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A B S T R A C T   

Though it may seem simple, object naming is a complex multistage process that can be impaired by lesions at 
various sites of the language network. Individuals with neurodegenerative disorders of language, known as 
primary progressive aphasias (PPA), have difficulty with naming objects, and instead frequently say “I don’t 
know” or fail to give a vocal response at all, known as an omission. Whereas other types of naming errors 
(paraphasias) give clues as to which aspects of the language network have been compromised, the mechanisms 
underlying omissions remain largely unknown. In this study, we used a novel eye tracking approach to probe the 
cognitive mechanisms of omissions in the logopenic and semantic variants of PPA (PPA-L and PPA-S). For each 
participant, we identified pictures of common objects (e.g., animals, tools) that they could name aloud correctly, 
as well as pictures that elicited an omission. In a separate word-to-picture matching task, those pictures appeared 
as targets embedded among an array with 15 foils. Participants were given a verbal cue and tasked with pointing 
to the target, while eye movements were monitored. On trials with correctly-named targets, controls and both 
PPA groups ceased visual search soon after foveating the target. On omission trials, however, the PPA-S group 
failed to stop searching, and went on to view many foils “post-target”. As further indication of impaired word 
knowledge, gaze of the PPA-S group was subject to excessive “taxonomic capture”, such that they spent less time 
viewing the target and more time viewing related foils on omission trials. In contrast, viewing behavior of the 
PPA-L group was similar to controls on both correctly-named and omission trials. These results indicate that the 
mechanisms of omission in PPA differ by variant. In PPA-S, anterior temporal lobe degeneration causes taxo-
nomic blurring, such that words from the same category can no longer be reliably distinguished. In PPA-L, word 
knowledge remains relatively intact, and omissions instead appear to be caused by downstream factors (e.g., 
lexical access, phonological encoding). These findings demonstrate that when words fail, eye movements can be 
particularly informative.   

1. Introduction 

Humans can rapidly name common objects with subjective ease, but 
the overt act of naming is actually the product of multiple cognitive 
mechanisms that unfold in concert, including object recognition, word 

knowledge, lexical access, phonological encoding, and articulation (Dell 
et al., 1997; Levelt, 1989). This diverse set of processes provides ample 
opportunity for naming to go awry, and it frequently does. Naming er-
rors are common across the lifespan, but take on a whole new scale in 
degenerative disorders of language, known as primary progressive 
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aphasias (PPA). Inability to name objects, a. k.a. anomia, is arguably the 
most prevalent symptom in PPA (Mesulam et al., 2009). Although 
anomia is common in PPA and other types of aphasia, it can manifest 
quite differently between individuals, depending on what sort of speech 
error is produced. In aphasiology these speech errors are known as 
paraphasias, and much effort is given to studying their composition and 
underlying mechanisms (Budd et al., 2010; Kohn and Goodglass, 1985). 

PPA provides an ideal experiment of nature for the study of anomia, 
as there are three commonly recognized phenotypic variants (Gorno--
Tempini et al., 2011), each producing differing patterns of paraphasias. 
Atrophy in the agrammatic variant (PPA-G) is most concentrated in the 
left frontal lobe including Broca’s area (Rogalski et al., 2011). Anomia 
can be mild especially in the early stages of PPA-G; their signature 
impairment lies with sentence as opposed to single-word production 
(Mesulam et al., 2014; Mesulam et al., 2012). They generate “phonemic 
paraphasias” more frequently than the other variants, producing a noun 
that is recognizably close to the object’s name but with phoneme dis-
tortions (Migliaccio et al., 2016; M. J. Nelson et al., 2020). We have 
explored the mechanisms of phonemic paraphasias elsewhere (M. J. 
Nelson et al., 2020), and our focus in the current study will be on speech 
errors in the remaining semantic (PPA-S) and logopenic variants 
(PPA-L). 

PPA-S is diagnosed based on word knowledge impairments, such that 
individuals are not only anomic but also unable to match objects with 
their corresponding nouns, or to provide a definition for those nouns (a. 
k.a. a “two-way” naming impairment [Mesulam, 2001; Mesulam et al., 
2014], or a deficit in single-word comprehension). These verbal deficits 
are linked to atrophy in the left anterior temporal lobe, an area now 
thought to fulfill much of the functionality originally ascribed to Wer-
nicke’s area (Mesulam et al., 2015). Degradation of word knowledge 
commonly manifests as “taxonomic blurring”; individuals with PPA-S 
are increasingly unable to distinguish between nouns from the same 
taxonomic category (e.g., “cat” and “dog”) in a variety of experimental 
paradigms (R. S. Hurley et al., 2012; Mesulam et al., 2013; Seckin et al., 
2016b). In the context of naming, taxonomic blurring can be observed 
by a preponderance of “semantic paraphasias”, often producing another 
noun from the same category rather than the target noun (Jefferies and 
Lambon Ralph, 2006; Migliaccio et al., 2016; Snowden et al., 2018; van 
Scherpenberg et al., 2019). 

PPA-L is diagnosed based on anomia along with impaired repetition 
of sentences (Gorno-Tempini et al., 2011). Naming deficits in PPA-L are 
“one-way” rather than two-way, as individuals can still match and 
define nouns that they cannot produce aloud, suggesting that word 
knowledge remains relatively intact (Gorno-Tempini et al., 2008; 
Mesulam et al., 2014). This suggests an anomia whose cognitive 
mechanisms are downstream from word knowledge, in stages such as 
lexical access or phonological encoding (Gorno-Tempini et al., 2008; 
Mack et al., 2013; Vonk et al., 2019), but more work is needed to 
evaluate these possibilities. Individuals with PPA-L may generate fewer 
semantic and phonological paraphasias compared to their PPA-S and 
PPA-L counterparts, respectively (Migliaccio et al., 2016). They often 
simply say “I don’t know” or give no response at all, known as an 
omission (Budd et al., 2010). 

The goal of the current study is to investigate the cognitive mecha-
nisms of omissions in PPA-S and PPA-L. As with overt errors of “com-
mission”, there are both theoretical and clinical reasons for exploring 
the mechanisms of omissions in PPA. Compared to semantic and pho-
nemic paraphasias, which readily yield themselves to interpretation, 
omissions are enigmatic. As noted by Dell et al. (2004), omissions “… 
have rarely been studied, and for good reason: without an overt attempt 
to produce the target, it is difficult to come to any conclusions about the 
mental processes that are occurring”. Often treated as a missing data 
point rather than a paraphasia of interest, omissions are rarely discussed 
if they are reported at all. As such omissions remain open to interpre-
tation, and are currently fertile ground for investigation, with the po-
tential to reveal new information about brain-language relationships. 

When reported, errors of omission are just as common as errors of 
commission, and are actually among the most frequent types of naming 
errors in PPA-S and PPA-L (Bruffaerts et al., 2020; Budd et al., 2010; 
Jefferies and Lambon Ralph, 2006; Migliaccio et al., 2016; Snowden 
et al., 2018; Woollams et al., 2008). As such, omissions make for a 
practical target in therapeutic “word retraining” interventions (Hoffman 
et al., 2015). For example, Savage et al. (2021) found that a group with 
PPA-S more than halved their rates of omissions after retraining. One 
could imagine, however, that these interventions would be even more 
effective if the underlying cognitive and anatomic mechanisms of 
omissions were better understood. That could facilitate, for example, 
treatments to be tailored to the individual, addressing the most likely 
mechanism associated with their phenotype (Chen et al., 2019). 

Given the inherent difficulties in studying omissions, creative ap-
proaches are needed to uncover their mechanisms. One approach in-
volves examination of the relationships between omissions and their 
more readily interpretable counterparts (commissions). For example, 
omissions and semantic paraphasias both appear to be influenced by 
taxonomy, suggestive of a common lexicosemantic mechanism. Omis-
sions are more frequent in response to items that are from sparse taxo-
nomic categories with few items, while semantic paraphasias are more 
frequent for items from large categories (Bormann et al., 2008). Like-
wise, omissions are more likely in response to items that are less typical 
of their category, while semantic paraphasias are more likely for highly 
typical items (Woollams et al., 2008). Furthermore, as anomia and word 
knowledge impairments become more severe in PPA-S, semantic para-
phasias become less frequent and omissions become more frequent 
(Jefferies and Lambon Ralph, 2006; Woollams et al., 2008). This may 
reflect the progressive nature of deterioration in PPA-S, such that word 
representations are subject to taxonomic blurring before being rendered 
more fully inoperable. 

In the current study we employed a novel approach, eye tracking, to 
further characterize omissions in PPA. Eye tracking enabled us to 
circumvent the lack of a vocal response during omissions, by instead 
focusing on ocular responses to the items that trigger omissions. We 
administered a paradigm validated in previous studies of PPA, in which 
a noun cue is followed by an array of 16 pictures including the target, 
category competitors, and unrelated items (M. J. Nelson et al., 2020; 
Seckin et al., 2016a; Seckin et al., 2016b). This “word-to-picture eye 
tracking task” yields several metrics that are sensitive to word knowl-
edge impairments. 

Whereas controls and “non-semantic” variants of PPA (PPA-G and 
PPA-L) almost always cease visual search immediately upon foveating 
the target, participants with PPA-S often continue their visual search, 
resulting in “post-target” fixations on additional items (Seckinet al., 
2016a; Seckin et al., 2016b). This provides clear indication of corruption 
in word recognition, as there is no reason to continue searching once the 
target has been viewed. A case study by our group demonstrates the 
relationship between post-target fixations and anomia in PPA 
(Seckinet al., 2016b). The participant showed more post-target fixations 
on trials where the target was misnamed (in a separate confrontation 
naming procedure), compared to trials where the target was named 
correctly. Post-target fixations were most numerous on two-way trials 
where the participant also failed to point to the target, but were also 
elevated on one-way trials in which he did. The latter demonstrates the 
superior sensitivity of eye tracking over traditional testing methods, in 
which correct pointing is taken as evidence of intact knowledge. Con-
fidence ratings after each trial were inversely correlated with post-target 
fixations, again demonstrating their relationship to word knowledge 
impairments. 

The word-to-picture eye tracking task is also sensitive to the signa-
ture symptom of word knowledge impairments in PPA-S: taxonomic 
blurring. In a group study, participants with PPA-S spent proportion-
ately less time viewing the target, and more time viewing category 
competitors, compared to controls (Seckinet al., 2016b). This “taxo-
nomic capture” of gaze was strongly anti-correlated with confidence 
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ratings, and was heightened even on trials where they correctly pointed 
to the target. In contrast, taxonomic capture in non-semantic variants 
(including PPA-L) was within the typical range shown by controls. 

Given the clear phenotypic and neuroanatomic differences between 
variants, we hypothesized that the mechanisms of omission would differ 
between PPA-S and PPA-L. More specifically, we hypothesized that 
omissions in PPA-S would be driven by loss of word knowledge, while 
omissions in PPA-L would involve downstream mechanisms in stages 
such as lexical access or phonological encoding. The key distinction 
between these theoretical mechanisms is whether knowledge of nouns 
remains relatively intact, or is degraded enough to hinder visual search 
for the corresponding object. 

For PPA-S, we predicted that post-target fixations would be elevated 
on trials where the target elicited an omission, compared to trials where 
the target was successfully named (in a separate confrontation naming 
procedure). We restricted analyses to trials in which the participant 
ultimately pointed to the correct item, so this finding would demonstrate 
significant corruption of word knowledge even for items that would be 
classified as “recognized” according to traditional pencil and paper 
testing. We also made the orthogonal prediction that taxonomic capture 
would be heightened on omission trials, which would further support 
the central role of taxonomic blurring in the symptomatology of PPA-S. 
Alternatively, it may be that blurring is replaced by phenomena such as 
omissions in the course of disease, as noun representations are pro-
gressively rendered inoperable (Jefferies and Lambon Ralph, 2006; 
Woollams et al., 2008). If so, omissions could be associated with 
elevated post-target fixations while taxonomic capture is actually 
lessened. 

We hypothesized that omissions in PPA-L would be based on 
mechanisms such as lexical access or phonological encoding, but our eye 
tracking task largely eliminates the demands on these downstream 
stages of confrontation naming. On each trial participants were provided 
with a noun cue (simultaneously written and spoken) several seconds 
before the onset of the picture array, so we expected lexical access and 
phonological encoding of the noun to be complete prior to visual search 
for the corresponding object. We therefore predicted that PPA-L par-
ticipants would show relatively normal behavior on the eye tracking 
paradigm, with post-target fixations and taxonomic capture comparable 
to levels shown by controls, and critically that this would be the case 
even on omission trials. Alternatively, there could be subtle word 
knowledge impairments in PPA-L that are undetected by traditional 
clinical assessments, but instead reveal themselves to sensitive tech-
nique such as eye tracking. 

2. Methods 

2.1. Participants 

The current sample includes 21 participants with PPA and 26 neu-
rotypical controls. All participants were right-handed native English 
speakers. The diagnosis of PPA was made using established guidelines, 
necessitating a progressive language impairment that remained the most 
salient clinical symptom for at least the first 2 years of the disease 
(Gorno-Tempini et al., 2011; Mesulam et al., 2009; Mesulam et al., 
2012). PPA participants were sorted into logopenic variant (PPA-L; n =
12) and semantic variant (PPA-S; n = 9) based on the guidelines 
described in Gorno-Tempini et al. (2011). The agrammatic variant of 
PPA (PPA-G) was excluded, as our a priori hypotheses were instead 
focused on the PPA-S and PPA-L variants. 

Control participants were matched to both PPA groups in age, years 
of education and gender. The study was approved by the Institutional 
Review Board at Northwestern University. The study was undertaken 
with the understanding and written consent of each participant. 

2.2. Standardized language testing 

The Aphasia Quotient (AQ) from the Western Aphasia Battery- 
Revised (WAB-R) was used as a global measure of aphasia severity 
(Kertesz, 2007). Object naming was assessed with the Boston Naming 
Test (BNT) (Kaplan et al., 2001). Single-word comprehension was 
measured via a 36-item subset of the Peabody Picture Vocabulary Test 
(PPVT) (Dunn and Dunn, 2007), previously validated by our group for 
use in PPA (Mesulam et al., 2009; Mesulam et al., 2012). To assess 
repetition, participants were asked to repeat the 6 most difficult phrases 
and sentences in the repetition subset of the WAB-R, and percentage of 
words successfully repeated was calculated (WAB-R Repetition). 

2.3. Shapes task 

We administered a novel “shapes task” designed to serve as a control 
condition for the word-to-picture eye tracking test (Fig. 1a), allowing us 
to assess for visuoperceptual, spatial, or working memory impairments 
that could contaminate performance in the main experiment. Rather 
than using words and complex objects, the stimuli in this task were all 
basic geometric shapes (e.g., triangle, octagon, cube). Each shape was a 
simple black and white line drawing taking up 3.4◦ visual angle, at an 
average viewing distance of 22 inches from a 20.5 × 11.5 inch 
touchscreen monitor. On each trial, a shape cue was shown in the center 
of the screen for 2.5 s, followed by a fixation cross for 0.5 s, followed by 
an array of 16 shapes distributed in an iso-acuity ellipse, mirroring 
conditions present in the main experiment (Fig. 1). Participants were 
tasked with finding the target shape in the array that matched the pre-
ceding cue (identity matching), which was embedded among 15 foils. 
Once found, participants reached out and touched the target to end the 
trial. The target appeared pseudo-randomly at each possible location 
across the 16 trials of the experiment. 

The shapes task was a later edition to our experimental battery, and 
results were obtained on 18/26 control participants (69%), 8/12 par-
ticipants with PPA-L (67%), and 6/9 participants with PPA-S (67%). 

2.4. Word-to-picture eye tracking task 

On each trial, participants were given a noun cue presented simul-
taneously as an auditory word and visually as lowercase text (Fig. 1b), 
facilitating comprehension in the event that a participant has a 
modality-specific sensory deficit (Mesulam et al., 2019). The text 
remained on the screen for 2.5 s, followed by a fixation cross for 0.5 s, 
after which a search array of 16 standardized grayscale drawings of 
objects appeared. Participants were instructed to touch the drawing 
corresponding to the preceding noun cue. After appearing, the search 
array remained on the screen until the participant made a touch 
response. Eye movements were monitored during array presentation, 
and the location and timing of touch responses were recorded. Partici-
pants were given no instructions about how they should move their eyes 
during the task, though they were made aware that their eye movements 
were being recorded. 

The task consisted of 48 trials, with a different target item on each 
trial. Equal numbers of target items were chosen from 4 taxonomic 
categories (animals, clothes, fruits & vegetables, and manipulable ob-
jects). Each array consisted of 1 target item, 7 related foils from the same 
taxonomic category, and 8 foils distributed among the remaining 3 
unrelated taxonomic categories. The locations of targets, related foils 
and unrelated foils were balanced across the sixteen array positions. 

The targets and foils on each trial were closely matched for psy-
cholinguistic characteristics and visual characteristics of the images we 
used, as described previously (Seckinet al., 2016a; Seckin et al., 2016b). 
The object probes were composed of shaded gray scale drawings (Ros-
sion and Pourtois, 2004) from the Snodgrass and Vanderwart (1980) 
image set, scaled to a visual angle of 3.4◦. Pictures in the array were 
equidistantly spaced along an iso-acuity ellipse with a horizontal axis 
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31.4◦ and a vertical axis of 24.2◦. This aspect ratio equates parafoveal 
acuity across positions when centrally-fixating (Iordanescu et al., 2011). 
Objects were thus located from 12.1 to 15.7◦ from the center of the 
screen, depending on their location along the ellipse. At this degree of 
eccentricity typical adults are generally able to detect whether or not an 
object is present (Thorpe et al., 2001), but are unable to discern 
fine-grained featural differences between objects (Nelson and Loftus, 
1980). Participants were therefore unlikely to complete the task solely 
with covert attention, necessitating overt eye movements. 

Eye movements were recorded with an Eyelink 1000 eye tracking 
system (SR Research, Mississauga, ON, Canada). For most participants 
the Eyelink 1000 Tower Mount was used. For a minority of participants 
(4 control participants, 1 PPA-L, and 2 PPA-S), the Desktop Mount was 
used. The effects described here did not differ between this group and 
the remaining participants, therefore we combined the groups for ana-
lyses. Eye positions were calibrated prior to the recording sessions using 
nine-point calibration procedures, with five-point calibration proced-
ures used for some participants. Participants rested against a chin and 
forehead rest to reduce head movements. Participants were seated with 
the center of their eyes approximately 22 inches from the screen. Before 
performing the main task, participants practiced the task for 1 to 3 trials 
without recording eye movements, using different items from different 
taxonomic categories than those used in the main task. Participants with 
glasses were asked if they could see the practice stimuli accurately and 
comfortably without glasses. Those that could perform the task without 
glasses did so in order to improve eye movement recording quality, 
while those that could not performed the task with their glasses. The 
Presentation experimental software package (Neurobehavioral Systems, 

Inc., Berkeley, CA, USA) was used to present the stimuli. 
Edf files containing eyetracking data were imported to MATLAB 

(Mathworks, Natick, MA, USA) using the Edf2Mat toolbox, and further 
processing and analyses were conducted in MATLAB. The fixation lo-
cations for each entire experiment were plotted in two-dimensional 
screen space and visually inspected post-hoc to ensure data quality. 
Fixations at the center of the screen (with an eccentricity less than 6◦ of 
visual angle) or visibly off of the screen were excluded from analyses. 

Eye movement analyses were restricted to trials with accurate 
pointing responses only. Two metrics were generated for analysis. Post- 
target viewing was tabulated as the number of foils the participant went 
on to view after foveating the target item. Given the presence of 15 foils 
in the array, this metric could thus range from 0 to 15, with higher 
numbers indicating a more exhaustive visual search after failing to stop 
on the target. The second metric, taxonomic capture, was calculated as 
the percentage of time spent viewing related foils over time spent 
viewing the target object. Higher values on this index thus indicate 
greater levels of capture. 

2.5. Object naming task 

The object naming task was performed for the target items in the 
word-to-picture eye tracking task (Fig. 1c). Participants were shown the 
same grayscale drawings at the same size that appeared in the array in 
the word-to-picture matching task and asked to name the item aloud as 
quickly as possible. The audio stream of the participants’ vocal re-
sponses was recorded. Items were presented in a different randomized 
order than the word-to-picture matching task within frequency blocks, 

Fig. 1. Experimental design. The shapes task (a) provided a control condition for potential visuoperceptual, spatial, or working memory impairments that could 
contaminate search performance in the main experiment: the word-to-picture eye tracking task (b). The object naming task (c) revealed which items were nameable 
versus those that elicited omissions. 
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while again presenting the high frequency items before the low fre-
quency items. Advancing to the next item in naming was controlled by 
the experimenter. Participants were given 20 s or more to produce a 
response if needed. The naming task was conducted without recording 
eye movements and with the participants’ head free but at the same 
distance from the monitor as during the word-to-picture matching task. 
The naming task was administered immediately after the word-to- 
picture eye tracking task. E-Prime (Psychology Software Tools, Inc., 
Sharpsburg, PA, USA) was used to present stimuli and record audio 
responses. 

Participant naming responses were recorded and scored offline. Re-
sponses were sorted into 3 categories of interest: items that were 
correctly named, items that elicited omissions, and items that elicited 
commissions. Omissions were identified when the participant said “I 
don’t know”, gave a similar phrase (e.g., “can’t get it”), or gave no 
response at all. Given the emphasis of the current study on omissions, all 
other types of speech errors (e.g., semantic paraphasias, phonemic 
paraphasias) were generically categorized as commissions. Word-to- 
picture trials in which the target was misnamed by commission were 
excluded from analysis. 

2.6. Statistical analyses 

We employed nonparametric statistics as they are robust to smaller 
sample sizes and non-normally distributed variables. The study design 
included three participant groups, so differences between any of the 
three groups were first probed via one-way Kruskal-Wallis (χ) tests. 
When significant, these were followed up with pair-wise group com-
parisons (control vs PPA-L, control vs PPA-S, and PPA-L vs PPAS) using 
Mann-Whitney (U) tests. As a categorical variable, gender composition 
of the groups was compared using Fischer’s exact test. Within-groups 
pairwise comparisons were conducted using Wilcoxon signed-rank (W) 
tests. Error bars in all figures show the standard error of the mean. 

3. Results 

3.1. Demographic and language profiles 

The control, PPA-L and PPA-S groups did not significantly differ in 
age (Kruskal-Wallace χ(2) = 1.4; p = .36), gender (Fisher’s exact test: p 
= .57), or years of education (χ(2) = 0.51; p = .65) (Table 1). The PPA-L 
and PPA-S groups did not significantly differ in number of years since 
diagnosis (Mann Whitney U = 37.5, p = .43), indicating they were well- 
matched in terms of stage of disease. On the WAB-R AQ, PPA-L and PPA- 
S did not significantly differ (U = 120, p = .42), indicating similar rates 
of global aphasic impairment. There were significant differences be-
tween groups on the BNT (χ(2) = 22.4; p < .001), PPVT (χ(2) = 145.3; p 
< .001), and WAB-R Repetition Tests (χ(2) = 43.16; p < .001). The PPA- 
L group showed lower BNT (U = 325, p < .001) and PPVT (U = 300, p <
.001) scores than controls, and in turn the PPA-S group showed lower 

BNT (U = 170, p < .001) and PPVT (U = 182, p < .001) scores than PPA- 
L. The PPA-S group showed lower repetition scores compared to controls 
(U = 433, p < .001), while repetition scores were lowest in PPA-L (U =
92, p = .004). These differences are consistent with the diagnostic 
criteria of the PPA-L and PPA-S variants (Gorno-Tempini et al., 2011). 

3.2. Touch responses on the shapes and word-to-picture tasks 

There were no significant differences in accuracy on the shapes task 
(χ(2) = 0.59; p = .64), with all groups showing highly accurate perfor-
mance (>96% correct; Fig. 2). It is thus unlikely that non-linguistic 
factors such as spatial neglect, low-to-intermediate visuoperceptual 
impairments (e.g., “visual form agnosia” (Benson and Greenberg, 
1969)), or pervasive working memory impairments would prevent 
either of the PPA groups from completing the word-to-picture eye 
tracking test (which had very similar task parameters; Fig. 1). 

There were, however, significant differences in accuracy on the 
word-to-picture eye tracking task (χ(2) = 26.1, p < .001). The PPA-L 
group was less accurate than the control group (U = 610, p < .001), 
and the PPA-S group was less accurate than the PPA-L group (U = 580, p 
< .001). 

Trials with inaccurate responses were excluded from further 
analysis. 

3.3. Vocal responses in the object naming task 

There were significant differences between groups on the object 
naming task (Fig. 3.), in both number of items named correctly (χ(2) =
35.5; p < .001) and number of items that elicited omissions (χ(2) = 41.5; 
p < .001). Controls successfully named a greater percentage of the 48 
experimental objects than PPA-L (U = 660, p < .001), who in turn named 
a greater percentage than PPA-S (U = 163.5, p = .03). Conversely, PPA-S 
showed more omissions than PPA-L (U = 96.5, p = .01), and PPA-L 
showed more omissions than controls (U = 351.5, p < .001). Omis-
sions were the dominant form of paraphasia in both PPA groups; the 
PPA-L group generated more than twice as many omissions compared to 
all other forms of paraphasias combined (commissions), and the PPA-S 
group generated more than four times as many omissions as 
commissions. 

These naming results were used to classify each trial in the word-to- 
picture task, according to whether the target was correctly-named, 
resulted in an omission, or resulted in a commission. Data from the 
correctly-named and omission trials were compared in eye movement 
analyses (next section). Controls generated too few omissions for ana-
lyses to be conducted separately on those trials, so they were only used 
as a comparison group on correctly-named trials. Data from commission 
trials were excluded from further analysis. 

Table 1 
Demographic and language characteristics.   

Control PPA-L PPA-S 

Sample size 26 12 9 
Age 64.2 (1.3) 67.4 (2.5) 62.7 (1.4) 
% Female 36 (.1) 25 (.1) 44.4 (.2) 
Years of education 16.1 (.5) 15.5 (.7) 16.6 (.8) 
Years since diagnosis – 5.3 (.7) 4.5 (.6) 
WAB-R Aphasia Quotient – 77.6 (3.4) 81.4 (4.5) 
Boston Naming Test 97.2 (.7) 46 (7.5)a 19.1 (5.1)a,b 

Peabody Picture Vocabulary Test 98.4 (.4) 87.5 (2.5)a 56.3 (6.4)a,b 

WAB-R Repetition 99 (0) 56 (7)a,c 89 (3)a 

Mean values (standard error) are shown. Language scores are expressed as 
percent correct. a: significantly lower than controls, b: lower than PPA-L, c: lower 
than PPA-S, p < .05. 

Fig. 2. Accuracy of touchscreen responses. Means are shown with standard 
error bars. All groups were highly accurate on the shapes control test, but both 
PPA groups were less accurate than controls on the word-to-picture eye tracking 
test (p < .001). 
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3.4. Post-target viewing in the word-to-picture task 

The number of foils viewed after the target had already been 
foveated (“post-target”) are shown in Fig. 4. Results were examined 
separately on trials where the target had been correctly-named versus 
those that elicited omissions (although the control group generated too 
few omissions to be included in the latter). On correctly-named trials, 
there were no differences between groups in the number of items viewed 
post-target (χ(2) = 4.1; p = .13). On omission trials, the PPA-S group 
viewed significantly more foils post-target than the PPA-L group (U =
89, p = .003). Within-subjects comparisons for the PPA-L group found no 
differences in post-target viewing on correctly-named versus omission 
trials (Wilcoxon signed-rank W (11) = 33; p = .68), while the PPA-S 
viewed more foils post-target on omission trials (W (8) = 0; p = .004). 

3.4.1. Taxonomic capture in the word-to-picture task 
Percent viewing times on each class of object. 
Values indicate the time viewing each class of object during the 

word-to-picture eye tracking task, expressed as a percentage of viewing 
time on all objects. A taxonomic capture index was constructed based on 
the raw viewing times, by dividing viewing time on related foils over 
viewing time on the target. 

We defined and operationalized taxonomic capture as the propensity 
to view related foils from the same category rather than the target item. 
The percentage of time each group spent viewing the target, related 
foils, and unrelated foils is shown in Supplementary Table 1. The raw 
viewing times were used to calculate a taxonomic capture index, by 

dividing viewing time on related foils over viewing time on the target. 
These capture values are shown in Fig. 5. There were no differences 
between groups on correctly-named trials (χ(2) = 3.1, p = .13). On 
omission trials, the PPA-S group showed higher capture values than the 
PPA-L group (U = 87.0, p = .002). Within-subjects comparisons showed 
that the PPA-L group did not differ in capture values across trial types (W 
(11) = 31; p = .57), but the PPA-S group had greater capture on omission 
compared to correctly-named trials (W (8) = 0; p = .004). 

4. Discussion 

4.1. Summary of findings 

The goal of this study was to examine the cognitive mechanisms of 
omissions in PPA-L and PPA-S. When attempting to name common ob-
jects aloud, the PPA-L group instead generated omissions 29% of the 
time, and the more severely anomic PPA-S group generated omissions 
53% of the time. In PPA-L, omissions were twice as common compared 
to than all other forms of paraphasia combined (commissions), and the 
PPA-S group showed four times as many omissions compared to com-
missions. Commissions often provide clues as to which aspects of the 
language network are dysfunctional, but with omissions there is no such 
guidance. We found that in these circumstances, when participants 
cannot produce even part of the object’s name, eye movements are 
informative. 

Vocal responses during the object naming task were used to identify 
two sets of pictures for each participant: those that were correctly named 
aloud, and those that provoked an omission. These items appeared as 
targets in the word-to-picture eye tracking task, in an array including 15 

Fig. 3. Vocal responses from the object naming task. For each group, the percentage of the 48 experimental pictures that were correctly-named are shown, along 
with the percentage eliciting an omission, and the percentage eliciting an error of commission (e.g., semantic paraphasia, phonemic paraphasia). 

Fig. 4. Post-target viewing in the word-to-picture task. Vocal responses during 
the object naming task were used to sort trials in the word-to-picture task, into 
those where the target was correctly-named versus those where the target eli-
cited an omission. On correctly-named trials, all groups ceased visual search 
shortly after foveating the target. On omission trials, PPA-S participants 
continued a lengthy visual search even after viewing the target, reflected by 
higher numbers of foils being viewed post-target. 

Fig. 5. Taxonomic capture in the word-to-picture task. An index of taxonomic 
capture was calculated as the percentage of time spent viewing related foils 
over time spent viewing the target object. Higher values on this index thus 
indicate greater levels of capture. 
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other foils. On both types of trials (correctly-named and omission), the 
control and PPA-L groups ceased visual search upon foveating the target. 
The PPA-S group failed to halt visual search on omission trials, instead 
going on to view an average of 4.6 foils “post-target”. On omission trials, 
the PPA-S group also spent less time viewing the target, and more time 
viewing related foils from the same category (e.g., other animals), dis-
playing excessive “taxonomic capture” of gaze. In contrast, the PPA-L 
group showed capture levels similar to those of controls, on both 
correctly-named and omission trials. 

Overall, these results indicate that the mechanisms of omission in 
PPA differ according to variant. In PPA-S, omissions are associated with 
failures of word knowledge, and appear to be related to the phenomenon 
of taxonomic blurring, where words from the same category can no 
longer be reliably distinguished. In PPA-L, omissions were associated 
with fairly normal word-to-picture matching and visual search, sug-
gesting a mechanism further downstream, in theoretical stages of 
naming such as lexical access or phonological encoding. 

4.2. Relationships between accuracy and eye movements 

Accuracy in the word-to-picture task was assessed by whether the 
participant ultimately selected the picture target that matched the pre-
ceding verbal cue, or mistakenly chose a foil (via computer 
touchscreen). The control and PPA-L groups were highly accurate, but 
the PPA-S group was less so, particularly on omission trials. It is 
potentially problematic to examine eye movements on trials with inac-
curate touch responses, as one cannot be sure why behavior failed. The 
most straightforward interpretation is that the participant could not 
recognize the relationship between noun and object (i.e. a failure of 
word knowledge), but errors could also theoretically be caused by lapses 
in attention when the cue was being delivered, failure to maintain the 
cue in working memory, problems with directing spatial attention (e.g., 
visual neglect), visuoperceptual problems in viewing objects, or failures 
of object knowledge (e.g., associative agnosia). 

We administered a control task that helped to eliminate some of 
these alternative interpretations. The shapes task was extremely similar 
to the word-to-picture task, but the cues and array items were all simple 
geometric shapes (e.g., octagon, cube). All groups were highly accurate 
in this task, helping to rule out flagrant conditions such as visual neglect 
or global working memory impairment. 

We further circumvented these potential issues with inaccurate trials 
by focusing all eye movement analyses on trials with correct touch re-
sponses. The current findings of abnormal eye movements in PPA-S are 
thus all the more striking, considering that they are based on successful 
matching events. Word-to-picture matching tasks are currently the gold 
standard for assessing word knowledge (a.k.a. “single-word compre-
hension”). The vast majority of standardized assessments (e.g., PPVT, 
WAB-R Auditory Word Recognition) require selection of a target from 
among four pictures, and correct matching is interpreted as intact 
knowledge for that item. In the current study, participants with PPA-S 
had to clear a higher bar, selecting from among 16 rather than four 
items. Even when they did so successfully, eye movements revealed 
corruption of word knowledge (on omission trials), demonstrating the 
superior sensitivity of eye tracking techniques to partial failures of 
recognition. In the future, eye tracking could conceivably contribute to 
clinical diagnosis of PPA, with potential applications in early detection 
screening, variant assignment (subtyping), or as an outcome measure in 
therapeutic interventions. 

4.3. Interpreting omission-related eye movements in PPA-S 

Participants were instructed to locate each target in the word-to- 
picture task as quickly as possible, and each trial ended with the par-
ticipant’s touch response. There was no incentive to continue visual 
search after the target has been seen. Post-target viewing is therefore a 
maladaptive and atypical behavior, and one we have never observed 

controls engage in. It demonstrates that the participant has failed to fully 
recognize the one-to-one correspondence between the target and the 
noun cue. Post-target viewing is more likely in PPA for one-way mis-
named items, reaches an apogee for two-way misnamed items, and is 
anti-correlated with confidence ratings (Seckinet al., 2016a; Seckin 
et al., 2016b). It appears to be a sensitive and reliable indicator of word 
knowledge impairments. 

In the current study, we found that omissions in PPA-S were asso-
ciated with elevated post-target viewing. The control group viewed on 
average less than one foil post-target on each trial, and the PPA-L group 
viewed just over one item on average. The PPA-S group showed similar 
rates of post-target viewing on correctly-named trials, but on omission 
trials they viewed an average of over 5 foils post-target, representing 
over a third of the items in the array. This suggests that omissions in 
PPA-S are grounded in word knowledge impairments. 

One might wonder why participants with PPA-S would fail to dis-
continue the visual search after foveating the target, especially in cir-
cumstances where they ultimately end up returning to the target for a 
successful match. Post-target viewing and related phenomena such as 
low confidence ratings could be understood as reflections of a matching 
process that has become probabilistic rather than definitive. After con-
trols read the verbal cue, they engage in visual search for one and only 
one object, and cease visual search as soon as it is foveated. In PPA-S, 
taxonomic blurring causes nouns to be confused with other members 
of the same category, altering the search process. Scan path recordings 
show that these individuals often survey the array in serial fashion, and 
then return their gaze to a smaller subset of pictures from the same 
category as the target (Seckinet al., 2016b). We have likened this 
strategy to the formation of a “police lineup”; a small set of candidates 
are identified which could conceivably match the cue. The goodness of 
fit for each candidate is then considered, and the best fitting item is then 
chosen in an educated guess. These educated guesses are correct much of 
the time, when the target remains more strongly associated with the cue 
than other foils are. Other times the guess is wrong, as reflected by 
inaccurate touch responses on 23% of trials in PPA-S. 

In support of the view that taxonomic blurring contributes to omis-
sions, the PPA-S group showed not only increased post-target fixations 
but also increased taxonomic capture on omission trials. They spent less 
time viewing the target, and more time viewing related foils, compared 
to correctly-named trials. In contrast, the PPA-L group showed similar 
rates of capture to controls on both correctly-named and omission trials. 
These findings speak to the centrality of taxonomic blurring in the 
symptomatology of PPA-S. 

4.4. Interpreting intact viewing behavior in PPA-L 

In general, eye movements of the PPA-L group were similar to those 
of the control group. They engaged in few post-target fixations, and 
showed typical levels of taxonomic capture. Critically, this was true even 
on omission trials. This supports our hypothesis that omissions in PPA-L 
are based in stages of language production which are downstream from 
word knowledge, and closer to vocal output. Although we have excluded 
word knowledge impairments as the source of omissions, serial and 
cascading models of language include a number of downstream stages 
which could be a theoretical source of misnaming, including ones which 
are meaning-based, sound-based, and motoric in nature (Dell et al., 
1997; Levelt, 1989). Although motor speech impairments are a source of 
anomia in some individuals with PPA (Hurley et al., 2009), they are 
infrequent in the PPA-L variant (more often occurring in PPA-G (Gor-
no-Tempini et al., 2011);), so we will instead briefly comment on the 
remaining meaning and sound-based stages of naming. 

A distinction has been made between failures of lexical access versus 
failures of lexical storage, and the former can occur even when word 
knowledge is relatively intact (Jefferies et al., 2007; Warrington and 
Cipolotti, 1996). A pure access deficit could go undetected in our 
word-to-picture task: unlike confrontation naming, the verbal label for 
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the object is provided in advance in the form of a written and auditory 
cue on each trial, eliminating the need for word retrieval. The possibility 
of access deficits as a source of omissions in PPA-L could be evaluated 
through the design of future experiments with greater retrieval de-
mands, and/or via a process of elimination (excluding prior and subse-
quent stages of word production). 

After the meaning of words has been retrieved, production models 
specify that units of sound (phonemes) are plugged in and arranged, in a 
stage referred to as phonological encoding (Levelt, 1989). The results 
from several studies examining verbal repetition and working memory 
span in PPA-L have identified phonological processing deficits (Foxe 
et al., 2016; Leyton et al., 2014), leading to a hypothesis that phono-
logical loop dysfunction is the core signature of the syndrome (Gor-
no-Tempini et al., 2008; Rohrer et al., 2010). As such, phonological 
stages of word production represent a plausible source of omissions in 
PPA-L worth investigating. 

Although the current results do not allow us to fully isolate the source 
of omissions in PPA-L, they do provide proof of concept that there are 
multiple routes to omission in PPA, and these routes differ by variant. In 
characterizing these routes, there is the potential to inform therapeutic 
word relearning interventions, which could be custom-tailored to 
address the most likely source of misnaming given each individual’s 
phenotype. 

4.5. Limitations 

The word-to-picture task required participants to maintain the verbal 
cue for several seconds while searching through the object array, which 
raises concerns about working memory impairments as a potential 
confound. Most models of working memory specify separate modules for 
verbal and nonverbal material (Baddeley, 2012). The PPA groups were 
highly accurate in the shapes control task, indicating spared mainte-
nance of nonverbal material, but this leaves open the possibility of a 
selective deficit for maintenance of verbal material. This is particularly 
plausible in the case of PPA-L, given the hypothesis that phonological 
loop (a.k.a. verbal working memory) dysfunction is the core impairment 
of that syndrome (Gorno-Tempini et al., 2008; Rohrer et al., 2010). We 
were fortunate in that the PPA-L sample was equally accurate on the 
shapes and word-to-picture task, and, furthermore, we constrained an-
alyses to trials with accurate match responses. Although we can be fairly 
sure the current results were uncontaminated, future studies could 
eliminate verbal maintenance issues by leaving the written cue on the 
screen for the duration of each trial (e.g., in the center of the array). 
Return of gaze to the written cue could then be evaluated as a metric of 
maintenance failures. 

Object recognition impairments represent another potential set of 
confounds that can affect performance in PPA. The shapes task helped us 
to rule out low-level perceptual impairments in object recognition such 
as visual form agnosia (Benson and Greenberg, 1969), but higher-level 
impairments in the conceptual processing of objects remains a 
concern. In particular, we have demonstrated that when anterior tem-
poral atrophy in PPA-S spreads to both hemispheres, they are likely to 
develop an associative agnosia ( Hurley et al., 2018)). Again, we have 
mitigated this possibility by focusing on trials with correct matching 
responses. Future studies could isolate and measure object recognition 
with a task design that includes entirely nonverbal trials with pictures as 
cues, targets, and foils (Hurley et al., 2021). Eye movements could then 
be compared to those from entirely verbal trials that include only word 
stimuli. Such a design could help to determine to what extent phe-
nomena observed in the current study (e.g., post-target search, excessive 
taxonomic capture) are selective for verbal material. 

4.6. Conclusions 

Omissions are perhaps the most frequent type of misnaming in PPA, 
and are difficult to interpret. The results of this study indicate that the 

underlying mechanisms of omission differ across PPA variants. Eye 
movements from individuals with PPA-S suggest that loss of word 
meaning, associated with taxonomic blurring, is the underlying source 
of most of their omission errors. In contrast, eye movements of in-
dividuals with PPA-L showed no indication of word recognition failures, 
so omissions in that group seem to represent failures in lexical access or 
phonological encoding. Researchers and clinicians evaluating language 
disorders may consider employing eye movements as a particularly 
informative supplement to traditional assessments. 
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