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ABSTRACT

Developmental prosopagnosia (DP) is associated with considerable perceptual heterogeneity,
though the nature of this heterogeneity and whether there are discrete subgroups
versus continuous deficits remains unclear. Bennetts et al. (2022) recently found that holistic
versus featural processing deficits distinguished discrete DP subgroups, but their sample was
relatively small (N = 37), and subgroups were defined using a single task. To characterize
perceptual heterogeneity in DPs more comprehensively, we administered a broad face
perception battery to a large sample of 109 DPs and 134 controls, including validated mea-
sures of face matching (Cambridge Face Perception Test — CFPT, Computerized Benton Facial
Recognition Test, Same/Different Face Matching Task), holistic processing (Part-Whole Task),
and feature processing (Georges Task and Part-Whole part trials). When examining face
matching measures, DPs exhibited a similar distribution of performance as controls, though
shifted towards impairment by an average of 1.4 SD. We next applied Bennetts (2022) hier-
archical clustering approach and k-means clustering to the CFPT upright, inverted, and
inversion index measures, similarly finding one group of DPs with poorer inverted face
performance and another with a decreased face inversion effect (holistic processing). How-
ever, these subgroup differences failed to generalize to other measures of feature and holistic
processing beyond the CFPT. We finally ran hierarchical and k-means cluster analyses on our
larger battery of face matching, feature, and holistic processing measures. Results clearly
showed subgroups with generally better versus worse performance across all measures, with
the distinction between groups being somewhat arbitrary. Together, these findings support a
continuous account of DP perceptual heterogeneity, with performance differing primarily
across all aspects of face perception.
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1. Introduction

Developmental prosopagnosia (DP) is a severe lifelong
impairment in the ability to recognize familiar faces as well as
learn new faces, despite otherwise normal cognitive and vi-
sual functioning (Duchaine & Nakayama, 2006). DP affects up
to 3% of the population (when considering mild and major
forms, DeGutis et al., 2023), is associated with significantly
compromised social functioning, and can limit employment
opportunities (Murray et al., 2018; Yardley et al., 2008). Face
perception deficits in DPs have been frequently observed (e.g.,
Barton et al., 2003; Bate et al., 2019; Behrmann et al., 2005;
Biotti et al., 2019; Dalrymple et al., 2014; Duchaine et al., 2007;
Le Grand et al., 2006; Mishra et al., 2021; Yovel & Duchaine,
2006) and are thought to be key mechanisms underlying DP
face recognition impairments (see Biotti et al., 2019). However,
studies have also demonstrated that DPs may perform within
the normal range on some face perception tasks (e.g., com-
posite face task, Biotti et al., 2017; Susilo et al., 2010) or that
deficits may only occur in a subset of DPs (e.g., Le Grand et al.,
2006; adult DPs, Dalrymple et al., 2014; Ulrich et al., 2017). The
goal of the current study was to administer a comprehensive
face perception battery to a large sample of DPs (N = 109) to
better characterize DP face perception deficits and examine
whether perceptual deficits occur in discrete subgroups of DPs
or rather vary on a continuum.

DPs consistently demonstrate face perception deficits when
using face matching tasks, i.e., determining whether two face
images are the same or different individuals, particularly when
images vary in lighting, viewpoint, emotion, or a combination
of these variations (e.g., Computerized Benton Facial Recogni-
tion Test — BFRT-c, Rossion & Michel, 2018; Oxford Face
Matching Test, Stantic et al., 2022). However, the processes that
underlie DPs' face matching deficits are currently debated. DPs
have shown to have reduced, though not abolished, holistic
face processing, the simultaneous integration of part and
spacing information into a single perceptual representation
(Rossion, 2008). Holistic processing is likely not a unitary
construct and can vary depending on how it is measured (e.g.,
facilitation in part-whole paradigm versus interference in the
composite task, for a review see Richler et al., 2012; Rezlescu
et al.,, 2017 found little-to-no correlation between part-whole
and composite effects in controls). Reflecting this variance,
holistic processing deficits in DPs have been consistently
observed using some measures, including the face inversion
effect (e.g., Klargaard et al., 2018, Bennetts et al., 2022, though
see DeGutis, Chatterjee, et al., 2012 for an exception), part-
whole effect (e.g.,, Chapman et al., 2018; DeGutis et al., 2012),
and gaze-contingent masking (Verfaillie et al., 2014), but have
been less consistently shown using the composite face para-
digm (Biotti et al., 2017; Susilo et al., 2010; though see Avidan
et al., 2011; Palermo et al., 2011). Further, measures of holistic
processing may differ in their specificity. For example, face
inversion effects have been shown for face parts (for a review,

! 1t should be noted that these are studies of adult DPs. Results
from Dalrymple et al. (2014) suggest that, in contrast to adult DPs
that may or may not have face perception deficits, all child DPs
they tested had face perception deficits.

see McKone & Yovel, 2009) and objects (Gerlach et al., 2023), and
in some cases inverted faces have even shown to engage ho-
listic processing (Murphy et al., 2020; Richler et al., 2011). In
contrast, the part-whole effect has been shown to be more
specific to upright faces (for a review, see Tanaka & Simonyi,
2016).

Beyond holistic processing, studies have demonstrated
facial feature processing deficits in DPs (e.g., Le Grand et al,,
2006; Yovel & Duchaine, 2006), particularly with the eye re-
gion (e.g., Berger et al., 2022; Fisher et al., 2016). This is relevant
in that several critical features for determining face identity
are in the eye region (eye shape, eyebrows, eye color,
Abudarham etal., 2019). DPs have shown to be less sensitive to
changes in the eyeregion (Berger et al., 2022; Fisher et al., 2016)
and, compared to controls, may not use information around
the eye region as much during face recognition judgments
(Tardif et al., 2019). Notably, Berger et al. (2022) showed that, in
a combined group of DPs and controls, holistic processing
(measured by the part-whole effect) and eye discrimination
ability each predicted unique variance in performance on a
face matching task. Together, this suggests that holistic pro-
cessing and eye processing are important aspects of DP face
perception deficits. However, it remains unclear how deficits
in holistic and featural/eye processing are related to one
another and how they may combine to produce face percep-
tion impairments in DPs.

In addition to an incomplete understanding of the mech-
anisms underlying DP face perception deficits, it is currently
debated whether some DPs show distinct patterns of percep-
tual deficits, i.e., subtypes or subgroups, or if deficits lie on a
continuous spectrum (Barton & Corrow, 2016). Identifying
subtypes or important continuous dimensions of perceptual
ability could both improve the mechanistic understanding of
DPs and lead to more targeted and individualized in-
terventions (e.g., Corrow et al., 2019; DeGutis et al., 2014).
Regarding overall face perception abilities in DP, studies have
supported the continuum model, with DPs showing a similar
distribution of scores as controls, but shifted towards
impairment (Biotti et al., 2019; Mishra et al., 2021). Contrasting
these findings, a recent study by Bennetts et al. (2022) found
that DPs did not differ in overall face perception abilities, but
rather discrete DP subgroups were differentiated based on
holistic versus featural processing abilities. Bennetts et al.
(2022) performed hierarchical and k-means cluster analyses
of 37 DPs using the Cambridge Face Perception Test (CFPT,
Duchaine et al., 2007) upright, inverted, and face inversion
index scores. Across both analyses, two DP subgroups
emerged with similar upright face perception performance,
though one subgroup showed holistic processing deficits
(reduced face inversion index, n = 21) while the other showed
featural deficits (reduced inverted face accuracy, n = 16).
Though this potentially suggests two separable deficiencies to
produce face perception impairments in DPs, further research
is necessary to confirm these findings. In particular, the CFPT
inversion index was highly correlated with CFPT inverted
scores (—.71), higher than reported reliabilities for CFPT
inverted scores (e.g., ~.50, Rezlescu et al., 2017), which raises
questions about the validity of including both measures.
Other limitations are that the face inversion effect is not a very
specific measure of holistic processing (e.g., Gerlach &
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Mogensen, 2023), the sample size may be inadequate for
cluster analyses, and effects observed may be due to idio-
syncrasies of the CFPT task (for a discussion about issues with
relying on a single face perception task, see Bobak et al., 2023).
To address these issues, we sought to replicate Bennetts et al.
in a larger sample of DPs and further test whether there are DP
subgroups based on holistic versus featural deficits across a
battery of tasks.

In the current study, we sought to characterize DP
perceptual heterogeneity more comprehensively by adminis-
tering a broad face perception battery to a sample of 109 DPs.
We assessed general face perception ability, i.e., face match-
ing, using validated measures including the CFPT, BFRT-c
(Rossion & Michel, 2018), and Same/Different Face Matching
Task (SDFMT, Mishra et al., 2021; Berger et al., 2022). We
assessed holistic face processing using the CFPT inversion
effect index (replication of Bennetts et al., 2022) as well as the
part-whole task, which is a more specific measure of holistic
processing (Gerlach & Mogensen, 2023). Finally, similar to
previous studies, we assessed facial feature processing by
administering the Georges task (Berger et al., 2022; Pancaroglu
etal.,, 2016) and using the eye and mouth part trials in the Part-
Whole task (Fry et al., 2023). We first attempted to replicate
Bennetts et al.'s HCA and k-means approach with CFPT mea-
sures in our larger sample. We next tested for DP subgroups
using our entire battery of face perception measures and
performed HCA with more widely used clustering parameters
(Ferreira & Hitchcock, 2009; Abu-Jamous et al., 2015) as well as
k-means cluster analysis.

2. Methods
2.1. Participants

A total of 109 developmental prosopagnosics (DPs) completed
the study (44 in lab, 65 online). Participants were recruited via
our database of DPs who previously had participated in labo-
ratory studies, references from other research laboratories
(e.g., Dr. Brad Duchaine, Dartmouth College, www.faceblind.
org), advertising on the Massachusetts Bay Transportation
Authority subway system, and from our study listed on
clinicaltrials.gov. To be eligible for the study, all participants
first underwent a brief phone screen to ensure they reported
symptoms consistent with developmental prosopagnosia.
Exclusionary criteria included prosopagnosic symptoms after
a brain injury, a history of any significant neurological disor-
ders (e.g., Alzheimer's Disease, multiple sclerosis), lifetime
moderate or severe traumatic brain injury (TBI) or mild TBI
within the last 6 months, musculoskeletal or sensory im-
pairments that would impact test performance, lack of En-
glish  proficiency, psychiatric  disorders including
schizophrenia or bipolar disorder, or current dependence on
alcohol or other substances. Our inclusion/exclusion criteria
were established prior to data analysis and were similar to our
recent studies (Fry et al., 2023; Stumps et al., 2020).

All DP participants reported severe lifelong face recogni-
tion deficits and were classified into mild and major DPs based
on their CFMT (using Duchaine & Nakayama, 2006 to calculate
z-scores) and Famous Faces Memory Test (FFMT, using the

current control sample to calculate z-scores) performance and
DSM-5 neurocognitive disorder criteria (z-score < —2 on CFMT
and FFMT for major and z-score < —1 on CFMT and FFMT for
mild prosopagnosia, see DeGutis et al., 2023).” The vast ma-
jority of participants (95/109) were major DPs and 14 were mild
DPs. Removing these participants had no appreciable effects
on the key results below (see Supplementary Materials). All
DPs had normal or corrected-to-normal vision, scoring within
the normal threshold on the Leuven Perceptual Organization
Screening Test (L-POST, <3 subtests below the 10th percentile;
Torfs et al., 2014). We also administered the 20-item Proso-
pagnosia Index (PI20; Shah et al., 2015) to assess self-reported
face recognition difficulties in daily life and the Autism Quo-
tient questionnaire (Baron-Cohen et al., 2001), a 50-item self-
report questionnaire designed to identify symptoms of
autism spectrum disorder in adults. Because our recent work
showed remarkably similar face perception performance in
DPs with higher versus lower autism traits (Fry et al., 2023), we
did not use autism traits as an exclusionary criterion.

A total of 134 control participants between the ages of 20
and 69 years old (M = 39.29, SD = 12.22, 100 females) also took
partin the study (25 in lab, 109 online). Subjects were recruited
from the community primarily via flyers and the Harvard
Decision Science lab as well as through Prolific.com, an online
subject recruitment platform. All participants had normal or
corrected-to-normal vision, scoring within the normal range
on the L-POST, reported having never experienced difficulties
with face recognition, and scored 45 or above on the CFMT.
There were 3 additional control participants that were
recruited but did not complete all the tests in the battery and
were thus excluded from analysis, as well as 5 control par-
ticipants who were removed for evidence of reduced effort,
having scored at or near chance performance on one or more
of our face perception tests. All DPs were also screened to
ensure they were giving full effort (e.g., not speeding through
the tasks and pressing the same response key repeatedly). DPs
with evidence of giving full effort but who had poor perfor-
mance on the face tasks were not removed, since poor per-
formance could be due to their prosopagnosia.

All participants gave informed consent according to the
Declaration of Helsinki and in compliance with the Institu-
tional Review Boards of the VA Boston Healthcare System and
Harvard University. They were then tested at the VA Boston
Medical Center in Jamaica Plain, MA, Harvard Decision Sci-
ence Lab at Harvard University in Cambridge, MA, or online.

2.2. Procedure

The experiments were implemented in either PsychoPy
v1.85.4 and JavaScript (for CFMT) and run on a laptop com-
puter (34.5 x 19.5 cm display, 1920 x 1080 pixels, 60 Hz) or were

2 This more inclusive approach to diagnosing DP is consistent
with Burns et al., 2022; Lowes et al., 2024, who show that DPs
diagnosed based on self-reported face recognition difficulties
often show reduced accuracy and reaction times (as well as
balanced integration scores in Lowes et al., 2024) on face recog-
nition tests compared to controls. Our approach differs from
theirs in that we require both self-report face recognition diffi-
culties as well as evidence of objective deficits on two validated
face recognition measures to regard a participant as having DP.
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run online using equivalent paradigms on the www.testable.
org platform. Participants were asked to sit 60 cm from the
computer screen and instructed to indicate their responses
using either a keyboard or a computer mouse. The study
included 5 face perception tasks (see Fig. 1). Written in-
structions were provided. The order of the computerized tests
was fixed across participants: a) CFPT, b) BFRT-c, c)
Part-Whole Task, d) SDFMT, and e) Georges Task. This was
done to reduce order-related individual differences (Ruiz et al.,
2019) and to detect training-related changes more sensitively
for the DPs who went on to perform cognitive training.

2.2.1. Computerized Benton Facial Recognition Test

The computerized Benton Facial Recognition Test (BFRT-c,
Fig. 1A) is a face matching task that emphasizes speed as well
as accuracy (Rossion & Michel, 2018). The test uses grayscale
photographs of unfamiliar faces (3 cm x 3.5 cm) presented
with little visible hair and all external information cropped
out. On each trial, a target face is presented at the top of the

screen with six faces below in two rows. The test consists of
two sections, with the first section (6 trials) asking participants
to select one out of the six faces that matches the target face
(the rest of the faces have a small change in size or contrast
from the target face). This is typically very easy, even for DPs.
The second, critical section (16 trials, see Fig. 1A) asks partic-
ipants to pick three out of the six options that match the target
face. Participants are instructed, “You will see one face at the
top of the screen that you will have to match to three faces
presented below. Click on the 3 matching faces. Try to respond
as quickly and accurately as possible.” In this section, the six
faces have either all lighting changes or all viewpoint changes
(see Fig. 1A for viewpoint changes). The stimuli are displayed
until the participant completes their responses. Scoring was
calculated by receiving either a 1 or a O for the first 6 trials and
a score of 3, 2, 1, or 0 on the remaining trials based on how
many faces were correctly identified as the target. For the
BFRT-c accuracy, we used the total score out of 54 items.
Completion time was examined for outliers but was not used

target face

target face

whole trial

part trial

Fig. 1 — Face perception battery. Note. Representative stimuli from the face perception battery: A) Computerized Benton Face
Recognition Test (BFRT-c), B) Cambridge Face Perception Test (CFPT), C) Same/Different Face Matching Test (SDFMT), D) Part-
Whole Task, and E) Georges Task. Correct answers: A) top-middle, bottom-left, and bottom-middle faces, B) faces displayed
in correct order from most to least similar from left to right, C) same identity, D) whole: left face / part: right eyes, and E) top

face is different, eye horizontal spacing change.
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as a dependent measure because it was recently found not to
be indicative of face recognition ability or differentiate DPs
and controls above and beyond accuracy (DeGutis et al., 2022).

2.2.2. Cambridge Face Perception Test

The CFPT (Duchaine et al., 2007, Fig. 1B) is a computerized face
sorting task. On each trial, participants arrange six front-view
face images (3 cm x 4 cm) according to the similarity with the
3/4th profile view of the target face (left-being most similar,
right-most dissimilar). Participants are given one minute to
complete each trial. The six faces are generated by morphing a
varying proportion of the identity of the target face with six
new individual faces. Eight sorts were created, each with up-
right and inverted face trials that were intermixed in the
block. Following Rezlescu et al. (2017), we calculated the cor-
rect score as (100 — % total errors) as our dependent measure.
Chance level is 35.6%. The CFPT inversion index was calcu-
lated as (upright — inverted)/(upright + inverted), where a
positive inversion index indicates better performance for up-
right than inverted faces, i.e., greater holistic processing (see
Bennetts et al., 2022).

2.2.3.  Same/Different Face Matching Task

This task (see Fig. 1C) has been previously reported in Mishra
et al. (2021) and Berger et al. (2022) and has shown to robustly
correlate with other face perception assessments (e.g., SDEFMT
us BFRT-c in controls r = .59, Mishra et al., 2021). Face images
were from the multi-PIE database (Gross et al., 2010) and were
neutral in expression. They were converted to grayscale and
cropped to remove external features such as hair or clothing.
Individual foil faces were selected to be matched to each in-
dividual target so they had similar verbal descriptions (e.g.,
female, 20s, thin eyebrows, dark eyes). In this task, partici-
pants were presented with two face images side-by-side
(4.5 x 6 cm each) for 3 sec and had to press 1 or 0 to indicate
whether the faces were the same (50% of trials) or different
identities (50% trials), respectively. There was a 1 sec inter-
trial interval. There were six different trial types: 1) Same
identity from front view (face images were taken on different
days), 2) different identity from front view, 3) same identity
with lighting change (fully lit vs lit from the side), 4) different
identity with lighting change, 5) same identity with viewpoint
change (front view vs 3/4 view), and 6) different identity with
viewpoint change. There were 30 trials per trial type which
were randomly intermixed for a total of 180 trials.

2.2.4. Part-Whole Task

We used the version of the Part-Whole task from Tanaka et al.
(2004) that has been previously used in individual differences
(Rezlescu et al., 2017) and DP studies (DeGutis et al., 2012), see
Fig. 1D. Target faces were created using the outline of one
Caucasian male face. By inserting a combination of six different
pairs of eyes, noses, and mouths, six unique target faces were
created. For whole trials, foil faces were created by switching
one of the three facial features (eyes, nose, or mouth) with that
of a different target face. For part trials, foil stimuli were an
isolated facial feature (eyes, nose, or mouth) from another
target face. Each trial began with a central fixation display

presented for 500 msec. Next, one of the six target faces was
centrally presented for 1000 msec, and participants attempted
to encode this face. Next, a scrambled face mask was displayed
for 500 msec. During the subsequent test period, participants
were presented with a pair of probe images side by side, either
whole faces (whole trials) or isolated features (part trials). One
image matched the target, and the other image was a foil.
Stimuli remained on the screen until participants indicated
with a button press which probe stimulus matched the target
face (participants responded 1 for left image, 2 for right image).
For whole trials, participants choose between the whole target
face and a whole foil face, which was the same as the target
face except that one of the features (eyes, nose, or mouth) was
replaced with a foil feature. For part trials, participants choose
between a face part from the target face (eyes, nose, or mouth)
and the same facial feature from a foil face. On a given trial,
participants are given no indication on which feature they
would be tested, nor did they know whether isolated features or
whole faces would be shown during the test period. There were
72 trials (36 parts trials and 36 whole trials), 24 for each feature
type. We calculated the holistic advantage by first regressing
the part trial ‘control condition’ from the whole trial ‘condition
of interest’ (using the regression equation in the control sam-
ple, e.g., see DeGutis et al., 2013), and then applied this equation
to calculate residuals for DPs and controls.

2.2.5. Georges Task

The Georges task has been used in previous studies as a
measure of the ability to discriminate feature identities and
configurations (e.g., Malcolm et al., 2004; Pancaroglu et al,,
2016, see Fig. 1E). In the Georges task, participants are pre-
sented with frontal views of three same-identity unfamiliar
faces in a triangular arrangement for 2 sec, with the lower two
faces slightly offset horizontally. Two faces were identical and
one had a single manipulation. These faces were manipulated
in six ways involving three categories of change: internal
feature position, feature size, and external contour. Each
category of change had one manipulation in the upper face
and one in the lower face. To manipulate feature position,
either the eyes were edited to be closer together or the mouth
was edited to be higher on the face. To manipulate feature
shape, the size of the eyes or mouth was increased. To
manipulate external contour, the hairline was elevated or the
chin was narrowed. The different trial types were randomly
intermixed so participants did not know where to expect
changes. Participants indicated which of the three faces
differed from the other two using the left, right, and up arrow
keys. There were 108 trials, with six different face identities.

2.3. Analyses

2.3.1. Reliability

We computed Cronbach's « and Guttman's A, for each of our
measures of interest separately for DPs and controls (see
Supplementary Table S3). For the composite eye and mouth
measures, we used the Wang and Stanley (1970) composite
reliability formula. For the part-whole residuals, we used
the Malgady and Colon-Malgady (1991) residual reliability
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formula. For the CFPT inversion index, we calculated the
Spearman-Brown corrected split-half reliability of the
inversion index for all the odd trials versus all the even
trials.

2.3.2.  Cluster analyses

First, we aimed to directly replicate the hierarchical cluster
analysis (HCA) performed by Bennetts et al. (2022) by using the
same cluster analysis parameters (single linkage and corre-
lation as the distance measure) and measures, including CFPT
upright, CFPT inverted, and CFPT inversion index. Second, we
conducted an additional cluster analysis that utilized more
widely accepted methods (Ward's linkage and Euclidean dis-
tance, Ferreira & Hitchcock, 2009; Abu-Jamous et al., 2015) and
a more comprehensive battery of face processing measures,
including CFPT upright, BFRT-c, SDFMT, part-whole holistic
advantage, eye composite (average of Part-Whole eyes and
Georges eyes trials), and mouth composite (average of part-
whole eyes and Georges eyes trials). To examine the consis-
tency of these results, we followed up both approaches by
using k-means cluster analyses with the number of clusters
indicated by HCA. By conducting the cluster analyses in this
manner, we were able to gauge the degree to which results
were dependent on specific tasks and data analytic ap-
proaches. Prior to conducting both sets of cluster analyses, we
screened for multivariate outliers to ensure that multivariate
distributional assumptions were met. Based on a Maholonobis
distance criterion, we removed any multivariate outliers that
exhibited significant departure from multivariate normality
(p < .001). One DP was removed from the Bennetts HCA
replication analysis with this algorithm. We also reran all
these analyses on the subgroup of 95 major DPs, individuals
with z-scores < -2 on both the CFMT and FFMT (see
Supplementary Materials).

We conducted HCA using R software with accompanying
libraries (R Core Team, 2013; http://www.R-project.org/). The
specific code can be found at https://osf.io/d5kbg/. Briefly,
HCA is performed in a data-driven, iterative fashion that pri-
marily aims to identify clusters of data that exhibit maximal
within-cluster similarity and maximal between-cluster dif-
ferences. In HCA, each participant is initially assigned to a
unique cluster. Next, cluster formation is performed by
combining clusters that exhibit the minimal amount of
multivariate distance from each other. Throughout this pro-
cess, clusters are combined until all participants are repre-
sented within a single cluster that contains all data points. By
performing cluster formation in this manner, HCA identifies
multiple possible cluster solutions that range from a mini-
mum number of 2 clusters (k = 2) to a maximum number of
clusters based on the number of participants (k = n — 1).
Specifically, we used the nbClust library in R to evaluate po-
tential cluster solutions based on 28 different criteria (e.g.,
silhouette width, Charrad et al., 2014). We evaluated a range of
cluster solutions ranging from k = 2 to k = 6 based on a con-
servative heuristic guided by sample size (2%; Formann, 1984).

To replicate the approach of Bennetts et al. (2022), we uti-
lized CFPT upright, CFPT inverted, and CFPT inversion index
scores, and used Pearson correlation as the multivariate

distance metric to compare participants/clusters. Likewise,
we similarly used the single-linkage method for cluster for-
mation. Finally, we selected the cluster solution supported by
the highest number of evaluative metrics described above. For
the exploratory cluster analysis with our broader perceptual
battery, we utilized several parameters that differ from those
employed in Bennetts et al. (2022). First, rather than restricting
our dataset to the CFPT upright, inverted, and inversion index
measures (3 input measures total), we included additional
face processing measures that included the BFRT-c, CFPT
upright, SDFMT, part-whole holistic advantage, eye compos-
ite, and mouth composite (6 input measures total). Studies
have found that the part-whole effect is a more specific ho-
listic processing measure than the face inversion effect
(Gerlach & Mogensen, 2023), so we focused on the part-whole
holistic advantage. We then z-transformed these scores rela-
tive to control means and standard deviations. Second, we
utilized squared Euclidean distance rather than Pearson cor-
relation to compute multivariate distance between partici-
pants/clusters, which permits utilization of more reliable
cluster-linkage methods. Finally, we used Ward's minimum
variance linkage rather than single-linkage clustering, which
is more robust against violations of multivariate distributional
assumptions (Ward, 1963).

For all the hierarchical cluster analyses, we also aimed to
determine the generalizability of cluster solutions across
cluster analytic techniques. To this end, we used the k-
means algorithm to extract the same number of clusters that
were identified with HCA approaches and compared the de-
gree to which DPs were similarly assigned to clusters using
each approach. In contrast to HCA, k-means categorizes data
such that relatively equal proportions of participants are
assigned to each cluster. Further, k-means uses a more basic
centroid algorithm to determine cluster assignment. To
determine the degree of generalization across HCA and k-
means approaches, we calculated inter-rater reliability using
Cohen's Kappa (k). Consistent with recent guidelines
(McHugh, 2012), we interpreted inter-rater reliability of «
values < .40 as minimal, k values between .40 and .59 as
weak, k values between .60 and .79 as moderate, and «
values > .80 as excellent.

2.3.3.  Using the DSM-5 approach to determine prevalence of
major and mild perceptual impairments in DPs

Considering our large DP sample, we sought to determine how
many DPs have mild and major face perception deficits and
how many are unimpaired perceptually. We used the DSM-5
approach to determining mild and major neurocognitive
impairment (Sachdev et al., 2014). Based on poor diagnostic
reliability in using any single measure (Holdnack et al., 2017),
the DSM-5 recommends using at least two objective validated
cognitive measures within a domain showing impairment (z-
score < —2 for major and < —1 for mild neurocognitive dis-
order). For our objective measures, we used the previously
validated CFPT, BFRT-c, and SDFMT face matching tasks
(Mishra et al., 2021), with z-scores calculated from our control
group. We also examined how our control sample performed
across our battery of matching tasks. We first re-calculated


http://www.r-project.org/
https://osf.io/d5kbq/
https://doi.org/10.1016/j.cortex.2024.03.011
https://doi.org/10.1016/j.cortex.2024.03.011

CORTEX 176 (2024) 37—52 43

control z-scores on each task using a leave-one-subject-out
(LOSO) approach (Esterman et al., 2010). In this method, a
single subject is iteratively left out of the first stage group
analysis, in this case calculating means and standard de-
viations to derive z-scores, allowing the rest of the group to
serve as an independent sample on which to compare each
individual.

2.4. Sample size justification

Our sample size was guided by several factors. First, we
wanted to have a substantially larger sample than Bennetts et
al. (2022), who performed HCA and k-means using a sample of
37 DP participants. Also, guidelines suggest that the minimum
cluster analysis sample size should be 10 times the number of
variables (Qiu & Joe, 2009). Considering that we had six vari-
ables when using our broader face perception battery, this
recommends a minimum sample size of 60 DPs. Finally, when
running simulated data sets through cluster analyses,
Dalmaijer et al. (2022) found that 20—30 participants per sub-
group were necessary to detect reliable subgroup differences.
Considering that we wanted sensitivity to detect up to 3—4
potential subgroups, we recruited a sample size of 109 DPs.

2.5. Stimuli, analysis code, and data availability and
preregistration

Cluster analysis code and de-identified data is available at
https://osf.io/d5kbg/. Regarding the face stimuli, because
sufficient authorization was not obtained to publicly share
images of individuals' faces, we are unable to make the face
stimuli publicly available. However, face stimuli can be ob-
tained by emailing the corresponding author on the original
publication for each task. No part of the study procedures or
analyses were pre-registered prior to the research being con-
ducted. We report how we determined our sample size, all
data exclusions, all inclusion/exclusion criteria, whether in-
clusion/exclusion criteria were established prior to data
analysis, all manipulations, and all measures in the study.

3. Results
3.1 Participants and diagnostic test performance

Our sample consisted of 109 DPs (77 females, 3 nonbinary) and
134 controls (100 females) with a similar mean age of 41.11
(SD = 14.85) and 39.29 (SD = 12.22), respectively (see Table 1).
According to the DSM-5 criteria of cognitive impairment
(z < —1 on two or more tests for mild, < —2 for major), based on
diagnostic face recognition measures our DP sample included
95 major DPs and 14 mild DPs.® As expected, the entire DP
group performed substantially worse than controls on the
CFMT and FFMT (Table 1). The control group CFMT M and SD
were similar to the original Duchaine and Nakayama (2006)
study and there were only three controls with scores of 70 or

3 We conducted all analyses excluding the 14 mild DPs and the
results were similar with a few exceptions, see Supplementary
Materials.

above, suggesting that controls with very high face recogni-
tion abilities were not driving DP versus control group
differences.

3.2. Developmental prosopagnosics versus controls face
perception performance and reliability

Before examining perceptual heterogeneity in DPs, we
confirmed that the DP group had worse face perception abil-
ities compared to controls. We briefly summarize the findings,
though more details can be found in the Supplementary
Material and Table S1. Similar to previous studies (e.g.,
Mishra et al., 2021), DPs performed significantly worse at face
matching than controls on the CFPT, BFRT-c, and SDFMT
(Cohen's d = 1.2, 1.6, 1.2, respectively; all p's < .001, see Fig. 1).
DPs also showed evidence of reduced holistic processing
compared to controls on the CFPT task (reduced inversion
effect, p < .001) and Part-Whole task (reduced part-whole
advantage, p < .001, see Supplementary Table S1 for full re-
sults). Finally, DPs displayed evidence of reduced feature
processing compared to controls in the Georges task (partic-
ularly the eye spacing, eye size, and mouth spacing trials) and
the Part-Whole part trials (particularly the eye part trials). To
assess DPs' feature processing abilities more reliably, similar
to Berger et al. (2022), we averaged Part-Whole part trials (e.g.,
eye part trials) and conditions from the Georges task (e.g., eye
size and eye spacing trials). We did this separately for the eye
region and mouth region since some DPs have shown to have
selective deficits with the eye region (Berger et al., 2022).

For the face perception measures of interest, we separately
calculated reliability/internal consistency for DPs and controls
(see Supplementary Table S2). Consistent with previous
studies (Berger et al., 2022; Bobak et al., 2023; Rezlescu et al.,
2017), we found that only a fraction of our measures showed
Guttman's A, > .70, including the SDFMT in DPs and controls,
CFPT in DPs, and eye composite in controls. Most of the other
measures were in the .59—.70 range, while lower reliabilities
were found when examining difference scores, residuals, and
inversion index scores (.33—.54).

3.3. Distributional analyses of face matching tests

With DPs demonstrating clear face perception deficits similar
to previous studies, we sought to test the subgroup
versus shifted distribution models of DP face perception per-
formance using our three validated face matching measures.
As can be seen in Fig. 2, DPs had consistently lower accuracy
on face matching tasks (M difference = 1.4 SD), though the
distribution of DP perceptual performance was generally
similar to controls across the measures. To test the similarity
of the DP and control distributions, we first shifted the DP data
for each task by adding the difference between the DP and
control means to each DP score and then performed two-
sample Kolmogorov—Smirnov tests on the distributions. Re-
sults indicated no significant differences between DP and
control distributions across all the face matching measures
(BFRT-cz =1.00, p = .268; CFPT z = .90, p = .400; SDFMT z = .82,
p = .518). These results support the shifted distribution model
of DP perceptual performance rather than DPs having more
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Table 1 — Developmental prosopagnosic versus control group demographics and face recognition assessments.

N Gender Age CEMT FEMT PI20
DP 109 77:29:3 41.11 + 14.85 39.17 £ 5.15 32+ .17 84.60 + 8.21
Control 134 100:34 39.29 + 12.22 61.57 +7.48 .80 +.12 37.00 + 8.04
p-value - .989 .306 <.001 <.001 <.001
Cohen's d = = .14 3.42 3.31 5.86

Note. Mean + Standard Deviation, Gender = Female:Male:Non-binary, CFMT = Cambridge Face Memory Test, FFMT = Famous Faces Memory

Test, PI20 = 20-Item Prosopagnosia Index.

distinct subgroups (e.g., such as a bimodal distribution would
indicate).

3.4. Cluster analyses

Though DPs' face matching performance across the BFRT-c,
CFPT, and SDFMT showed shifted distributions compared to
controls (and showed shifted distributions for other feature and
holistic processing measures, see Supplementary Fig. S1), this
does not rule out the possibility of discrete DP subgroups. As
suggested by Bennetts et al. (2022), DPs may exhibit more
complex differences across face processing measures such as
exhibiting similar face matching performance, but differential
holistic versus featural processing. To test this, we took two
approaches. First, we directly replicated the Bennetts et al.
(2022) DP hierarchical cluster analysis (HCA), using the same
CFPT upright, inverted, and inversion index measures and
Pearson correlation as a distance measure. We also assessed
how the subgroups identified using this approach performed
on other measures and additionally performed k-means cluster
analysis of the CFPT measures. Our second approach to test for

DP subgroups involved performing HCA using our broader set
of face processing measures including several measures of face
matching and feature processing and a more specific measure
of holistic processing (part-whole effect). In this HCA, we
implemented more standard clustering techniques, using a
Euclidean multivariate distance metric in conjunction with
Ward's linkage algorithms (Ferreira & Hitchcock, 2009; Abu-
Jamous et al.,, 2015). Finally, to examine the consistency of the
subgroups, we applied k-means cluster analysis to this broad
set of face processing measures.

3.5. Hierarchical cluster analysis using CFPT measures
(Bennetts 2022 replication)

Identical to Bennetts et al. (2022), in our DP sample we used DP-
relative z-scores of the CFPT upright, CFPT inverted, and CFPT
inversion index, selected Pearson correlation as the distance
measure, and applied a single-linkage HCA. We identified an
optimal cluster solution of six clusters (favored by 9/28 metrics),
which slightly outperformed both a five-cluster solution and a
two-cluster solution (favored by 7/28 metrics), as well as all

) /4 \

50 75
Computerized Benton Facial Recognition Test

Control
DP

50
Cambridge Face Perception Test

50
Same/Different Face Matching Test

75 1.00

75 1.00

Fig. 2 — Developmental prosopagnosic and control group face matching task performance. Note. Each x-axis indicates task
accuracy and y-axis is normalized density. DP and control distributions are displayed with the same area under the curve

for the sake of comparison.
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Fig. 3 — Bennetts replication of DP hierarchical cluster
analysis using CFPT measures. Note. A) Dendrogram
showing the 6-cluster solution using the Bennetts et al.
(2022) hierarchical cluster analysis approach using the
Cambridge Face Perception Test upright, inverted, and
inversion index. B) Scatterplot of 2-dimensional
visualization of the 6 clusters, with dimensions being
scaled scores from the first two extracted components of a
principal components analysis performed on the CFPT
measures. Larger markers denote the center of each cluster
distribution.

other potential cluster solutions (each favored by < 4 metrics).
Within the six-cluster solution, most participants were
assigned to Cluster 1 (n = 17), Cluster 2 (n = 37), or Cluster 3
(n = 45). In contrast, only three participants were assigned to
Cluster 4, only four participants into Cluster 5, and only two
participants were assigned to Cluster 6.* Given the extremely
small number of participants assigned to Clusters 4, 5, and 6,
we focused on results for Clusters 1, 2, and 3 (see Fig. 3).

As can be seen in Fig. 4A, the CFPT results of the larger
clusters showed a very similar pattern to the results of
Bennetts et al. (2022), with Cluster 2 and Cluster 3 exhibiting
differential featural versus holistic processing performance.
Specifically, Clusters 2 (n = 37) and 3 (n = 45) performed
comparably on the upright CFPT (Mcuster2 = —1.21, SDcustera-
= 1.14; Mcusters = —1.52, SDclusters = 1.14; p > .05), while Cluster
2 performed better on the inverted CFPT trials (Mcjustero = -84,
SDCluster2 = -48; MCluster3 = —.69, SDCluster3 :~55; p< -001) and
Cluster 3 showed a larger CFPT inversion index

* The smaller number of participants in Clusters 4, 5, and 6 may
be attributable to the fact that single-linkage clustering methods
are highly sensitive to divergent data points that may produce
small clusters within a dataset (Almeida et al., 2007).

(MclusterQ = —1.67, SDcluster2 = -68; Mciusters = —-21, SDclusters-
= .48; p < .001). These results suggest that DPs assigned to
Cluster 2 exhibited greater holistic processing deficits,
whereas DPs assigned to Cluster 3 exhibited greater featural
processing deficits. A notable difference from the Bennetts
et al. solution is that we found a third, smaller cluster in our
solution (Cluster 1, n = 17). This cluster performed much
better than the larger two clusters on the CFPT upright trials
while also performing well on the inverted trials and only
having a mildly impaired inversion index, indicative of overall
milder perceptual deficits than the other two clusters.

To determine the generalizability of this pattern, we
examined how these CFPT-derived DP clusters performed on
face matching, featural, and holistic processing measures
beyond the CFPT. In contrast to the CFPT results, these clus-
ters showed generally more similar performance across the
extended battery of measures, with a few exceptions. For face
matching tasks, Cluster 3 scored numerically worse than
Cluster 2 on both the BFRT-c (M = —1.88, SD = 1.02; M = —1.46,
SD = 1.14, respectively) and SDFMT (M = —1.61, SD = 1.21;
M = —.87, SD = .99, respectively), despite scoring similarly on
the CFPT. Notably, Cluster 3, which performed worse on CFPT
inverted trials suggesting featural processing deficits, did not
score worse on featural processing when examining the eye
and mouth composite scores. Likewise, Cluster 2, which had a
reduced CFPT face-inversion effect, did not display signifi-
cantly worse holistic processing than Cluster 3 on the Part-
Whole holistic advantage (Cluster 2 M = -.70, Cluster
3M = —.74, p > .05). Cluster 1 also had a different pattern of
performance than for the CFPT, showing deficient perfor-
mance across all measures except for relatively normal ho-
listic processing on the Part-Whole task.

3.6. K-means cluster analysis using CFPT measures
(Bennetts 2022 replication)

To examine the consistency of the Bennetts et al. (2022)
approach across analytic techniques, we next performed k-
means cluster analysis of the CFPT measures (see
Supplementary Materials) and examined the agreement of DP
assignment between k-means and HCA methods. We removed
the participants placed into Clusters 4, 5, and 6 before selecting
a 3-cluster k-means solution. This k-means solution was very
similar to the HCA solution above, identifying one less impaired
cluster and two clusters with differential deficits on the CFPT
inverted trials and inversion index. In the expanded battery, the
three clusters similarly showed generally better versus worse
performance (see Supplementary Fig. S2). The inter-rater reli-
ability between the HCA and k-means approaches indicated a
modest agreement between cluster assignments (x = .53,
p < .001).

In sum, the similar patterns observed in the HCA and k-
means analysis of CFPT measures partially replicate the
clusters reported by Bennetts et al. (2022), but importantly
these clusters did not generalize to perceptual performance
on tasks beyond the CFPT. Differences in holistic and featural
processing on the CFPT were not found when examining other
valid measures of holistic and featural processing. Together,
this suggests that subgroups identified by the Bennetts
approach are tenuous at best and may capture differences
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Fig. 4 — Bennetts replication of CFPT-derived DP hierarchical cluster analysis: Cluster performance on (A) CFPT and (B)
Extended Perception Battery. Note. A) Average DP Cambridge Face Perception Test (CFPT) performance from our three large
clusters (Clusters 1, 2, and 3 see Fig. 3) compared to Bennetts et al. (2022) clusters (plotted via reported means, standard
deviations, and sample size). B) Clusters 1, 2, and 3 expanded face perception battery performance. Upright = CFPT upright
trial accuracy, Inverted = CFPT inverted trial accuracy, Inversion Index = [CFPT upright — CFPT inverted]/[CFPT

upright + inverted], BFRT-c = Computerized Benton Face Recognition Test, SDFMT = Same/Different Face Matching Task,
Eye and Mouth Composites = Part-Whole and Georges eye and mouth trials. Error bars represent standard error.

specific to the CFPT upright, inverted, and inversion index
measures, rather than more general DP ability differences.

3.7. Hierarchical cluster analysis using multiple
measures of face matching, holistic, and feature processing

In a further attempt to identify subgroups of DPs, we performed
cluster analyses using our broader battery of face processing
measures, including face matching (CFPT, BFRT-c, SDFMT), a
more specific measure of holistic processing (Part-Whole ho-
listic advantage), and measures of eye and mouth feature
processing ability (composite of Part-Whole part trials and
Georges task). We also used Ward's method for clustering
linkage and Euclidean distance as a distance metric (Ferreira &

Hitchcock, 2009; Abu-Jamous et al., 2015). Using this approach,
we observed an optimal cluster solution of two clusters
(favored by 12/28 metrics, see Fig. 5), outperforming a three-
cluster solution (favored by 9/28 metrics) and all other poten-
tial solutions (favored by < 4/28 metrics).

As can be seen in Fig. 6A, Cluster 1 (n = 91) was charac-
terized by better performance across all CFPT measures,
while Cluster 2 (n = 18) was characterized by worse perfor-
mance across all measures. This contrasts Bennetts et al.
(2022) results and our Bennetts replication results above
using CFPT measures (Fig. 4A), where clusters of DPs had
similar CFPT upright but differential CFPT inverted and
inverted index scores. We also found that Cluster 1 consis-
tently outperformed Cluster 2 on our other face matching
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battery of face perception measures. Note. A) Dendrogram
showing the 2-cluster solution when using hierarchical
cluster analysis (Ward's Method) and the Cambridge Face
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performed on the entire perceptual battery. Larger markers
denote the center of each cluster distribution.

(BFRT-c, SDFMT), holistic processing (Part-Whole holistic
advantage), and feature processing (eye and mouth com-
posites) measures, see Fig. 6B.

3.8. K-means cluster analysis using multiple measures
of face matching, holistic, and feature processing

We next performed k-means cluster analysis on the larger
perceptual battery and examined the agreement of DP
assignment between k-means and HCA methods. Similar to
the HCA cluster analyses above, the k-means solution iden-
tified two clusters with slightly below average versus very
below average perceptual performance across the entire bat-
tery (see Supplementary Fig. S3). The main difference was that
the number of DPs assigned to each cluster was more evenly
distributed using k-means than HCA (k-means: n = 56
us n = 53; HCA: n = 92 us n = 17). Because of this, we observed
only a modest degree of inter-rater reliability between the k-
means and HCA cluster solutions (x = .35, p < .001). In short,
both k-means and HCA clustering approaches similarly
grouped DPs into generally better versus worse perceptual

performance, though k-means and HCA clustering ap-
proaches did somewhat differ in which DPs were assigned to
better or worse performance clusters.

3.9. Summary of cluster analyses

First, we were able to replicate the Bennetts HCA and k-means
CFPT-derived clustering approaches for the CFPT measures,
finding clusters with differential holistic versus feature pro-
cessing. However, this pattern failed to generalize to other
holistic and featural measures, suggesting that the clusters
identified were highly task-dependent (see Fig. 4B). Further,
the results of HCA and k-means clustering using our expanded
battery of face perception measures demonstrated that
perceptual heterogeneity in DPs is more of a global unidi-
mensional continuum rather than DPs having differential
featural versus holistic processing deficits. When performing
these cluster analyses using our expanded task battery in a
subset of 95 DPs with major face recognition impairment (see
Supplementary Materials), the two-cluster solution replicated
this global unidimensional perceptual continuum, while the
preferred three-cluster solution showed subgroups with dif-
ferential Part-Whole holistic processing versus eye process-
ing. However, this pattern did not generalize to other holistic
(CFPT inversion index) or feature processing measures (CFPT
inverted or mouth composite) and notably, global perceptual
ability better accounted for variance in DP performance than
holistic versus feature processing. Finally, the different clus-
ters chosen by HCA and k-means approaches for the
expanded battery suggests that assignment of individual DPs
varies somewhat depending on the clustering approach.
Additionally, the highly overlapping distributions of individ-
ual DPs across these clusters (see Figs. 5B and 6B and
Supplementary Figs. S2 and S3) indicate fuzzy boundaries
between clusters, which is consistent with more dimensional
differences in face processing across DPs rather than
categorical.

3.10. What is the prevalence of major and mild face
perception impairments in DPs?

Our final analysis was to use our large sample of DPs to
quantify the prevalence of major and mild face perception
impairments. Because both the shifted distribution and clus-
ter analyses suggest that DP face perception deficits lie on a
continuum, we used the rigorous psychometric approach the
DSM-5 recommends (z-score < —2 on 2 or more tests for major
and z-score < —1 on 2 or more tests for mild) to identify mild
and major cognitive deficits in populations with continuous
deficits (e.g., mild cognitive impairment, dementia, Sachdev
et al., 2014). We applied these criteria to our three most reli-
able, validated measures of face perception (BFRT-c, CFPT,
SDFMT). This identified 27 DPs (24.8%) with major face
perception impairments, 45 DPs (41.3%) with mild impair-
ments, and 37 unimpaired DPs (33.9%). Interestingly, even
many of the 37 unimpaired DPs showed below average per-
formance on multiple assessments (e.g., BFRT-c and eye
composite, see Supplementary Materials and Fig. S4). For
comparison, when performing leave-one-subject-out (see
Methods) z-score calculations with controls, we found that no
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Fig. 6 — DP hierarchical cluster analysis using an extended battery of face perception measures: Cluster performance on (A)
CFPT measures and (B) Larger Perception Battery. Note. A) Average DP Cambridge Face Perception Test (CFPT) performance
from our two observed clusters compared to Bennetts et al. (2022) clusters (plotted via reported means, standard deviations,
and sample size). B) DP expanded face perception battery performance by cluster. Upright = CFPT upright trial accuracy,
Inverted = CFPT inverted trial accuracy, Inversion Index = [CFPT upright — CFPT inverted)/[CFPT upright + inverted], BFRT-
¢ = Computerized Benton Face Recognition Test, SDFMT = Same/Different Face Matching Task, Eye and Mouth
Composites = Part-Whole and Georges eye and mouth trials. Error bars represent standard error of the mean.

controls were majorly impaired, 12 (9.0%) had mild impair-
ments, and 122 controls (91.0%) were unimpaired.

4, Discussion

The present study in a large group of DPs clearly demonstrates
that DP face perception performance falls on a unidimen-
sional continuum (i.e., generally better vs worse overall face
perception) shifted towards impairment rather than having
discrete face perception subgroups. This was reflected both in
distributional analyses of validated face matching tasks
(CFPT, BFRT-c, SDFMT) and across multiple cluster analyses,
either using CFPT measures or our broader battery of face
matching, featural, and holistic measures. We also quantified

the prevalence of face perception impairments using DSM-5
guidelines, estimating that 24.8% of DPs have major face
perception deficits, while 41.3% have mild deficits, and 33.9%
are perceptually unimpaired. These results provide both
mechanistic insights into DP as well as have important clinical
and treatment implications.

First, we found consistent evidence to support the contin-
uous/shifted distribution model of DP face perception deficits,
rather than the discrete subgroups model (see Barton &
Corrow, 2016). This was clear when examining our face
matching tests, the CFPT, BFRT-c, and SDFMT, which
demonstrated that the distribution of DP performance was
similar to controls and shifted towards impairment by an
average of 1.4 SD across tasks. We also showed this pattern of
graded DP impairments on holistic and featural processing as
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well (see Supplementary Fig. S1). Further, although cluster
analyses identified putative subgroups of DPs, these sub-
groups largely exhibited unidimensional patterns of percep-
tual deficits and were consistently overlapping, arguing
against the clusters representing qualitatively distinct sub-
groups. These findings align with previous DP studies
demonstrating graded perceptual deficits in face matching
ability (Biotti et al., 2019; Mishra et al., 2021), holistic face
processing (DeGutis, Cohan, et al., 2012), and feature pro-
cessing abilities (Berger et al., 2022). The current findings
extend these studies by using a larger sample of DPs and
demonstrating results across a broader battery of face
perception tasks. Our observation of continuous face percep-
tion deficits in DPs is consistent with other developmental
disorders having continuous dimensions rather than quali-
tatively distinct subgroups, including aspects of autism (e.g.,
repetitive behaviors, Zheng et al., 2019) and attention deficit
hyperactivity disorder (e.g., inattention, hyperactivity/impul-
sivity, Marcus & Barry, 2011). In fact, a recent meta-analysis of
187 studies of psychopathological disorders (including devel-
opmental disorders) found that roughly 5 times more disor-
ders showed evidence that individual differences in
underlying factors were continuous rather than categorical
(Haslam et al., 2020). Together, this suggests our finding that
DP perceptual deficits exist on a continuum is consistent with
symptom profiles of many other developmental and psycho-
logical disorders.

The current findings support that DPs most strongly differ
on a single general perceptual dimension, rather than primarily
exhibiting differential featural versus holistic processing defi-
cits, as suggested by Bennetts et al. (2022). When using the
same HCA and k-means cluster analysis of CFPT measures as
Bennetts et al. (2022), we similarly observed DP subgroups with
differential featural versus holistic processing deficits on the
CFPT. However, when we compared these resulting subgroups
on other feature and holistic (Part-Whole) processing tasks, we
failed to find any performance differences. This suggests that
the clusters found using the Bennetts approach are not gener-
alizable but rather are specific to the CFPT measures. Further,
we found a similar pattern of measure-specific Part-Whole
holistic advantage versus featural processing differences (not
generalizing to the mouth composite, CFPT inverted, or CFPT
inversion index) for the cluster analysis of the extended battery
in the 95 major DPs (see Supplementary Materials). Together,
this suggests that DPs can exhibit differential feature
versus holistic processing abilities but these may be relatively
specific to how these abilities are measured. It also suggests
that differential feature versus holistic processing is secondary
to general perceptual abilities. This is consistent with studies
showing that eye/feature processing (Fisher et al., 2016; Tardif
et al.,, 2019) and holistic processing abilities (DeGutis, Cohan,
et al,, 2012; Klargaard et al., 2018) are unique and important
contributors to DPs' overall face perception abilities (see Berger
et al., 2022; along with other factors such as preferential fixa-
tion location, Peterson et al., 2019, see below), but on their own
do not differentiate DPs as well as overall face perception
abilities. This can be seen in Figs. 4B and 6B as well as
Supplementary Figs. S11B and S12B, where DPs span a

substantially greater range of performance on face matching
measures than on holistic and featural processing measures.

Our DSM-5-based prevalence estimates suggest that DP
face perception impairments are common but in most cases
do not fully explain the severity of face recognition deficits.
Several previous studies have quantified DP face perception
deficits using single measures (e.g., Biotti et al., 2019; Murray
et al., 2022; Stantic et al., 2022). However, single measures
often show limited reliability and may only modestly correlate
with other face perception measures (see Bobak et al., 2023).
The current study is the first to use multiple validated face
perception measures in a large sample and apply DSM-5
criteria to better quantify the prevalence of face perception
impairments. We found that 24.8% of DPs had major face
perception impairments, while 41.3% had mild impairments,
and 33.9% were unimpaired, i.e., 2 out of every 3 DPs had some
degree of face perception impairment. This could suggest the
need to use more sensitive face perception tests (e.g., Oxford
Face Matching Test, Stantic et al., 2022) and incorporate more
sophisticated methods (e.g., confidence ratings to generate
face matching ROC curves, Fitousi, 2023) to better quantify the
extent of DPs' face perception deficits. It also suggests that
face perception impairment alone may not explain the full
extent of face recognition deficits in DPs and other deficient
processes are likely involved. One potential extra-perceptual
mechanism is face recollection memory, the all-or-none
retrieval of qualitative, contextual, or semantic information
associated with the face (Yonelinas, 2002). Using an old-new
unfamiliar face recognition task with confidence ratings,
Stumps et al. (2020) found that deficient face recollection
explained variance in DP versus control group membership
above and beyond face perception deficits. It could be that
deficits in face perception and memory interact and even mild
face perception deficits alongside face memory deficits could
combine to produce DPs' severe face recognition difficulties.
Further characterizing memory mechanisms in DPs and the
interaction between perception and memory deficits would be
a fruitful future direction.

The current findings have important clinical and treatment
implications for DP. First, they suggest that individual differ-
ences in DPs may be best captured by more general face
perception tests, such as the CFPT and BFRT-c. They also
suggest that most DPs have some face perception deficit (even
perceptually ‘unimpaired’ DPs were worse than controls, see
Supplementary Fig. S4) and may benefit from training
perceptual mechanisms (e.g., face similarity training, Corrow
et al.,, 2019; holistic processing training, DeGutis et al., 2014).
The current results also emphasize the need to develop
additional interventions to target extra-perceptual deficits.
For example, repetition lag training, which focuses on
improving face recollection, has recently shown promising
benefits in improving face memory in DPs, especially those
with better face perception abilities (Kirsch et al., 2023).

Though the results of the present study are compelling,
they have limitations. Despite recruiting a large sample of DPs
and using multiple clustering approaches, cluster analyses are
more stable with larger samples, and we could have employed
additional clustering techniques (e.g., latent profile analysis).
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That being said, when we combined DPs and controls to in-
crease the sample size and reran HCA and k-means analyses
as well as latent profile analysis (see Supplementary
Materials, Fig. S14), we found very similar results of unidi-
mensional grouping. Another limitation is that we did not
characterize all aspects of face perception (e.g., eye move-
ments and preferential fixation location, Peterson et al., 2019),
and there may be other behavioral or neural markers that
would identify discrete DP subgroups. Large DP fMRI studies
have failed to show any evidence of discrete DP perceptual
subgroups (e.g.,, N = 64 DPs, Liu et al.,, 2021), though eye
tracking in a sample of 22 DPs by Peterson et al. (2019) has
suggested that DPs with upper versus lower preferential fix-
ation locations have markedly better and worse face percep-
tion performance, respectively (Bobak et al., 2017 also found
that lower face fixation is associated with more severe DP). It
would be important to assess a larger sample of DPs to see if
this represents a qualitative difference. A final limitation is
that our perceptual battery did not allow us to separate match
versus non-match trial performance (except for the SDFMT). A
recent study of healthy controls by Bobak et al. (2023)
administered a battery of face match versus non-match
tasks and found subgroups who were either unbiased, prone
to say match, or prone to say non-match. It would be inter-
esting to examine if DPs cluster into similar ‘bias’ subgroups.

In sum, using a large group of 109 DPs and performing
several cluster analyses, we found that face perception het-
erogeneity in DPs is primarily characterized by a unidimen-
sional continuum rather than discrete subgroups with
differential holistic versus feature processing. We also found
that the majority of our DPs had mild face perception deficits
(41.3%), while 24.8% had major face perception impairments,
and 33.9% were perceptually unimpaired. This reinforces that
face perception deficits are an integral aspect of DP and are
highly heterogeneous. It also highlights the importance of
future work to go beyond face perception mechanisms to fully
understand developmental prosopagnosia.
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