormal in PPA. While
these studies suggest that word finding is unusually vulnerable to contextual noise in
lv- and nfv-PPA, no study to date has assessed this in all three PPA variants.
In addition to behavioural analysis of the PWI task, the involvement of white-matter
(WM) tracts in word finding has recently gained attention. Several studies suggest that a
ventral pathway (i.e., fibre tracts running under the Sylvian fissure from posterior occipital
and temporal cortex to anterior temporal and frontal areas) is involved in word finding and
interference control. In an intraoperative PWI experiment, Ries et al. (2019) observed that
stimulation of the ventral pathway induced semantic paraphasias (cf. Sierpowska et al.,
2019), causing the participants to name semantically related words instead of the target
word. Both lesion and functional magnetic resonance imaging (fMRI) studies contrasting
a distractor word condition to a neutral condition (i.e., a row of Xs) have related the
increased interference effect to the prefrontal cortex (Piai et al., 2016; de Zubicaray et al.,
2001), which is a termination site for the ventral pathway (Catani & Thiebaut de Schotten,
2008). Evidence indicates that ventral tracts play an important role in mediating visualsemantic information processing and its top-down control (e.g., Forkel et al., 2014; Hau et
al., 2017; Herbet et al., 2018; Panesar et al., 2018).Yet, the involvement of specific ventral
tracts, like the uncinate fasciculus (UF), the inferior fronto-occipital fasciculus (IFOF), and
the inferior longitudinal fasciculus (ILF), in naming has remained unclear.
Relevant for picture naming and word reading, the left ILF transmits visual information
in occipital cortex to the lexical-semantic language network in temporal cortex, which
includes conceptual information in the anterior temporal lobe (e.g., Herbet et al., 2018).
The IFOF transmits visual information in occipital cortex to frontal cortex, where it
generates awareness and triggers top-down control of visual processing (e.g., Forkel et al.,
2014). The UF transmits conceptual information in the anterior temporal lobe to frontal
cortex, where it triggers top-down control of semantic processing, referred to as semantic
control (e.g., Harvey et al., 2013). Evidence from intraoperative electrical brain stimulation
during picture naming suggests that the ILF/UF and IFOF provide (parallel) ventral
pathways for relaying visual information in occipital cortex to frontal cortex (Duffau et al.,
2009; Mandonnet et al., 2007). Moreover, Herbet et al. (2016) examined naming after
surgical removal of low-grade glioma in patients, and observed that damage of the ILF
impaired naming performance. However, in examining individuals with PPA, Wilson et al.
(2011) did not observe an association between atrophy of the UF and IFOF and naming
performance after adjusting for PPA variant and severity of overall cognitive decline.
Similarly, Marchina et al. (2011) also did not find a relation between naming performance
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and the extent of damage to the IFOF and UF in post-stroke aphasia. The difference in
results between studies concerning the role of the ventral tracts in naming points to the
need for further investigation. Wilson et al. and Marchina et al. only assessed naming
accuracy, as is typically done, whereas Herbet et al. examined both naming accuracy and
RTs, although they employed a low-precision manual method for the latter. It remains
possible that the studies of Wilson et al. and Marchina et al. lacked power to detect an
effect. Moreover, it may matter how fiber tract integrity is assessed.
The vast majority of diffusion-weighted imaging (DWI) tractography studies in PPA,
like Wilson et al. (2011), has used diffusion tensor imaging (DTI) to measure the structural
integrity of white matter, with quantitative comparisons using voxel-averaged metrics, like
fractional anisotropy (FA) and mean diffusivity (MD). Since parameters like FA and MD are
voxel-based, and WM voxels are typically occupied by multiple crossing fibres (Jeurissen
et al., 2013), these measures are, however, not fibre-specific. To resolve this issue, a recent
technique has been introduced, referred to as fixel-based analysis (FBA; Raffelt et al., 2017).
FBA enables fibre tract-specific statistical analysis, in which a ‘fixel’ refers to a specific fibre
population within a voxel (Raffelt et al., 2015). For each fixel, three FBA metrics can be
calculated to assess tissue micro- and macrostructure (Raffelt et al., 2017): (1) fibre density
(FD) is a microstructural metric that serves as a proxy for density of axons within a fixel; (2)
fibre cross-section (FC) is a macrostructural metric that estimates size of the fibre bundle;
and (3) fibre density and cross-section (FDC) is a combined measure of FD and FC that
represents changes to both micro- and macrostructure. As FDC covers both micro- and
macrostructural properties of a tract, it can be regarded as an overall measure of tract
integrity.
In the present study, we examined word finding in all three PPA variants and in
controls without language impairment using PWI and tractography. We not only assessed
naming accuracy, but also RT, which has rarely been done before. Pictures (e.g., of a dog)
were named in semantically related word (e.g., mouse) and neutral (i.e., a row of Xs) noise
conditions. Fixel-based DWI tractography analyses were conducted to assess integrity
of the ventral tracts (UF, IFOF, and ILF) in relation to the naming performance. As FDC can
be regarded as an overall measure of the tract integrity, we used this as our measure of
atrophy. Moreover, we conducted computer simulations with WEAVER++ (e.g., Levelt et
al., 1999; Piai et al., 2014; Roelofs, 1992, 2003, 2008, 2018), a computationally implemented
psycholinguistic model of the processes underlying word finding, to test our account of
the results in terms of reduced propagation of noise when tract integrity is low.
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Materials and Methods
Participants
Twenty-three patients diagnosed with PPA and twenty cognitively unimpaired controls
were included in this study. The clinical and demographic characteristics of the PPA and
cognitively unimpaired control groups are presented in Table 5.1. Individuals with PPA
were recruited from multiple Medical Centers in the Netherlands (Radboud University
Medical Center in Nijmegen; Erasmus MC University Medical Center in Rotterdam; Jeroen
Bosch Hospital in ‘s-Hertogenbosch; Maastricht University Medical Center in Maastricht).
Clinical diagnoses were established based on an extensive multidisciplinary assessment
including neuropsychological assessment, neurological testing, and neuroimaging.
The individuals with PPA were between 52 and 82 years of age. Specific variants were
diagnosed according to the guidelines by Gorno-Tempini et al. (2011). Ten of the patients
were classified as lv-PPA, six as nfv-PPA, and seven as sv-PPA. The cognitively unimpaired
controls were between 61 and 75 years of age and had neither cognitive impairment
(Montreal Cognitive Assessment [MoCA] score ≥ 26) nor self-reported cognitive complaints.
There were no significant between-group differences in age (U = 194.5, Z = −0.87, p = 0.38)
and education level (U = 155, Z = -1.9, p = 0.056). MoCA scores showed significant differences
between the groups, which emanated from the cognitively unimpaired controls by
Table 5.1 Characteristics of included participants.
PPA

Controls

All

sv-PPA

lv-PPA

23

7

10

6

20

Age

69.9
(5.7)

69.6
(4.3)

70.2
(7.7)

69.7
(3.8)

68.4
(5.7)

Number of males/females

14/9

2/5

8/2

4/2

13/7

Education level (1–7)a

5.0
(1.0)

5.1
(1.2)

4.8
(0.9)

5.2
(2.0)

5.6
(0.7)

Years of symptoms

3.5
(2.0)

3.6
(1.1)

3.7
(2.9)

2.8
(2.0)

N/A

MoCA score

20.7
(3.6)

21.1
(3.2)

20.3
(4.1)

20.7
(3.9)

27.8
(1.4)

SYDBAT naming score

18.6
(5.5)

12.1
(2.7)

20.8
(2.8)

22.3
(4.9)

27.5
(1.3)

N

nfv-PPA

Note. Data are reported as mean (SD) or number. sv-PPA = semantic variant PPA; lv-PPA = logopenic variant PPA;
nfv-PPA = non-fluent variant PPA; N = number of participants; MoCA = Montreal Cognitive Assessment.
a 1 = less than six years elementary school; 2 = six years elementary school; 3 = more than six years elementary
school; 4 = vocational training; 5 = community college; 6 = advanced vocational training; 7 = Bachelor of Science
or higher.
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definition having significantly higher MoCA scores compared to the PPA group
(U = 13.5, Z = -5.22, p < 0.001, r = -0.81). All participants were right-handed, native Dutch
speakers, and gave written informed consent before participation. All patients were tested
with the approval of the local ethics committee (CMO Arnhem-Nijmegen, CMO 2016-2340,
NL56842.091.16) and healthy controls were tested with the general ethics approval of
this committee (“Imaging Human Cognition”, CMO 2014/288).

Task and materials
A picture-word interference task was used to measure word finding. Six animal pictures
and six fruit pictures (animals: cow, fish, horse, chicken, dog, mouse; and fruit: strawberry,
apple, pear, lemon, banana, kiwi) were used as stimuli. All picture names were Dutch, but
the examples in this article are given in English. In the related condition, a different word
from the same semantic category as the picture name was superimposed as distractor
(e.g., the word mouse for the picture of a dog). In the neutral condition, a row of Xs matched
for length (number of letters) to the related condition was superimposed on the picture.
These conditions correspond to those of the classic colour-word Stroop test, in which
participants have to name the ink colour of incongruent colour words (e.g., the word green
in red ink, say “red”) or the colour of a neutral row of Xs. An example of the stimuli in the two
noise conditions of the present study can be found in Figure 5.1. There were 60 trials for
each condition, with the related condition including each picture with all other picture
names of the same category as distractor words. Stimuli were pseudorandomised with
the following constraints: A picture stimulus could not be shown twice in a row, a distractor

Neutral

Related

5
Mouse

XXXXX

“Dog”

Figure 5.1. Example of a trial in the two noise conditions of the picture-word interference task.
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could be shown twice in a row, and a maximum of four items of the same category could
be shown in a row. Each participant received a unique randomised order of stimuli.

Procedure
Stimuli were presented in six blocks of twenty trials using Presentation software (http://
nbs.neurobs.com). The pictures appeared in the centre of a screen with a white background
for 4000 ms. Between trials, a blank screen was presented for 1000 ms. Spoken responses
were recorded for later determination of accuracy and RT. First, participants were
familiarised with the pictures to be named by showing them the pictures and the
appropriate response names. This was done to prevent the RT to depend too much on
word finding difficulties and to prevent high patient distress. Then, patients completed
twelve practice trials including the same stimuli that were used in the experimental
blocks, with every picture presented once. After this, participants could ask clarification
questions about the experiment. The instruction to the participants was to name the
pictures as quickly and accurately as possible while trying to ignore the superimposed
words or Xs.

Statistical analysis of PWI data
Behavioural analyses were performed on both RT and accuracy of the recorded responses.
RTs were visually and manually assessed using Praat software (Boersma & Weenink, 2018).
Trials that were defined as errors contained hesitations, semantic and phonological
paraphasias, naming of the distractor word, or no response. Details on the error
classification are shown in supplementary Table 5.1. Trials in which the naming response
included a determiner or trials in which the answer was correct but the reaction time was
not reliable were excluded from the RT and error analyses. One participant with lv-PPA
was excluded for all further behavioural and tractography analyses because of extremely
long RTs (> 2 SD above PPA group mean). In total, twenty-two patients diagnosed with
PPA and twenty cognitively unimpaired controls were included in the analyses.
Statistical analyses were performed with R version 3.5.0 (R Core Team, 2013), using the
lme4 package for mixed-effects models (Bates et al., 2015). Single-trial RTs were analysed
with a linear mixed-effects model and errors with a mixed-effects logistic regression
(Baayen et al., 2008). For both analyses, the same model structure was used for the fixed
effects, in which group (controls, patients) and noise condition (related, neutral) were
included as fixed effects, as well as their interaction. A main effect of condition served as
a measure of the interference effect. For the overall RT and accuracy models (PPA vs.
controls) and the model for RT per subtype, a random effect of condition by participant
was included in the analyses. For the analysis of accuracy per subtype, a by-participant
random-intercepts only model was used as the more complex model failed to converge.
Similar models, with the fixed effect for group replaced by a fixed effect for subtype
(control, sv-PPA, lv-PPA, or nfv-PPA) were used to assess RT and error differences between
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subtypes. While these analyses per subtype were included to present a complete picture,
they should be interpreted with caution due to the relatively low number of patients per
subtype.
To assess the value of RT measures over and above standard off-line accuracy
measures of naming, the relation between PWI RT and scores on both the Boston Naming
Test (BNT; Van Loon-Vervoorn & Velden, 2006) and the Sydney Language Battery-NL
(SYDBAT-NL) Naming subtest (Eikelboom et al., 2017) was assessed within the PPA group
by use of linear mixed-effects models. In these models, noise condition and either the
individuals’ BNT or SYDBAT-NL score were included as fixed effects, as well as their
interaction, and by-participant random intercepts.

Image acquisition
Structural and diffusion-weighted images were acquired in a single session using a
Siemens Prisma Fit 3T scanner and a 32-channel head coil at the Donders Center for
Cognitive Neuroimaging, Nijmegen. Diffusion weighted images were acquired with a
simultaneous-multislice diffusion-weighted Echo Planar Imaging (EPI) sequence. Acquisition
parameters were the following: multiband factor = 3; TR (repetition time) = 2282 ms;
TE (echo time) = 71.2 ms; in-plane acceleration factor = 2; voxel size = 2 × 2 × 2 mm3;
9 unweighted scans; 100 diffusion-encoding gradient directions in multiple shells;
b-values = 1250 and 2500 s/mm2; Taq (total acquisition time) = 8 min 29 s. A high-resolution T1
anatomical scan was obtained for spatial processing of the DWI data using the MP2RAGE
sequence (Marques et al., 2010) with the following parameters: 176 slices, voxel size = 1 ×
1 × 1 mm3, TR = 6 s, TE = 2.34 ms, Taq = 7 min 32 s.

Diffusion image processing
DWI images were preprocessed to realign and correct for eddy-current (SPM12) and for
artefacts from head and/or cardiac motion using robust tensor modelling (PATCH; Zwiers,
2010). Further analysis steps were performed in MRtrix3 (www.mrtrix.org) and included
spatial up-sampling to 1.3 mm3 and estimation of the fibre orientation distributions (FOD)
at each voxel using multi-tissue constrained spherical deconvolution with a group average
response function (Raffelt et al., 2012). After bias field and intensity normalization, a studyspecific FOD template was generated and used to register all subjects FOD images to.
A combined measure of fibre density and cross-section (FDC) was calculated in template
space across all white matter fixels using MRtrix (Raffelt et al., 2017).

Statistical analysis of DWI data
To identify regions with altered FDC in the cognitively unimpaired control and PPA groups
and investigate the relationship with PWI interference parameters, fixel-based statistical
analysis was carried out using MRtrix. Connectivity-based smoothing, correction for
multiple comparisons, and statistical inference was performed using connectivity-based

87

5

CHAPTER 5

fixel enhancement (CFE) with default smoothing parameters (smoothing = 10 mm
full-width at half-maximum, C = 0.5, E = 2, H = 3) and 5000 permutations (Raffelt et al.,
2015).
A tract-of-interest analyses was performed to investigate potential degeneration of
the ventral fibre pathways, including the ILF, UF, and IFOF. For each tract, appropriate
streamlines were selected from the template tractogram based on prior anatomical
knowledge, and used to create a fixel-mask. Mean FDC was calculated for each tract of
interest, by averaging over all streamlines within the fixel-masks per tract.
Two tract-of-interest analyses were performed with R version 3.5.0 (R Core Team,
2013). First, between-group differences in FDC of all three tracts were analysed with
Kruskal-Wallis tests. Then, to assess the relation between ventral white matter integrity
and single-trial RTs, linear mixed-effects models were used for each tract separately, in
which group (controls, patients), noise condition (related, neutral), and FDC (continuous)
were included as fixed effects, as well as their interaction. Fixel-based FDC measures per
tract were incorporated into the mixed-effects models with FDC as an additional fixed
effect (continuous) to assess the relation between ventral white matter integrity and RTs
in PWI. The models included by-participant random intercepts.

Computer simulations
The simulation protocol and model parameters were exactly the same as in earlier
simulations using WEAVER++ (e.g., Levelt et al., 1999; Piai et al., 2014; Roelofs, 1992, 2003,
2008, 2018). The simulations included the same stimuli for a semantic category as in the
real experiment (e.g., dog, mouse, fish, horse, cow, and chicken). Each word was represented
by a lemma node and a connected concept node, which was connected to all other
concept nodes of the same semantic category. The lexical network is illustrated in Figure 5.2.
In the simulations, a picture activated the corresponding concept node and a printed
word activated the corresponding lemma node (related condition). A row of Xs yielded no
network activation (neutral condition). Whereas the picture activated the network until
the selection of a lemma node, the distractor word activated its lemma node for a limited
period of time, the distractor duration parameter. Processing in the model proceeded
through time in discrete time steps. On each time step, activation spread through the
network following a linear activation function with a decay factor. Activation of nodes in
the network triggered the application of condition-action rules. A lemma node was
selected as response when its level of activation exceeded that of the other lemma nodes
by some critical amount, the selection threshold parameter.
In the simulations, the selection threshold was set to 1.6 for both groups. The distractor
duration was set to 75 ms for the control group and to 250 ms for individuals with PPA.
With these values, the model captures the empirically observed mean interference effect
for each group (real Control = 120 ms, PPA = 277 ms; simulated Control = 114 ms, PPA = 291
ms), indicating overall poorer visual-semantic information processing and top-down
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Stimulus

HORSE

MOUSE
COW

DOG

Mouse

mouse
dog

FISH

CHICKEN
horse

cow

ﬁsh
chicken

Concepts

Lemmas

Figure 5.2. Illustration of the lexical network of the WEAVER++ model.

control for PPA than for controls. All other parameter values were fixed and identical to
those of Roelofs (1992, 2003). To simulate the effect of ventral tract integrity on lemma
retrieval, the strength of the picture and word input to the network was manipulated,
which can be taken to capture the functionality of the ventral tracts. Lower strength
would correspond to reduced transmission of visual information to the network
(representing the role of the ILF) and its top-down control (representing the role of the
IFOF and UF). To capture the empirically observed wider range of FDC values for the
individuals with PPA than for the controls, strength varied between 1.0 and 0.1 in the
simulations of individuals with PPA and between 1.0 and 0.5 for the control group. The
mathematically expected lemma retrieval latency in the related and neutral conditions
was computed for each strength value for the patients and the controls as specified in all
earlier publications on the model.

5

Results
Picture-word interference
As expected, individuals with PPA were slower than controls (t = 5.13, p < 0.001, see Figure 5.3,
left panel) in both noise conditions. An overall interference (related vs. neutral) effect in RT was
observed (t = 5.00, p < 0.001) and the interference effect was statistically larger for
the individuals with PPA than for controls (t = 3.68, p < 0.001, see Figure 5.3, right panel).
Individual-averaged RTs and interference effects are shown in Figure 5.3. Details on the
statistics are shown in Table 5.2.
When the same analysis was performed on PPA subtype level, all subtypes were
slower than controls (all t-values > 2.6, all p-values < 0.05). The interference effect was,
however, statistically larger only for lv-PPA (t = 3.86, p < 0.001) and nfv-PPA (t = 2.35,
p = 0.024) compared to controls. There was no significant difference in interference effect
for sv-PPA compared to controls (t = 1.51, p = 0.14).
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Control

PPA

60

Group

1.5

Control
sv-PPA
lv-PPA
nfv-PPA

1.0

neutral

related

neutral

Interference ratio

Median RT (s)

2.0

40

20

related

Control

Condition

PPA

Group

Figure 5.3. Individual median response time per noise condition for each group (left) and interference effect as percentage increase in RT relative to the neutral condition, i.e. (RT related – RT
neutral) / RT neutral (right). RT = response time.

Table 5.2. Results of the inferential statistics for the response time (top) and accuracy (bottom).
Response time

b

SE

t (df)

p

PPA vs. controls

0.316

0.0062

5.13 (39)

<0.001

Related vs. neutral

0.137

0.027

5.00 (37)

<0.001

Related vs. neutral: PPA vs. controls

0.141

0.038

3.68 (38)

<0.001

Sv-PPA vs. controls

0.332

0.089

3.74 (37)

<0.001

Lv-PPA vs. controls

0.351

0.081

4.32 (37)

<0.001

Nfv-PPA vs. controls

0.245

0.094

2.60 (37)

0.013

Related vs. neutral: sv-PPA vs. controls †

0.081

0.054

1.50 (37)

0.142

Related vs. neutral: lv-PPA vs. controls †

0.190

0.049

3.85 (37)

<0.001

Related vs. neutral: nfv-PPA vs. controls †

0.136

0.058

2.35 (38)

0.024

b

SE

z

p

PPA vs. controls

−2.976

0.703

−4.234

0.001

Related vs. neutral

−1.800

0.549

−3.276

<0.001

Related vs. neutral: PPA vs. controls

0.617

0.542

1.138

0.255

Sv-PPA vs. controls

−3.229

0.770

−4.197

<0.001

Lv-PPA vs. controls

−2.513

0.738

−3.406

<0.001

Nfv-PPA vs. controls

−3.256

0.797

−4.086

<0.001

Related vs. neutral: sv-PPA vs. controls †

0.754

0.561

1.344

0.179

Related vs. neutral: lv-PPA vs. controls †

0.319

0.553

0.577

0.564

Related vs. neutral: nfv-PPA vs. controls †

0.797

0.558

1.429

0.153

Accuracy

Note. Results obtained from the full model, unless stated otherwise. Results from the group models are indicated
by †. SE = standard error.
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The statistical models that assessed the relation between the RT of the PWI task and
the accuracy measures of both the BNT and SYDBAT-NL Naming subtest in individuals
with PPA showed a main effect of condition (t = 3.31, p < 0.001; t = 3.89, p < 0.001,
respectively), but not of either BNT or SYDBAT-NL Naming accuracy (t = 0.47, p = 0.64;
t = −0.12, p = 0.90, respectively). This finding indicates that overall accuracy on standardized
naming tests is not a strong predictor of picture naming RT in PWI. A post-hoc linear
model was calculated between PWI mean accuracy and PWI mean RT for individuals with
PPA, which showed PWI accuracy to predict PWI RT (R2 = .18, F(1,20) = 5.66, p = .028).
This relationship likely reflects a severity effect, such that patients that are faster in naming
also make fewer errors.
Regarding accuracy, the participants with PPA made more errors compared to
controls (z = -4.23, p < 0.001, see Figure 5.4, left panel) and overall errors were more
frequent in the related than in the neutral condition (z = -3.28, p = 0.001). There was no
significant difference in interference effect between the PPA and healthy control groups
(z = 1.14, p = 0.255, see Figure 5.4, right panel). Individual-averaged accuracy rates and
interference effects are shown in Figure 5.4. Details on the statistics are shown in Table 5.2.
On PPA subtype level, all subtypes made more errors than controls (all z-values < -3.4,
all p-values < 0.001) and overall errors were more frequent in the related than neutral
condition (z = -3.05, p = 0.002). There was, however, no significant difference in accuracyrelated interference effect between the PPA subtypes and healthy controls (all z-values
< 1.4, all p-values > 0.15).
Control

30

PPA

Accuracy (%)

90

Group
80

Control

70

sv-PPA
lv-PPA
nfv-PPA

Interference ratio

100

20

5

10

60
0

neutral

related

neutral

Condition

related

Control

PPA

Group

Figure 5.4. Individual-participant accuracy per noise condition for each group (left) and interference
ratio relative to the neutral condition (right). The interference ratio was calculated based on the
percentage of correct responses over all valid responses for each noise condition separately. Then,
the ratio relative to the neutral condition was calculated as (((accuracy percentage related – accuracy
percentage neutral) / accuracy percentage neutral) * -1). The sign of the ratio was inverted for
visualization purposes such that positive ratios indicate proportionally more errors in the related
than in the neutral condition.
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Tract of interest analysis
FDC comparison between groups
The fixel-masks of the ILF, IFOF, and UF and example tractograms are presented in Figure 5.5.
Patients with PPA showed a decreased FDC compared to controls for the ILF (χ²(1) = 6.8027,
p = 0.009). Between-group FDC differences were not significant for the UF (χ²(1) = 2.8741,
p = 0.090) and the IFOF (χ²(1) = 2.5313, p = 0.111). Figure 5.6 provides an overview of FDC
measures per tract per PPA subtype.

A

B

C

Figure 5.5. (A) Tract maps of the inferior longitudinal fasciculus (ILF; green), inferior fronto-occipital
fasciculus (IFOF; blue), and uncinate fasciculus (UF; red) used to acquire mean fibre density and
cross-section (FDC) measures per tract per participant. (B) Whole-brain tractogram of a patient with
sv-PPA. (C) Whole-brain tractogram of a cognitively unimpaired control participant.

Association of FDC differences with RT of PWI
The linear mixed-effects model relating PWI RT to white-matter atrophy showed a
three-way interaction between condition, FDC, and group for the ILF (t = 3.27, p = 0.001),
the UF (t = 2.44, p = 0.015), and the IFOF (t = 2.15, p = 0.032). This suggests group differences
in the effect of condition and FDC on RT and allows for the exploration of this relationship
within each group. Figures 5.7 provides an overview of the data used in this analysis,
presenting FDC and RT per group and condition. Details on the statistics are shown in
Table 5.3.
In healthy control participants, RT was predicted by the integrity of the UF (t = −2.21,
p = 0.040) and IFOF (t = −3.27, p = 0.004), but no interaction with condition was found for
these tracts. For the ILF, however, there was no main effect of tract integrity on RT,
but there was a significant interaction with condition (t = −2.29, p = 0.022). This justified
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ILF fdc

0.5

0.4

0.3

0.2
Control
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nfv-PPA
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Group
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IFOF fdc

0.5

0.4
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Group
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Figure 5.6. Violin plots of the mean fibre density and cross-section (FDC) for the inferior longitudinal
fasciculus (ILF; top), inferior fronto-occipital fasciculus (IFOF; middle), and uncinate fasciculus (UF;
bottom) for each PPA variant and the controls. The outer shapes represent the distribution of
individual data (indicated by dots), the thick horizontal line inside the box indicates the median, and
the bottom and top of the box indicate the first and third quartiles.
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R²= 0.290
R²= 0.151

R²= -0.005
R²= -0.051

control
sv-PPA
lv-PPA
nfv-PPA

R²= 0.321
R²= 0.394

R²= 0.021
R²= -0.048

control
sv-PPA
lv-PPA
nfv-PPA

R²= 0.143
R²= 0.223

R²= -0.046
R²= -0.032

control
sv-PPA
lv-PPA
nfv-PPA

Figure 5.7. Fibre density and cross-section (FDC) and reaction time (RT; in seconds) per group per
condition for the inferior longitudinal fasciculus (ILF; top), inferior fronto-occipital fasciculus (IFOF;
middle), and uncinate fasciculus (UF; bottom). Each dot corresponds to a participant. Lines depict
the best-fitting linear regression line to the data and shaded areas indicate 95% CI. RT = response
time. s = second.
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separate linear mixed-effects model analyses within each noise condition for the ILF,
which revealed an effect of ILF integrity in the related condition (t = −2.48, p = 0.023) but
less so in the neutral condition (t = −2.01, p = 0.060).
Table 5.3. Results of the inferential statistics for the response times (RT) analysis per tract.
RT effect by ILF integrity

b

SE

t (df)

p

FDC * Related vs. neutral: PPA vs. controls

1.082

FDC * Related vs. neutral: controls †

−0.327

0.331

3.27 (4433)

0.001

0.143

−2.286 (2344)

FDC: neutral in controls †

0.022

−0.830

0.412

−2.012 (18)

0.060

FDC: related in controls †

−1.157

0.467

−2.478 (17)

0.023

FDC * Related vs. neutral: PPA †

0.755

0.255

−2.958 (2090)

0.003

FDC: neutral in PPA †

0.395

0.914

0.432 (18)

0.671

FDC: related in PPA †

1.291

1.206

1.070 (18)

0.298

RT effect by IFOF integrity
FDC * Related vs. neutral: PPA vs. controls

0.811

0.377

2.152 (4433)

0.032

FDC * Related vs. neutral: controls †

0.145

0.160

0.909 (2344)

0.363

FDC: controls †

−1.442

0.441

−3.268 (19)

0.004

FDC * Related vs. neutral: PPA †

0.957

0.303

3.153

0.002

FDC: neutral in PPA †

0.616

1.063

0.58

0.569

FDC: related in PPA †

1.702

1.396

1.219 (18)

0.238

FDC * Related vs. neutral: PPA vs. controls

0.862

0.354

2.437 (4433)

0.015

FDC * Related vs. neutral: controls †

0.195

0.147

1.330 (2344)

0.184

FDC: controls †

−1.004

0.454

−2.212 (18)

0.040

FDC * Related vs. neutral: PPA †

1.057

0.296

3.574 (2090)

<0.001

FDC: neutral in PPA†

−0.494

0.994

−0.497 (19)

0.625

FDC: related in PPA †

0.687

1.343

0.511 (19)

0.615

RT effect by UF integrity

Note. Results obtained from the full model, unless stated otherwise. Results from the group models are indicated
by †. Only when a significant interaction effect was found, this was followed up with subsequent analyses per
group or condition. SE = standard error.

In PPA patients, there was a significant interaction between condition and FDC for
all tracts: the ILF (t = 2.96, p = 0.003), the UF (t = 3.57, p < 0.001), and the IFOF (t = 3.15,
p = 0.002). However, separate linear mixed-effects models on each condition revealed
no effects of FDC per condition within the PPA group (all t-values < 1.2, all p-values > .05).
As Figure 5.7 shows, the relation between RT and ILF, UF, and IFOF integrity is such that a
larger interference effect is observed when tract integrity is higher.

95

5

CHAPTER 5

Computer simulation outcomes
Figure 5.8 shows the results of the computer simulations with the WEAVER++ model.
The magnitude of the interference effect on lemma retrieval in the model (i.e., related –
neutral) is shown as a function of the duration and strength of picture and word input.
A longer duration of distractor word input in patients than controls yields larger
interference, as empirically observed. Moreover, varying the strength of picture and word
input has an effect on lemma retrieval latency depending on the range of variation. In the
higher range, reducing strength does not affect the magnitude of interference. However,
when strength is further reduced, interference decreases. In the lower range, word noise
is propagated less, which reduces interference. A wider range of strength for patients than
controls causes interference to decrease with decreasing strength in patients but not in
controls, as empirically observed.

Lemma retrieval
latency related − neutral (ms)

Controls

PPA

300
250
200
150
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Figure 5.8. Magnitude of interference on lemma retrieval in WEAVER++ as a function of the duration
(control < PPA) and strength of picture and word input. ms = millisecond.

Discussion
In this study, we used PWI to assess word finding and its dependence on ventral tract
integrity in people with PPA and cognitively unimpaired controls. We showed that
individuals with PPA were overall slower and less accurate in picture naming than controls.
Importantly, relative to Xs, semantically related noise words caused more interference in
RT for individuals with PPA than for controls. This difference between PPA and controls was
reflected in differential relations to tract integrity of the ventral white-matter tracts (i.e., UF,
ILF, and IFOF). Whereas the noise effect did not depend much on tract integrity in controls,
a lower tract integrity was related to a smaller noise effect in individuals with PPA. In line
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with this, computer simulations with WEAVER++ showed reduced propagation of noise
when input strength is low.
Our results show the value and feasibility of administering a PWI task in individuals
with PPA. Most patients were able to perform the task, and RT measures could be obtained.
Whereas individuals with PPA were overall less accurate than controls, the effect of related
noise on accuracy did not differ between the groups. A difference in interference was
only evident when RTs were compared. Thus, the RTs of correct responses have the
potential to provide important information that may be missed if only accuracy is
examined. The RT measures of the PWI task were unrelated to accuracy scores on standard
neuropsychological naming measures like the BNT and SYDBAT-NL Naming subtest.
This, again, points to the fact that RT and accuracy assess different and complementary
aspects of naming. Thus, RT measures could be a valuable addition in clinical practice
uncovering deficits that would otherwise remain undetected (Moritz-Gasser et al., 2012).
No significant relation was observed between the RTs and FDC per condition in PPA,
while this was found in controls. This may be explained by the larger variance in the
PPA group compared to the controls, as is evident from Figure 5.7. This may attenuate
correlations in the PPA group and could explain why within the PPA group, the linear
mixed-effects analyses revealed an interaction between condition and FDC for all tracts,
but (with lower power) no effects per condition.
In line with Thompson et al. (2012), we demonstrated an increased interference in
individuals with lv- and nfv-PPA compared to cognitively unimpaired controls. The
increased interference in these patients suggests greater overall vulnerability to distractor
interference than normal. In addition, PWI was used to test individuals with sv-PPA.
Whereas Thompson et al. predicted that patients with sv-PPA should show the same or
larger interference due to a degradation of semantic representations, our data seem to
suggest the interference found in the present study is smaller for sv-PPA compared to lvand nfv-PPA.
In addition, we observed that in all PPA variants, lower ventral tract integrity (ILF, UF
and IFOF) was associated with a reduced interference effect. This suggests that contextual
noise is propagated less when tract integrity is low, and interference will thus be reduced.
While it seems paradoxical that decreased structural integrity may have a mitigating
effect on noise, a similar finding has been reported by Cope et al. (2017), who found that
patients with nfv-PPA perform better than expected on a listening task in a noisy
environment and linked this to increased top-down connectivity from frontal to temporal
regions during speech perception. In our sample, ventral tract integrity was lowest in
sv-PPA, as shown in Figure 5.6. Thus, interference is expected to be also smallest in these
patients, as our empirical data suggest. The effect of tract integrity on noise propagation
may explain why the prediction of Thompson et al. regarding interference in sv-PPA does
not seem to hold. To simplify matters in the WEAVER++ simulations, we confined ourselves
to an examination of the effect of duration and strength of picture and word input, which
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concerns visual information processing and its control. However, sv-PPA is known to
involve degradation of the anterior temporal lobe and, consequently, a general loss in
semantic knowledge (Mummery et al., 2000; Gorno-Tempini, 2011). Loss of semantic
connections may have further contributed to the reduced effect of the semantically
related noise words observed in sv-PPA.
Our tractography approach not only accounts for crossing-fibre populations, but
additionally enables a more comprehensive insight into white matter changes by assessing
both micro- and macrostructural changes, as illustrated by recent application in other
diseases (Raffelt et al., 2017; Vaughan et al., 2017; Mito et al., 2018). Based on micro- and
macrostructural properties of each tract, on the group level, our PPA patients showed
lower tract integrity only for the ILF compared to controls. Qualitative inspection of
integrity per subtype provided a more nuanced picture in which ventral tracts were
particularly affected in sv-PPA patients and to a lesser extent in lv-PPA and nfv-PPA
patients. This is partly in keeping with previous studies that reported ventral tracts to be
mainly affected in sv-PPA (Agosta et al., 2013; Galantucci et al., 2011).
Earlier studies of PPA revealed a spread of diffusion abnormalities beyond sites of
local atrophy over time (Agosta et al., 2013; Schwindt et al., 2013). In the current study,
patients were included upon diagnosis thereby minimizing the effect of disease
progression on spreading of white matter damage, which could explain the absence of
evident ventral tract impairments in the lv-PPA and nfv-PPA groups. Still, the heterogeneous
symptom duration of our lv-PPA group could explain the variability of ILF integrity in this
group (see Figure 5.6), as integrity loss of posterior segments of the ILF has been reported
in lv-PPA as disease progresses (Tu et al., 2016).
To unravel mechanisms of interference in word retrieval per PPA subtype, information
on the time course of the naming process is essential (Thompson et al., 2012). While
measures of RT used in this study provide an informative first step in this regard, other
time course methods would be necessary to complete the picture. For example, the
manipulation of stimulus onset asynchrony, that is, the temporal relation between
presentation of the distractor and the picture to be named, can provide additional
information about the time windows for specific aspects of speech production (see
Thompson et al., 2012). Also, monitoring brain activity with magnetoencephalography
(MEG) during PWI could provide information on both location and timing, as MEG yields
information on the location of neuronal sources with a temporal resolution in the order of
milliseconds (cf. Piai et al., 2014).
While recent studies highlight common neuroanatomical underpinnings related to
picture naming in PPA (Leyton et al., 2019; Bruffaerts et al. 2020), the underlying mechanism
causing the interference effect might not be the same for the different PPA subtypes
(Vandenberghe et al., 2005). The relatively small sample per PPA subtype in the present
study limits the statistical power. Therefore, we could not perform all analyses per subtype.
Moreover, the subtype-specific findings at the behavioural level warrant replication in a

98

HOW WORD FINDING DEPENDS ON VENTRAL TRACT INTEGRITY IN PRIMARY PROGRESSIVE APHASIA

larger scale. However, it should be noted that large study samples of PPA patients are
relatively rare given the low prevalence of PPA (Matías-Guiu & García-Ramos, 2013). Still,
future studies including larger samples per PPA subtype are required to assess subtype-specific deficits in word finding. This would also allow for the further investigation of
the different processes that are suggested to affect naming per subtype, such as
phonological encoding and motor preparation of speech in lv- and nfv-PPA (Mack et al.,
2013).
In conclusion, our results reveal how word finding depends on ventral tract integrity
in individuals with PPA and healthy controls. Although there was no group effect of noise
condition on accuracy, compared to rows of Xs, semantically related words increased RT
more in patients than controls. This difference in noise effect on RT between groups was
differentially related to tract integrity. Whereas the noise effect did not depend much on
tract integrity in controls, the effect was smaller when tract integrity was lower in PPA.
Computer simulations with WEAVER++ supported an explanation of this paradoxical
finding in terms of reduced propagation of noise when tract integrity is low. Our study
indicates the significance of the ventral pathway for naming and the importance of RT
measurement in PPA.
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The main objective of this thesis was twofold, namely answering a theoretical and a
clinical research question. From a theoretical perspective, this thesis aimed to gain insight
into the role of ventral and dorsal white matter pathways in speaking in health and neurodegenerative disease. From a clinical perspective, the studies in this thesis aimed to
improve the process of diagnosing primary progressive aphasia (PPA) by the development
of new (linguistic) diagnostic measures and the detection of additional clinical markers for
PPA and its variants. In this final chapter, the main findings are summarized and discussed,
and recommendations for future studies and clinical practice are given.

Main findings
Pathways of speech
The most prominent contemporary model of the neurobiology of language is a dualstream model for auditory language processing (Hickok & Poeppel, 2007), analogous to
that of the visual system (Ungerleider & Haxby, 1994). Whereas tractography studies in healthy
individuals have provided evidence that the ventral pathway underlies comprehension and
dorsal pathway underlies repetition (Rogalsky & Hickok, 2011; Saur et al., 2008; see also Van
Den Bunt et al. (2018) for an example in dyslexia), to date, no agreement exists on whether
the dorsal or ventral white matter pathway primarily underlies speech production.
Some studies in stroke patients suggest the dorsal pathway to be crucial for speech
production. For example, Marchina et al. (2011) related the lesion load of dorsal and ventral
tracts to several functional measures of spontaneous speech (e.g., rate, informativeness,
and overall efficiency) as well as naming ability. They found that the arcuate fasciculus (AF;
dorsal pathway) lesion load best predicted speech fluency and naming accuracy, and that
lesion loads of the extreme capsule tracts (EmC) and uncinated fasciculus (UF) (ventral
pathway) did not significantly correlate with measures of speech fluency and naming
outcomes. Moreover, Wang et al. (2013) also reported the AF lesion load to be the most
important predictor of speech fluency measures and naming accuracy, while the lesion
loads of the ventral stream provided only modest predictions.
In contrast to Marchina et al. (2011), Wilson et al. (2011) have found the EmC and the
UF, but not the AF, to predict naming accuracy in a group of 27 patients with PPA,
suggesting the ventral pathway to be most important in speech production. However,
when corrected for PPA variant and severity (as assessed by the MMSE), the integrity of the
ventral tracts was no longer predictive of naming performance, suggesting that the
observed correlation was due to other characteristics of the patients than tract integrity.
To resolve this ongoing debate, Chapters 2 and 5 examined the contribution of the dorsal
and ventral white matter tracts to speech production.
The investigation of the functional role of the dorsal pathway in speech production
is described in Chapter 2, in which the functional contribution of two AF subtracts to
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speech production was assessed by combining diffusion weighted MRI and probabilistic
tractography with fMRI in 50 cognitively unimpaired participants. The left superior
temporal and inferior frontal regions activated during pseudoword repetition were found
to be linked via the STG subtract of the AF, and additionally, microstructural properties of
this subtract were related to functional measures of the pseudoword repetition task,
namely repetition reaction time (RT). In contrast, left middle temporal and inferior frontal
regions activated during conceptually driven verb generation were linked via the MTG
subtract of the AF, and microstructural properties of this subtract were found to be related
to functional measures of the verb generation task (i.e., verb generation RT). These findings
support the functional account of the STG and MTG subtracts of the AF by Glasser and
Rilling (2008) and Roelofs (2014), who proposed that these subtracts mediate sublexical
phonological and lexical-semantic mappings, respectively.
In Chapter 5, I investigated the contribution of several white matter tracts of the
ventral pathway by employing a picture-word interference (PWI) task and relating RT and
accuracy measures to ventral tract integrity in both cognitively unimpaired controls and
patients with PPA. The more challenging semantically related naming condition caused
relatively more interference in RT, but not in accuracy, in the PPA group compared to
controls, which was reflected in differential relations to tract integrity of the ventral white
matter tracts (ILF, UF, IFOF). Whereas the interference effect in RT did not depend much
on tract integrity in controls, the effect was smaller when tract integrity was lower in the
individuals with PPA. This paradoxical finding was explained in terms of reduced propagation
of noise when tract integrity is low. These results point to a complex relationship between
word retrieval, interference, and tract integrity.
The findings of Chapter 2 clearly support the dorsal production view, as they show
the AF to comprise two functionally distinct subtracts, in which the MTG subtract underlies
lexical-semantic mapping in speech production. On the other hand, findings in Chapter 5
fit both the ventral and dorsal production view, as they suggest an involvement of ventral
tracts in picture naming (ventral view), yet this involvement may also be ascribed to the
visual information processing and top-down control mechanisms that are involved in
picture naming (dorsal view). Computer simulations demonstrated that the paradoxical
relationship between interference and tract integrity in PPA can be explained by the
dorsal view on production (as implemented in the WEAVER++ model). Whether the
ventral view on production can also explain the paradoxical finding remains to be
demonstrated (e.g., by simulations with the Lichtheim 2 model).
The studies in this thesis clearly point towards an important role for white matter
tracts in speech production, likely via complex interactions within a larger network
comprising both grey and white matter structures. Whereas dichotomization (ventral
versus dorsal, grey versus white matter) may be helpful in thinking about the brain and its
functions, it is unlikely that it does justice to complex functions such as language. In recent
decades, it has become clear that the brain is an extraordinarily plastic, nonlinear,
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network-based system, in which different regions are involved in several diverse functions,
and a given behavioral outcome may be achieved in multiple ways (Edelman & Gally, 2001;
Green, Crinion, & Price, 2006). Under normal circumstances, one route for performing a
certain function may predominate, whereas if that route is damaged, function may
change or may be possible via another route, albeit in a modified form. It is thus likely that
in naturally occurring speech, both ventral and dorsal networks interact closely to reach
high competence in verbal communication. Future studies are needed to unravel this
complex network and the interplay of its components in more detail. For this, a focus on
integration instead of substantiating existing views that highlight the functional
segregation of dorsal versus ventral tracts or grey versus white matter will be necessary.

Diagnosing PPA
PPA is a neurodegenerative syndrome that is characterized by progressive loss of language
abilities due to degeneration of the brain’s language network. In accordance with the
current criteria, a patient is first diagnosed with PPA, and subsequently the relative
presence or absence of speech and language deficits should be considered to classify the
specific PPA variant (Gorno-Tempini et al., 2011).
Despite the well-described diagnostic consensus criteria for PPA and its variants, the
distinction between the different PPA subtypes remains complex and challenging for
clinicians. This holds for lv-PPA and nfv-PPA in particular, because both subtypes overlap
with respect to several linguistic deficits (Croot et al., 2012). This highlights the need to
develop new language tests customized for the differentiation of PPA variants and to
establish other clinical markers that can reliably distinguish between subtypes.
A language screen to differentiate between PPA variants and/or between dementia
types would be very valuable, as such a screen for use in memory clinics is currently lacking
in the Netherlands. The only available brief language battery for differentiation of the three
PPA subtypes is the Sydney Language Battery (SYDBAT), which measures naming,
single-word comprehension, semantic association, and repetition abilities in English.
In Chapter 3, I adapted this battery for the Dutch language, referred to as the
SYDBAT-NL, and described the validation and diagnostic value of the SYDBAT-NL for both
PPA as well as Mild Cognitive Impairment (MCI) and Alzheimer’s dementia (AD) patients.
Based on the distinct patterns of impairments on the SYDBAT-NL subtests across PPA
variants, a predictive diagnostic algorithm was created that was able to correctly predict
PPA subtype with 76% accuracy. In addition, for assisting in clinical interpretation, simple
rules were set up and translated into a diagnostic decision tree, which was capable of
diagnosing a large proportion of the cases with high specificity and sensitivity. While the
SYDBAT-NL is a promising instrument for assessing single-word language processes that
can be easily implemented for initial screening of patients in a memory clinic, still several
patients were misdiagnosed, indicating the need for additional means to differentiate
among patients.
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To this end, in Chapter 4, the role of episodic and working memory in PPA was
examined by performing a quantitative meta-analytic review on case-control studies in
PPA and healthy controls, as recent studies have suggested that deficits in cognitive
domains other than language may be promising as clinical markers that can reliably
distinguish between subtypes (Kielb et al., 2016; Ramanan et al., 2016). The results revealed
that PPA patients performed worse than controls on episodic and working memory tasks,
and different patterns of memory performance were observed for the PPA variants. To
illustrate, episodic memory deficits, but not working memory deficits, were more
pronounced in lv-PPA than nfv-PPA. This suggests that episodic memory tests may be
potentially helpful to distinguish between these PPA variants. While the current diagnostic
criteria state that memory is relatively spared in PPA, and even define memory deficits as
an exclusion criterion for the PPA diagnosis, these meta-analytic results emphasize that
PPA patients can have significant memory deficits, stressing the need to update the
currently available diagnostic criteria.
Bridging the gap between science and clinical practice by investigating the clinical
potential of experimental paradigms may be another fruitful approach to aid in the
differential diagnostic puzzle of PPA and its variants. In the current neuropsychological
work-up, it is common practice to use standard off-line accuracy measures of, for example,
naming. Findings in Chapter 5 evince the value and feasibility of administering
experimental paradigms, like a picture-word interference (PWI) task, in patients with PPA.
Most patients were able to perform the PWI task and RT measures appeared to be a
valuable addition to the often-used accuracy measures. Whereas PPA patients indeed
made more errors in the related compared to the neutral condition and were overall less
accurate than controls, PWI accuracy measures did not show a difference in interference
between the groups. This difference in interference was only evident when RTs were
compared. Thus, correct responses have the potential to provide important information
about the underlying impairment, which might be missed if only measures of accuracy
are used.

Methodological considerations and future directions
The challenge of mapping the human connectome
In recent years, diffusion-weighted magnetic resonance imaging has attracted considerable
attention due to its unique potential to delineate the white matter pathways of the brain.
Despite the major progress that has been made in understanding fiber pathways in the
brain, tractography is known to suffer from several shortcomings that should not be
ignored (Tournier, Calamante, & Connelly, 2012; Assaf & Pasternak, 2008). To illustrate, fibre
tracking has typically been based on the diffusion tensor model, which estimates a single
fibre orientation per voxel and is therefore not fully reliable in voxels that contain multiple
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fibre orientations (Tuch et al., 2002). As crossing fibres can be observed in the majority of
brain white matter voxels (~90%), the reliability of voxel-based diffusion tensor imaging
measures has been questioned (Tournier et al., 2012).
In the studies presented in this thesis, therefore, models have been used that tackle
this issue and that can resolve crossing fibres, including probabilistic fibre tracking
(Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Chapter 2) and constrained spherical
deconvolution (Tournier, Calamante, Gadian, & Connelly, 2004; Chapter 5). Still, Maier-Hein
et al. (2017) recently showed most tractography algorithms, including state-of-the-art
high angular resolution diffusion imaging (HARDI), to produce substantial amounts of
false-positive bundles. Technological and methodological innovation in tractography is
needed to address these limitations and to advance our knowledge of human white
matter tracts. Despite these limitations, DWI is currently the only tool to investigate
white-matter anatomy in vivo, and it is essential for comparing brains and guiding clinical
applications such as neurosurgery.

Expanding the research to less established tracts
Regarding the scope of the involved fibre pathways, in the studies in this thesis I chose to
focus on several of the dorsal and ventral tracts, namely the AF, ILF, IFOF and UF, leaving
the functional role of other, less established but possibly relevant, white matter tracts
unassessed. Specifically, the middle longitudinal fasciculus (MdLF), a ventral white matter
tract that has been reported to course through the EmC, was found to be involved in
sentence comprehension (Saur et al., 2008), and recently its role in word comprehension
and naming was suggested (Luo et al., 2020). Whereas interest in the MdLF has increased
significantly over the past years, the MdLF does not appear in classic neuroanatomy
textbooks and the relative lack of research on this particular tract in human has made it
difficult to establish consensus on its existence and anatomical trajectory.
Another tract that might serve a role in speech production is the superior longitudinal
fasciculus (SLF), a dorsal tract that is generally separated into four subcomponents based
on data from non-human primates — the SLF I, SLF II, SLF III and the AF (Schmahmann et
al., 2007). The fronto-inferior parietal–posterior temporal segment (SLF III), and AF
components have received the most attention for language (Dick & Tremblay, 2012).
However, due to the presence of multiple classification systems, the classification of the
SLF has become confusing. More importantly, the SLF plays a less prominent role than the
AF in the discussions around language function (Dick & Tremblay, 2012). Still, in future
studies of speech production all ventral and dorsal tracts, including MdLF and SLF, will
need to be investigated to establish a complete neurobiological model of the speech
production network.
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The challenge of investigating a rare syndrome
Some of the analyses in the studies of this thesis were limited by power-related issues for
subtype-specific analyses due to the relatively small number of patients per PPA subtype.
This is a known problem from previous studies in PPA, where large study samples are
relatively rare due to the low prevalence of PPA (Matías-Guiu & García-Ramos, 2013).
To accommodate this and increase power, a meta-analytic approach was used in Chapter 4
to study memory deficits in PPA. At the same time, efforts should be made to setup
well-organized national and international collaborative networks, as they are necessary to
acquire large samples and perform reliable analyses. This could be achieved by integrating
research with clinical care to improve the quality, productivity, and effectiveness of both
research and clinical care in PPA. In my opinion, the translation of research and experimental
paradigms into real-world practice will help to improve diagnostic decision making and
develop targeted treatment strategies. Moreover, the involvement of researchers in
clinical practice will allow researchers to connect directly with individuals whose lives they
hope to improve. In turn, this will inspire the development and validation of novel
diagnostic measures, treatments or other patient services such as information and support
meetings for patients and carers.
In the Netherlands, such a large scale collaborative PPA network between hospitals
and research institutes that applies a multidisciplinary and standardized assessment
approach is currently lacking. In my PhD project, I began with setting up collaborations
between the Donders Institute and several regional Dutch hospitals, as well as the
Erasmus MC in Rotterdam, the national center of excellence for Frontotemporal dementia
(FTD) and PPA. While these collaborations are very valuable, the establishment of a
national PPA network that defines overarching objectives and organizes the management
of projects in a more efficient and productive way would, in my opinion, benefit both
clinical practice and research.

Bridging the gap between neuropsychology and linguistics
In a standard neuropsychological assessment in the memory clinic, language is often
examined by no more than a naming task. Work in this thesis emphasizes that this does
not do justice to the wide range of language impairments with which neurodegenerative
syndromes can present. Moreover, whenever more than only naming is assessed, different
language measures are often combined, which may lead to invalid interpretation due to
differences in normative groups and task properties (e.g., word frequency, number of
syllables) across tests (Savage et al., 2013). The use of a short screen that incorporates
multiple aspects of language proficiency and adjusts for the confounds of linguistic
differences and varying norms, like the SYDBAT-NL, could help to give direction to the
diagnostic process and indicate the aspects of language that deserve a more in-depth
investigation.
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In addition to screening for more than just naming impairments, the studies in this
thesis suggest that the diagnostic assessment of PPA would greatly benefit from the
improvement and development of even more sensitive (linguistic) measures that are
targeted and normed specifically for the PPA group. In Chapter 5, accuracy and RT
measures of the PWI task were found to possibly be suited for such a purpose.
Another illustration of a sensitive and specific measure is the SynTest (Janssen, Piai,
Beckmann, Roelofs, & Kessels, 2018), a sentence-comprehension test that was specifically
developed to disentangle nfv-PPA from lv-PPA, as it is challenging for clinicians to
differentiate between these subtypes (Croot et al., 2012). Based on the current diagnostic
guidelines (Gorno-Tempini et al., 2011), both subtypes may present with sentence
comprehension deficits, yet due to different underlying mechanisms. In lv-PPA, the
breakdown of the storage and rehearsal processes of the phonological system affects
comprehension of long sentences, whereas patients with nfv-PPA show comprehension
deficits for grammatically complex sentences only. Unfortunately, sentence length and
grammatical complexity highly correlate in the sentence comprehension (sub)tests of
most language batteries. The SynTest was, therefore, developed to measure sentence
comprehension while taking into account grammatical complexity and sentence length
in a separate way. Even though norms are still being obtained and analysed, the first
results look promising for this theory-based clinical test.
Creating more sensitive diagnostic tests could also be achieved by expanding
existing tests with qualitative assessment measures. For instance, qualitative differences in
verbal fluency (clustering of words, switching between strategies) were found to be an
informative addition to distinguish between patients with subtypes of FTD and PPA, as
PPA variants showed smaller semantic and phonological clusters compared to behavioral
variant FTD, and patients with sv-PPA produced more switches than patients with nfv-PPA
and lv-PPA (Van den Berg, Jiskoot, Grosveld, Van Swieten, & Papma, 2017).
These are just a few examples to highlight that there is still a lot to gain in the
development of measures that are sensitive enough to distinguish PPA variants. The work
in this thesis presents the SYDBAT-NL and the picture-word interference tasks as sensitive
measures that could improve the diagnostic process and it is now important that these
measures find their way into the daily practice of memory clinics. The clinical experience
that is gained by administering these tests can, subsequently, provide the necessary
feedback to further develop these and other measures for diagnosing PPA.

Language assessment in the broader context of neurodegenerative disease
Comparative studies investigating the predictive value of language performance in the
diagnostic process of PPA versus other PPA dementias, like AD and MCI, are scarce and
inconclusive. Some studies have suggested language test performance to be equivalent
(Cosentino, Chute, Libon, Moore, & Grossman, 2006) or lower (Perry & Hodges, 2000) in
PPA than in AD, yet most of these studies have only looked at sv-PPA. In the same way, the
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predictive diagnostic algorithm based on the SYDBAT-NL subtest scores in Chapter 3
could not quantitatively distinguish between PPA, MCI, and AD. A qualitative SYDBAT-NL
profile comparison indeed showed great overlap between MCI and lv-PPA and between
AD and sv-PPA on most subtest, while subtle differences in, for example, repetition were
also observed. The presence of deficits on multiple subtests shows language impairments
in AD and MCI to be broader than naming impairments only, and suggests that the clinical
assessment of language in neurodegenerative syndromes other than PPA is indeed to
limited in current practice. A more elaborate linguistic assessment and the development
of neuropsychological language measures specifically designed to disentangle PPA from
non-PPA dementias is, therefore, an important issue for future research.

Sometimes you have to think outside the diagnostic box
In diagnosing and including patients with PPA for the studies in this thesis, applying the
current diagnostic criteria was problematic in some cases. In practice, the core criteria
cannot distinguish between subtypes and some PPA patients do not meet the criteria for
any of the three variants. This is an issue that is known to the field and is topic of debate.
For example, in a prospective study that rigorously applied the diagnostic criteria in
46 patients with PPA, 41% of the patients could not be classified, either because they did
not meet the necessary criteria for any of the variants or because they met the requirements
for more than one (Sajjadi, Patterson, Arnold, Watson, & Nestor, 2012). These substantial
numbers of unclassifiable patients are the rule rather than the exception as others have
reported similar issues (Mesulam, Wieneke, Thompson, Rogalski, & Weintraub, 2012;
Wicklund et al., 2014, Vandenberghe, 2016). Based on these findings, some authors have
proposed a fourth subtype (“mixed PPA”) for patients who cannot otherwise be classified,
usually because they present with both semantic and grammatical impairments (Mesulam
et al., 2012, Sajjadi et al., 2012). Others suggest the subdivision of subtypes, such as splitting
nfv-PPA into agrammatic-only, speech apraxia-only, or the combination of both (Josephs
et al., 2013).
In the context of these findings, it is important to recognize both in clinical practice
and in research that the three variants do not cover the full spectrum of PPA phenotypes.
Future research should be undertaken to examine whether the suggested strategies like
the addition of a subtype or the subdivision of subtypes can help to solve this issue. In my
opinion, these “unclassifiable” PPA patients do not per se necessitate the revision of the
current diagnostic guidelines, as long as these cases are not “pushed” into one of the
variants for clinical or research purposes. It is, however, important to investigate whether
within these unclassifiable cases some patterns can be distinguished that deserve the
status of an additional subtype, based on either clinical-phenotypical characteristics or
neurobiological biomarkers from cerebrospinal fluid or PET scanning.
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Conclusion
The studies presented in this thesis aimed to gain insight into the role of ventral and dorsal
white matter pathways in speaking in health and neurodegenerative disease, and, equally
important, to improve the diagnostic process of PPA by the development of new
(linguistic) diagnostic measures and the detection of additional clinical markers for PPA
and its variants. While the aims of this thesis were thus twofold, findings can be brought
together in one title: “Staying connected as we speak”. On the one hand, the work in this
thesis underlines that both our ventral and dorsal white matter connections are essential
for us to speak via complex interactions within a larger network comprising both grey and
white matter structures. On the other hand, working with PPA patients shows us that
speaking is important to stay connected and reminds us how devastating losing your
ability to speak can be for patients and their families. The more the reason to keep
exploring the neurobiology of speech production and to look for ways to translate this
into improving clinical patient care in a way that will bring both fields forward.
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Appendix - Supplementary material for Chapter 5
Supplementary Table 5.1. Error classification
Error

Description

Example

Distractor

Response is the distractor word

Target: Chicken
Response: “Dog” (= distractor)

Hesitations

Response is preceded by a hesitation marker
and/or initial sounds of the response are
slurred/stuttered

Target: Dog
Response: “Euhm..Dog”,
Target: Apple
Response: “Ap..Apple”

Semantic
paraphasia

Response is semantically related to the target,
but is not the distractor.

Target: Strawberry
Response: “Kiwi”

Phonological
paraphasia

Response contains an unintended phonemic
insert, omission, substitution, transposition,
or repetition; response shares at least 50% of
phonemes with the target

Target: Kiwi
Response: “Si..ki..wi”

No response

Time limit was set to 4000ms for response
generation

Response: “I don’t know”
or no response

Other

Superordinate: Response reflects category
name of target Circumlocution: Multiword
response that describes target

Target: Kiwi
Response: “citrus”
(superordinate)
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especially for being so kind, patient and enthusiastic.

129

DANKWOORD
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zien en samen leuke dingen doen, dat is me heel waardevol!
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konden houden. Nu ‘volwassen’, in een andere stad, maar nog steeds heel vertrouwd
en met zoveel kostbare herinneringen. Wat ben ik blij dat je met de verdediging naast
me staat!
Jule, bruti, onze verschillen waardoor we vroeger altijd in elkaars haren zaten, waardeer ik
nu des te meer. Ik bewonder je openheid, optimisme en je vlotte babbel. Wat ben ik trots
op jou!
Lieve pap en mam, bedankt dat jullie er altijd voor me zijn. Jullie onvoorwaardelijke steun
en liefde betekent veel voor mij. Het is geweldig om jullie nu als opa en oma mee te
mogen maken, zoveel liefde, zo mooi om jullie te zien stralen. Ik weet en voel dat jullie
trots op me zijn.
Lieve Stijn, kleine, wat had ik zonder jou gemoeten. Aan jouw relativeringsvermogen en
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Tot slot, lieve Noa, onze mooie kleine meid. Wat ben ik blij dat je er bent. Jouw lach heeft
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Voor de meeste mensen gaat er geen dag voorbij zonder te praten. Jezelf uit kunnen
drukken met taal en spraak is voor velen dan ook iets vanzelfsprekends. Aan de basis van
dit ogenschijnlijk moeiteloze proces van taalproductie ligt echter een complex
hersennetwerk ten grondslag. In de afgelopen decennia zijn we steeds meer te weten
gekomen over de hierbij betrokken hersengebieden (de grijze stof bestaande uit de
zenuwcellen), maar tot op heden is er nog geen consensus over de functie van de
wittestofbanen, ofwel de zenuwverbindingen tussen verschillende taalgebieden in de
hersenen.
Voor mensen met primair-progressieve afasie (PPA) is het moeiteloos kunnen spreken
geen vanzelfsprekendheid meer. PPA is een zeldzame maar invaliderende vorm van
dementie waarbij een progressieve afname van taalfuncties op de voorgrond staat.
Op basis van de klinische symptomen en afwijkingen in de hersenen die zichtbaar
gemaakt kunnen worden middels beeldvorming kunnen drie PPA-varianten onderscheiden worden, elk met een eigen profiel van taalstoornissen. Deze varianten bestaan
uit de niet-vloeiende variant (nfv-PPA), de semantische variant (sv-PPA) en de logopenische
variant (lv-PPA). Bij nfv-PPA gaat het tempo van het spreken omlaag en kan de spraak
“haperend” klinken. Ook lukt het minder goed om grammaticaal correcte zinnen te
maken. Bij sv-PPA is de spraak wel vloeiend, maar wordt de taal steeds “leger” door
problemen met het vinden van woorden, het verlies van kennis van voorwerpen, en een
verminderd taalbegrip. Bij lv-PPA is het begrip van woorden en de kennis van voorwerpen
meestal nog goed, maar staan een vertraagde spraak met woordvindingsproblemen en
stoornissen in het nazeggen van lange woorden en zinnen op de voorgrond. Ondanks
deze kenmerkende profielen, is het tijdig en accuraat stellen van de diagnose PPA voor
clinici vaak een grote uitdaging, mede door het sluipende begin van de ziekte en de
heterogeniteit in ziektebeloop en presentatie.
In dit proefschrift combineer ik fundamenteel onderzoek naar de rol van wittestofbanen
bij het spreken, met toegepast onderzoek naar manieren om de diagnostiek van en zorg voor
mensen met PPA te verbeteren. Ik kijk naar zowel de dorsale als de ventrale wittestofbanen,
die de temporale en frontale hersenkwabben verbinden en daarbij respectievelijk boven
(dorsaal) en onder (ventraal) de Sylviaanse fissuur lopen.
Hoofdstuk 2 beschrijft het onderzoek naar rol van de fasciculus arcuatus (AF), een grote
dorsale verbindingsbaan tussen twee belangrijke taalcentra in de hersenen, bij taalproductie.
Hiervoor werd bij 50 gezonde volwassenen (leeftijd tussen de 19 en 75 jaar) een functionele
MRI-scan gemaakt, terwijl ze twee taaltaken uitvoerden: het nazeggen van niet-bestaande
woorden en het noemen van een passend werkwoord als reactie op een zelfstandig
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naamwoord. De activatiegebieden in de hersenen bij beide taken werden gecombineerd met
een diffusie MRI-scan voor het in beeld brengen van wittestofbanen, om de betrokkenheid
van de AF te onderzoeken. De resultaten lieten zien dat binnen de AF twee afzonderlijke
banen onderscheiden kunnen worden, ieder met een specifieke functie: een deelbaan
voor het nazeggen van gesproken woorden en een deelbaan voor conceptueel gedreven
taalproductie. Deze bevindingen sluiten daarmee aan bij eerdere onderzoeken naar
taalproductie die een belangrijke rol toeschrijven aan de AF (Glasser & Rilling, 2008;
Roelofs, 2014).
In hoofdstuk 3 werd de diagnostische waarde van een korte taaltest op woordniveau voor
het onderscheiden van de drie PPA varianten onderzocht. Deze test, de SYDBAT-NL, is bij
41 personen met PPA, 23 personen met lichte cognitieve stoornissen (MCI), 12 mensen
met alzheimerdementie (AD) en 51 cognitief gezonde volwassenen. Tussen de testprofielen
van PPA, AD en MCI werden zowel verschillen als overeenkomsten gevonden, waarbij de
taalproblemen van AD en MCI vooral van semantische aard leken te zijn. Met een
voorspellende analyse op basis van de SYDBAT-NL-subtesten kon binnen de PPA groep bij
76% van de patiënten de juiste variant gediagnosticeerd worden. Deze uitkomsten
werden vertaald naar een diagnostische beslisboom die in de klinische praktijk gebruikt
kan worden. De SYDBAT-NL is daarmee een veelbelovend screeningsinstrument, dat
makkelijk is in gebruik en van meerwaarde kan zijn in de differentiaaldiagnostiek van PPA.
Hoofdstuk 4 beschrijft de resultaten van een meta-analyse naar geheugenstoornissen
(werkgeheugen en episodisch geheugen) bij de verschillende PPA-varianten en de waarde
hiervan in het diagnostisch proces. Hierbij is het werkgeheugen het vermogen om
kortdurend informatie vast te houden en te bewerken. Het episodisch geheugen is het
permanente geheugen voor persoonlijke herinneringen. Door overlap in taalproblemen
is het onderscheid tussen de verschillende PPA-varianten, met name tussen lv-PPA en
nfv-PPA, erg lastig en stoornissen in andere cognitieve domeinen, zoals het geheugen,
kunnen mogelijk bijdragen aan het maken van dit onderscheid. Een belangrijke bevinding
was dat bij alle drie de PPA-varianten er ook sprake was van stoornissen in het werkgeheugen en het episodisch geheugen, echter met specifieke geheugenprofielen per
variant. Zo lieten personen met sv-PPA vooral stoornissen zien op verbale geheugentaken,
wat een talige oorzaak van de geheugenproblemen bij sv-PPA suggereert. Personen met
lv-PPA en nfv-PPA lieten zowel verbale als non-verbale geheugenstoornissen zien, waarbij
stoornissen in werkgeheugen en episodisch geheugen duidelijker aanwezig waren bij
lv-PPA ten opzichte van nfv-PPA. Deze bevindingen benadrukken de mogelijke meerwaarde
van geheugentaken naast het taalonderzoek bij het differentiëren tussen PPA-varianten.
Ook is aanpassing dan wel uitbreiding van de diagnostische criteria mogelijk nodig,
aangezien aanwezigheid van geheugenstoornissen daar nu als exclusiecriterium voor de
diagnose PPA genoemd staat.
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In hoofdstuk 5 werden de toegepaste en wetenschappelijke doelen van dit proefschrift
geïntegreerd door woordvindproblemen bij PPA te onderzoeken middels een plaatje-woord-interferentietaak (PWI) en de bevindingen hiervan te relateren aan de integriteit
van ventrale wittestofbanen. Tijdens de PWI-taak moesten mensen met PPA en cognitief
gezonde controles plaatjes benoemen (bijvoorbeeld een plaatje van een hond) onder
twee verschillende ruiscondities, namelijk met een semantisch gerelateerd woord
(bijvoorbeeld het woord muis; gerelateerde conditie) of een rij X’en (neutrale conditie) er
overheen geplaatst. Zoals verwacht waren de individuen met PPA langzamer bij het
benoemen en maakten zij ook meer fouten dan gezonde controles. Beide groepen lieten
een ruiseffect zien, waarbij reacties trager waren in de gerelateerde dan in de neutrale
conditie. Dit effect was bovendien sterker aanwezig in de PPA-groep in vergelijking met
de groep mensen zonder taalstoornis. Terwijl het ruiseffect bij gezonde controles niet
samenhing met de ventrale wittestofbanen, was verminderde integriteit van de ventrale
wittestofbanen in de PPA-groep gerelateerd aan een kleiner ruiseffect en dus relatief
snellere reactietijden in de moeilijkere, gerelateerde, benoemconditie. Deze op het eerste
oog tegenstrijdige bevinding, kan mogelijk verklaard worden doordat de aangetaste
ventrale wittestofbanen het ruizige woordsignaal minder goed doorgeven, waardoor er
minder interferentie is bij het benoemen van de plaatjes. Dit werd ook bevestigd door
computer simulaties op basis van het WEAVER ++ model. Deze resultaten benadrukken
het belang van de ventrale wittestofbanen bij het benoemen en tonen de waarde van het
gebruik van reactietijdmaten bij het onderzoeken van woordvindproblemen bij mensen
met PPA in de klinische praktijk.
In hoofdstuk 6 werden de belangrijkste bevindingen van de studies in dit proefschrift
besproken en werden methodologische overwegingen en mogelijke richtingen voor de
klinische praktijk en toekomstig onderzoek geschetst. Vanuit een fundamenteel-wetenschappelijk perspectief, blijken zowel dorsale als ventrale wittestofbanen van belang voor
taalproductie, als onderdeel van een complex netwerk van hersengebieden. Vanuit een
klinisch oogpunt is het afnemen van experimentele taken en op basis van theorie
ontwikkelde taaltesten haalbaar en van waarde gebleken in het diagnostisch proces van
PPA. Hopelijk vindt deze kennis zijn weg naar de klinische praktijk, en kan toekomstig
onderzoek naar de neurobiologie van taal en spraak handvatten bieden voor diagnostiek
en behandeling van PPA. Voor onderzoekers ligt hier de uitdaging om zich te verenigen,
overkoepelende doelen te stellen vanuit een (inter)nationaal onderzoeksnetwerk en zich
te laten inspireren door direct contact met de patiënten waar ze onderzoek naar doen.
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English summary
For most of us, there is not a day that passes without talking. The ability to speak comes so
naturally to us that people often take it for granted. However, this seemingly effortless
process of language production is based on a complex brain network. In recent decades
we have learned more and more about the brain areas involved (the gray matter consisting
of the nerve cells), but to date there is still no consensus on the function of the white
matter pathways, or the nerve connections between different language areas in the brain.
For people diagnosed with primary progressive aphasia (PPA), being able to speak
effortlessly is no longer self-evident. PPA is a rare but debilitating form of dementia in
which insidiously declining language abilities are the most salient clinical characteristic.
Based on the clinical symptoms and abnormalities in the brain that can be visualized by
imaging, three PPA variants can be distinguished, each with its own profile of language
deficits. These variants consist of the non-fluent variant (nfv-PPA), the semantic variant
(sv-PPA) and the logopenic variant (lv-PPA). In nfv-PPA speech rate slows down and
speech is effortful and nonfluent. The ability to produce grammatically correct sentences
is affected as well. In sv-PPA, speech is fluent, but the language becomes increasingly
“empty” due to word finding problems, loss of object knowledge, and reduced language
comprehension. Lv-PPA is characterized by a slow speech rate with word-finding problems
and deficits in the repetition of long words and sentences, while word comprehension
and object knowledge are in general relatively spared. Despite these apparent differences
in their clinical features, a timely and accurate diagnosis of the PPA subtype remains
challenging for clinicians, partly due to the insidious onset of the disease and the
heterogeneity in symptom presentation and disease course.
In this thesis I combine fundamental research into the role of white-matter tracts in
speaking, with applied research into ways to improve the diagnostic process and care of
people with PPA. I investigate both the dorsal and the ventral white matter pathways,
which connect the temporal and frontal lobes of the brain, running above (dorsal) and
below (ventral) the Sylvian fissure, respectively.
Chapter 2 describes an investigation of the role of the fasciculus arcuatus (AF), a large
dorsal connecting pathway between two important language centres in the brain,
in language production. To this end, a functional MRI scan was acquired in 50 healthy
adults (aged between 19 and 75 years) while they performed two language tasks:
repeating non-existing words and naming an appropriate verb in response to a noun.
The brain regions that were activated during these tasks were combined with a diffusion
MRI-scan to visualise the relevant white-matter tracts and to assess the involvement of
the AF. The results showed that the AF can be subdivided into two separate subtracts,
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each with a specific function: one subtract for the repetition of spoken words and one
subtract for conceptually driven speech production. These findings support previous
studies on speech production that attribute an important role to the AF (Glasser & Rilling,
2008; Roelofs, 2014).
In chapter 3, the diagnostic value of a short language test at single word level for
distinguishing the three PPA variants was investigated. This test, the SYDBAT-NL, was
administered to 41 individuals with PPA, 23 individuals with Mild Cognitive Impairment
(MCI), 12 individuals with Alzheimer’s dementia (AD), and 51 cognitively unimpaired
controls. Both similarities and differences were found between the SYDBAT-NL profiles of
PPA, MCI and AD groups, with the language deficits in AD and MCI appearing to be
primarily semantic in nature. Using a predictive analysis based on the SYDBAT-NL subtests,
the correct variant could be diagnosed in 76% of the patients within the PPA group. These
results were translated into a diagnostic decision tree that can be used in clinical practice.
The SYDBAT-NL is thus an easy-to-use and promising screen for assessing single-word
language processes, which may contribute to the differential diagnostic process of PPA.
Chapter 4 describes the results of a meta-analysis on memory deficits (working memory
and episodic memory) in the different PPA variants and their value in the diagnostic
process. Working memory is the ability to hold and manipulate information for a short
period of time. Episodic memory is the permanent memory for personal events and their
context. Due to overlap in language deficits, the distinction between the different PPA
variants, in particular between lv-PPA and nfv-PPA, is challenging and deficits in other
cognitive domains, such as memory, may contribute to making this distinction. An
important finding was that in all three PPA variants impairments in working memory and
episodic memory were found, however, with specific memory profiles per variant. For
example, individuals with sv-PPA mainly showed impairments on verbal memory tasks,
suggesting a linguistic cause of the memory problems in sv-PPA. Individuals with lv-PPA
and nfv-PPA showed both verbal and nonverbal memory deficits, with more pronounced
episodic and working memory deficits in lv-PPA when compared to nfv-PPA. These
findings highlight the potential benefit of using memory tests in addition to language
assessment to better differentiate between PPA variants. Adjustment or extension of
the diagnostic criteria may also be necessary, since the presence of memory deficits is
now listed as an exclusion criterion for the diagnosis of PPA.
In chapter 5, the applied and scientific goals of this thesis were integrated by investigating
word-finding problems in PPA using a picture-to-word interference task (PWI) and relating
the findings to the integrity of ventral white matter pathways. In the PWI task, individuals
with PPA and cognitively unimpaired controls had to name pictures (e.g., a picture of a
dog) in two different noise conditions, namely with semantically related words (e.g., the
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word mouse; related condition) or neutral rows of Xs (neutral condition) superimposed.
As hypothesized, individuals with PPA were overall slower and less accurate in picture
naming than controls. Both groups showed a noise effect, with slower responses in the
related than in the neutral condition. Moreover, this effect was more pronounced in the
PPA group compared to the cognitively unimpaired control group. Whereas the noise
effect did not depend much on ventral white-matter tract integrity in controls, a lower
tract integrity was related to a smaller noise effect and, thus, relatively shorter reaction
times in the more difficult, related, naming condition in individuals with PPA. This
seemingly paradoxical finding could be explained by the fact that the affected ventral
white-matter pathways are less likely to propagate the noisy word signal, resulting in less
interference in picture naming. This was also confirmed by computer simulations based
on the WEAVER ++ model. These results highlight the importance of the ventral white
matter pathways in naming and demonstrate the value of using response time measures
to investigate word-finding problems in individuals with PPA in clinical practice.
In chapter 6, the main findings of the studies in this thesis were discussed, and
methodological considerations and possible directions for clinical practice and future
research were outlined. From a fundamental scientific perspective, both dorsal and ventral
white matter pathways appear to be important for language production, as part of a
complex network of brain regions. From a clinical point of view, conducting experimental
tasks and theory-based language tests has proven to be feasible and valuable in the
diagnostic process of PPA. Hopefully, this knowledge will find its way into clinical practice,
and future research on the neurobiology of speech and language will provide tools for the
diagnosis and treatment of PPA. The challenge for researchers is to unite, define overarching
goals from an (inter)national research network and be inspired by directly connecting
with the patients they investigate and whose lives they hope to improve.
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