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ABSTRACT

Numerous neurological, developmental, and psychiatric conditions demonstrate impaired face recognition,
which can be socially debilitating. These impairments can be caused by either deficient face perception or face
memory mechanisms. Though there are well-validated, sensitive measures of face memory impairments, it
currently remains unclear which assessments best measure face perception impairments. A sensitive, validated
face perception measure could help with diagnosing causes of face recognition deficits and be useful in char-
acterizing individual differences in unimpaired populations. Here, we compared the computerized Benton Face
Recognition Test (BFRT-c) and Cambridge Face Perception Test (CFPT) in their ability to differentiate devel-
opmental prosopagnosics (DPs, N = 30) and age-matched controls (N = 30). Participants completed the BFRT-c,
CFPT, and two additional face perception assessments: the University of Southern California Face Perception Test
(USCFPT) and a novel same/different face matching test (SDFMT). Participants were also evaluated on objective
and subjective face recognition tasks including the Cambridge Face Memory Test, famous faces test, and Pro-
sopagnosia Index-20. We performed a logistic regression with the perception tests predicting DP vs. control group
membership and used multiple linear regressions to predict continuous objective and subjective face recognition
memory. Our results show that the BFRT-c performed as well as, if not better than, the CFPT, and that both tests
clearly outperformed the USCFPT and SDFMT. Further, exploratory analyses revealed that face lighting-change
conditions better predicted DP group membership and face recognition abilities than viewpoint-change condi-
tions. Together, these results support the combined use of the BFRT-c and CFPT to best assess face perception
impairments.

1. Introduction

2019; Mayer and Rossion, 2007), autism spectrum disorders (Dwyer
et al., 2019; Weigelt et al., 2012), schizophrenia (Watson, 2013), Alz-

Faces convey signals essential for social interactions and are one of
the most reliable ways to determine a person’s identity. Recognizing a
face is a highly specialized, multistage process (Bruce and Young, 1986)
involving a network of brain regions (Grill-Spector et al., 2017; Haxby
et al., 2000; Haxby and Gobbini, 2011). Though recognition of familiar
faces is typically rapid and effortless (Jenkins et al., 2018), this ability
can be severely impaired in many neurological, psychiatric, and devel-
opmental disorders including prosopagnosia (Albonico and Barton,

heimer’s disease (Lavallée et al., 2016), person recognition disorders
(Gainotti, 2007), age-related cognitive decline (Boutet et al., 2015), as
well as others (Barton et al., 2004; Dimitriou et al., 2015). The causes of
face recognition deficits in these disorders vary, and it is crucial to
identify measures that can discern the stages of face identification im-
pairments to help with both diagnosis (Benton and Van Allen, 1968;
Benton et al., 1994; Duchaine and Nakayama, 2006; Duchaine et al.,
2007) and treatment (Bate and Bennetts, 2014; DeGutis et al., 2014a, b).
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When assessing face recognition abilities, it is important to consider
there are two stages of processing involved: face perception and face
memory (e.g., De Renzi et al., 1991; Liu et al., 2002; Weigelt et al., 2014).
Face perception refers to building up/encoding a structural representa-
tion of a face (Bruce and Young, 1986). This representation allows one to
judge whether simultaneously presented faces belong to the same or
different individuals. On the other hand, face memory involves the ability
to store and retrieve individuated faces from long-term memory. Face
memory relies on face perception but also involves processes such as
associating semantic and contextual information with a face, storing and
retrieving a face and related semantic/contextual information, and, in
the case of familiar faces, building up a robust face representation over
repeated presentations. One influential developmental study suggests
that face perception develops earlier (~age 5) while face memory
demonstrates later face-specific development (~age 10, Weigelt et al.,
2014). Additionally, patient studies have found dissociations between
acquired prosopagnosics with impaired face perception and intact face
memory (apperceptive prosopagnosia) and vice versa (associative pro-
sopagnosia, De Renzi et al., 1991; though see Busigny et al., 2014).

Face perception impairments are typically assessed using face
matching tasks where the to-be-matched faces are presented simulta-
neously and, importantly, vary in either viewpoint, lighting, or emotion
(Benton and Van Allen, 1968; Duchaine et al., 2007; White et al., 2017).
Such variations in face images prevent direct image-based matching, are
thought to make judgments rely more on specialized face-specific
perceptual mechanisms (e.g., holistic processing, McKone, 2008;
Tanaka and Farah, 1993), and better capture impairments in patients
with face perception deficits. Face memory is assessed using tasks that
involve learning and short-term retention of identities of novel faces,
such as the Cambridge Face Memory Test (CFMT: Duchaine and
Nakayama, 2006) or long-term recognition of familiar/famous faces
(Bobak et al., 2017; Duchaine and Nakayama, 2005). Although many
researchers have regarded the CFMT as the gold standard test for
assessing deficits in face memory, there is currently no widely
agreed-upon measure to reliably characterize face perception impair-
ments. Notably, because perception precedes memory, all visual mem-
ory tests including the CFMT depend on both perceptual and memory
processes, thus making it difficult to dissociate the independent contri-
butions of the two. For example, studies have reported that factors that
impair face matching performance (e.g., lighting, viewpoint changes)
similarly impair short-term and long-term memory for faces (Braje et al.,
1998; Braje, 2003). The goal of the current study was to identify tests
that can best assess face perception in impaired samples.

In the past two decades, numerous tests have been developed to
assess face perception (e.g., Duchaine et al., 2007; Burton et al., 2010;
Fysh and Bindemann, 2018). The Benton Face Recognition Test' (BFRT,
Benton and Van Allen, 1968) was one of the first assessments to provide
a standardized measure of face perception proficiency to assess deficits.
The BFRT requires matching the identity of a front-view target face to
three of six faces simultaneously presented, which may vary in lighting
or viewpoint, (see Fig. 1). This test has been widely used to assess
perceptual deficits in clinical disorders like cortical blindness, lobec-
tomy, visual agnosia, and autism (Benton et al., 1994; Busigny et al.,
2009; Demirci and Erdogan, 2016; Duchaine, 2000; Yerys et al., 2018).
However, the sensitivity of the original, unspeeded version of the BFRT
has been challenged in studies of developmental prosopagnosics (DPs),
individuals with severe lifelong impairments in face recognition and
group-level face perception deficits (Duchaine and Nakayama, 2004;
Duchaine and Weidenfeld, 2003; Nunn et al., 2001). In particular,
Duchaine and Nakayama (2004) found that 9 of 11 DPs performed

1 We prefer calling BFRT-c a face perception test, to distinguish it from face
recognition tests, as the term recognition refers to memory specifically “the
ability to identify information as having been encountered before” (APA Dic-
tionary of Psychology).
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normally on the BFRT (>41 out of 54, z-score > —1). Further, a recent
study reported that in 23 DPs, 18 scored within the normal range on the
original BFRT (Albonico et al., 2017).

One potentially critical factor with the original version of the BFRT is
that it had no time restrictions and did not emphasize response speed.
Studies have shown that when given unlimited time to perform face
matching, feature-by-feature comparison becomes an available strategy
to achieve high accuracy rates (e.g., Towler et al., 2017). Along these
lines, studies have reported that prosopagnosics take significantly longer
to complete the original BFRT than controls (Albonico et al., 2017;
Duchaine, 2000; Duchaine and Nakayama, 2004; Nunn et al., 2001), as
they may use a feature-by-feature strategy to achieve accuracy within
the normal range. This suggests that speeded tasks may be better at
identifying impairments in face perception. In an effort to address these
shortcomings of the original BFRT, Rossion and Michel (2018) devel-
oped a computerized version of the BFRT (BFRT-c) that collects response
times and instructs participants to respond, “as quickly and accurately as
possible”. The normative accuracy of this version (see Dzhelyova et al.,
2020) is notably 0.75 SDs lower than versions without speeded in-
structions (e.g., Albonico et al., 2017). This suggests that the BFRT-c’s
speeded instructions may change participants’ strategy, possibly favor-
ing face-specific processes (e.g., holistic processing) rather than more
laborious, non-face specific feature matching processes. This may make
the BFRT-c a substantially more sensitive assessment of face perception
impairment than the original version or other currently available
assessments.

To date, there have been no studies comparing the validity and
sensitivity of this version of the BFRT-c or other available face percep-
tion tests in clinical samples. DPs are an ideal population to validate face
perception tests, as larger samples of DPs consistently show reduced
group-level face matching performance compared to controls (e.g.,
Biotti et al., 2019; Dalrymple et al., 2014; Zhao et al., 2016; though
individual DP cases may demonstrate normal face perception) and are
prevalent enough to obtain adequate group sample sizes (2.5% of pop-
ulation; Kennerknecht et al., 2006). In addition to differentiating be-
tween DPs and controls, a good face perception assessment should also
strongly correlate with measures of face memory, since face perception
ability is a significant contributor to face memory performance (e.g.,
Stumps et al., 2020). In the current study, we compared the BFRT-c and
the widely used Cambridge Face Perception Test (CFPT, Duchaine et al.,
2007; Bobak et al., 2017; Bowles et al., 2009; Gonzalez-Perez et al.,
2019; Palermo et al., 2017; Rezlescu et al., 2017), in their ability to a)
detect face perception impairments and b) predict face memory per-
formance. In the CFPT, participants are required to arrange six
front-view morphed faces from most-to-least similar to a target face
shown from a ¥%-viewpoint. Two important differences between CFPT
and BFRT-c are that a) speed is emphasized in the BFRT-c whereas in the
CFPT there is less emphasis on speed, with 60 s provided to complete
each trial, and b) the BFRT-c includes lighting and viewpoint changes
between faces whereas the CFPT only includes viewpoint change trials.
Studies have suggested that prosopagnosics may be particularly worse at
matching faces across lighting change trials, even more so than view-
point change trials (Duchaine and Nakayama, 2004; Rossion and Michel,
2018). Given that BFRT-c is speeded and includes lighting change trials,
we hypothesized that the BFRT-c will predict unique variance from the
CFPT in DP vs. control group membership as well as objective and
subjective face recognition ability.

In exploratory analyses, we also sought to compare the BFRT-c and
CFPT to two additional face matching assessments shown to be sensitive
to face perception impairments. First, we included the USC Face
Perception Test (USCFPT, Margalit et al., 2016; Biederman et al., 2017)
that uses computer-generated faces and difficulty levels scaled accord-
ing to the Gabor-jet model and has shown decreased performance in DPs
(Biederman et al., 2017; Margalit et al., 2016; Yue et al., 2012). We also
included a novel same/different face matching task (SDFMT) (motivated
by White et al., 2017), which demonstrated significant differences
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target face

Fig. 1. Representative images from the four face matching tasks used in this study. A) In the BFRT-c, the top image is the target face and the bottom two rows of
images are faces from which the target face must be selected. The subpanel shows different trial types, where one out of six front-view faces is the target face (left), or
three out of six faces are the same identity as the target face in the view-change trials (middle) or lighting-change trials (right). B) In the CFPT, a 3/4™ view target
face must be best matched with the six-identity morphed-front view facing faces in descending order of similarity by moving the faces using a mouse. The morph
percentages shown below represent the objective similarity to the target face. C) In the USCFPT, the top target face must be matched to either of the two bottom test
faces D) The SDFMT displays two faces simultaneously to judge as being same or different, with trials having lighting-change (top) and viewpoint variations (bottom)
in faces. In this subpanel, for both the trial types (top and bottom) the responses would be ‘same’.

between DPs and controls. Finally, in the tests with lighting and view- 2. Materials and methods
point change trials (BFRT-c and SDFMT), we also sought to directly
compare these trial types in their ability to differentiate DPs and controls 2.1. Participants
and predict objective and subjective face recognition.
The study included 60 adults between the ages of 18 and 70 years
old. Controls and DPs were recruited from different sources. DPs were
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recruited from: a) Our database of Boston DPs who previously partici-
pated in laboratory studies, b) referrals from Dr. Matthew Peterson at
MIT, who recently completed a Boston-area DP study (Peterson et al.,
2019), c) referrals from Dr. Brad Duchaine’s website, www.faceblind.
org, and d) responses to our advertisement posted on public trans-
portation (Massachusetts Bay Transportation Authority subway system —
“T”). Control subjects were recruited from the greater Boston commu-
nity primarily through flyers and through the Harvard Decision Science
Lab in Cambridge, MA. All participants had normal or
corrected-to-normal vision, provided informed consent before partici-
pating in the study in accordance with the declaration of Helsinki and
were compensated for their time. The study was approved by the VA
Boston Healthcare System and Harvard Medical School Institutional
Review Board Committee, and all study tasks were completed at the
Boston VA Medical Center or the Harvard Decision Science Lab.

All participants underwent a pre-visit phone screening to ensure they
did not meet any of the following exclusionary criteria: a history of a
significant neurological disorder, lifetime moderate to severe traumatic
brain injury (TBI) or mild TBI in the last 6 months, musculoskeletal or
sensory impairments that would interfere with performing computer
tasks, lack of English proficiency, current psychiatric disorders, diag-
nosed social cognitive disorders such as autism, or current dependence
on alcohol or other substances.

2.2. Qualifying as a DP or control participant

To qualify as DP, similar to our previous studies (e.g., Fry et al.,
2020) we required individuals to a) report a lifelong history of face
recognition difficulties (e.g., not resulting from an event such as a brain
injury), b) score >65 on the Prosopagnosia Index questionnaire (P120;
Shah et al., 2015), a self-report measure of prosopagnosia symptoms; c)
score lower than 44 out of 72 on Cambridge Face Memory Test (CFMT)
and d) score <70% on a Famous Faces test (FFMT). To rule out other
causes of poor face recognition, participants had to score normally on a
visual acuity/contrast sensitivity test (The Functional Acuity Contrast
Test; Ferris et al., 1982), mid-level vision tests (The Leuven Perceptual
Organization Screening Test; Torfs et al., 2014), and the Autism Spec-
trum Quotient questionnaire (<33; Baron-Cohen et al., 2001).

Controls had similar screening criteria to DPs except they could not
complain of lifelong face recognition difficulties, score higher than 64 on
the P120, and/or exceed the cutoffs on both FFMT and CFMT. Based on
these criteria, 30 DPs and 30 controls were included in our study. The
two groups did not differ significantly in either age or gender.

2.3. Procedure: Face Perception Tests

The experiments were designed either in PsychoPy v1.85.4 or Java
(for CFPT, CFMT) and run on a laptop (34.5 x 19.5 cm display, 1920 x
1080 pixels, 60 Hz). Participants were seated 60 cm from the computer
screen and instructed to indicate their responses using either a keyboard
or a computer mouse, based on task demands. The study had four
different face matching tests (Fig. 1). Written and spoken instructions
were provided. The order of the tests was fixed for all participants: a)
USCFPT b) BFRT-c ¢) SDFMT and then d) CFPT. This was done to reduce
order-related individual differences effect (Ruiz et al., 2019) and to
detect training-related changes more sensitively for the DPs who went
on to perform cognitive training. The detailed description of each face
perception test is as follows:

2.3.1. Computerized Benton facial recognition test (BFRT-c)

The BFRT-c was adapted from Rossion and Michel (2018), and only
differs from the 1968 task in that the original instructions are changed to
emphasize speed along with accuracy. A series of grayscale photographs
of unfamiliar faces (3 x 3.5 cm) are presented with external information
cropped out and very little visible hair present (Fig. 1A). In all the trials,
a target face is presented at the top of the screen and six faces are
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simultaneously presented in two rows at the bottom of the screen. Par-
ticipants are instructed as follows: “You will see a face at the top of the
screen that you will have to match to one of the six faces presented
below. Click on the matching face. Try to respond as quickly and
accurately as possible.” The stimuli are displayed until the participant
completes their response choices. The test is divided into two parts: in
the first part (six trials, front view faces), participants must select one
face per trial and in the second part (sixteen trials, eight lighting change
and eight head rotation/viewpoint change faces), they must select three
faces per trial. There were a total of 54 possible points and data for both
accuracy and total task response time was collected. Note that RTs were
the total time to complete all BFRT trials (i.e., accumulated time to
complete entire task) and not just the correct trials as it was not possible
to calculate meaningful correct trial RTs from the three response choice
trials (Rossion and Michel, 2018).

2.3.2. Cambridge Face Perception Test (CFPT)

The CFPT (Duchaine et al., 2007) is a computerized face sorting task
(Fig. 1B), wherein participants arrange the six-upright front-view faces
(3 x 4 cm) according to the similarity with the 3/4th profile view of the
target face (left-being most similar, right-most dissimilar). The trials are
restricted to 1 min per trial. The six faces are generated by morphing the
varying proportion of the identity of the target face with six new indi-
vidual faces. Eight sorts were created, each with upright and inverted
face trials that were intermixed in the block. Following Rezlescu et al.
(2012) and Rezlescu et al. (2017), we calculated the correct score as (1
% total errors). Chance level is 35.6%.

2.3.3. USC face perception test (USCFPT)

The USCFPT is a face-matching task that uses synthetic grayscale
computer-generated faces. The face stimuli were generated using Face-
Gen software and were generously provided by Irving Biederman (Yue
et al., 2012). One core face was used to create eight levels for two di-
mensions namely, distance between eyes and mouth and height of
cheekbones, yielding 64 faces, conceptualized using the Gabor
Euclidean distance between the stimuli. The faces are presented on
white backgrounds and all faces are devoid of external cues such as hair
or clothing (Fig. 1C). Each trial displayed a single target face (3.2 x 4.2
cm) at the top of a screen and two test faces below it for 5 s. The par-
ticipants were instructed as follows: “In this experiment we are inter-
ested in your ability to discriminate between similar images. During
each trial, you will identify which of the bottom two images is an exact
match of the top image, using the number keys. There will always be an
exact match and the location of the target (left or right) will be random.
The trials will vary in difficulty, with faces which look very different and
those that look very similar to one another. Respond as fast and as
accurately as you can”. Responses were recorded even after the faces
went away. There were total of 96 trials with accuracy as the measure of
interest.

2.3.4. Same/different face matching task (SDFMT)

Neutral expression face images from the multi-PIE database (Gross
et al., 2010) were converted to grayscale and cropped to remove
external features such as hair or clothing. Individual foil faces were
carefully selected to be matched to each individual target face based on
gender, age, ethnicity, and distinctive features (e.g., thin eyebrows, dark
eyes). Foil faces had a very similar verbal description to target faces. In
this task, participants were presented with two face images side-by-side
on the screen (4.5 x 6 cm each) for 3 s and had to press 1 or O to indicate
whether the faces were the same (50% of trials) or different identities
(50% trials), respectively. The responses were collected even after 3 s.
There was a 1 s inter-trial interval. There were seven 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.
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3/4 view), 6) different identity with viewpoint change, 7) same identity
and same day but cropped differently. There were 30 trials per trial type
which were randomly intermixed for a total of 210 trials. The same
identity and same day but cropped differently trials were included as an
effort check. Participants showed ~99% accuracy on these trials and
they were not included in the subsequent analyses.

2.4. Face recognition tests

In addition to administering face perception tasks, we also included
well-validated measures of objective and subjective face recognition. We
used the total score from the original Cambridge Face Memory Test
(Duchaine and Nakayama, 2006). We also assessed famous face memory
test (FFMT)/recognition by using a set of 20 very famous celebrities
from testmybrain.org (see Mishra et al., 2019). We used the percent
correct out of the total number of people that participants reported being
familiar with. Finally, to assess self-reported face recognition diffi-
culties, we used the total score from the Prosopagnosia Index 20 (Shah
et al., 2015).

2.5. Statistical analysis approach

All the statistical analyses were conducted on the z scores, calculated
using the mean (M) and standard deviation (SD) values of this study’s
control group. Two-tailed independent sample t-tests and an o = 0.5
were used when needed. Zero-order correlations between the face
perception and face recognition tests (CFMT, FFMT) were conducted to
establish that the perceptual tasks were all reasonably reliable at
detecting prosopagnosia in our sample. Additionally within perceptual
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tests correlation was also conducted to evaluate the relationship across
these tests, separately, in DPs and control sample. Within DP and control
groups, the inter-item reliability for each test was assessed using Cron-
bach’s alpha («) and Guttmann’s lambda-2 (Ay).

Given that BFRT and CFPT have been standard assessments in face
perception studies, we first sought to investigate if the performance in
BFRT-c better explains DP diagnosis and performance in CFMT and
FFMT, as standard measures of face memory assessment. To further
investigate the role of USCFPT and SDFMT, the regressions were also run
with all four tests together. We performed a binary logistic regression to
assess which of the above tests predicted unique variance in DP diag-
nosis or the likelihood that the participants will be categorized as a DP.
We used multiple linear regression to predict how these tests relate to
face memory performance measures (CFMT and FFMT) and PI20 scores.

We also performed a receiver operating characteristic (ROC) curve
analysis (Hajian-Tilaki, 2013) to directly compare among the four face
perception tests in terms of sensitivity (proportion of DPs correctly
identified), specificity (proportion of controls correctly identified), and
area under the curve (AUC; probability that a random DP will score
lower than a random control). It should be emphasized that the bimodal
distribution of facial recognition ability along with the equal proportion
of those with and those without prosopagnosia in our subject sample do
not represent the distribution of facial recognition ability for the general
population. For this reason, the ROC metrics are to be interpreted only
with respect to the relative discrimination performance of the four face
perception tests. The metrics from our sample are not meant to predict
the absolute discrimination performance of these tests within the gen-
eral population or within any given subpopulation (e.g., those present-
ing to a clinic or researcher). If the same ROC metrics were to be derived

Table 1

DPs’ raw data and DP and Control group mean scores: Demographics, Face Recognition and Face Perception Performance.
Sub. No. Gender Age PI20 scores FFMT CFMT BFRT-c (/54) CFPT SDFMT USCFPT

Scores

1 F 22 88 0.27 34 39 0.71 0.70 0.67
2 F 29 88 0.35 37 42 0.51 0.71 0.84
3 F 34 75 0.33 39 37 0.65 0.81 0.84
4 M 61 89 0.29 38 36 0.54 0.65 0.69
5 X* 36 93 0.54 35 35 0.75 0.68 0.64
6 M 33 80 0.53 36 33 0.47 0.71 0.51
7 M 27 80 0.19 38 47 0.78 0.83 0.84
8 F 46 75 0.39 34 39 0.56 0.74 0.65
9 F 53 86 0.40 35 39 0.72 0.77 0.74
10 F 26 80 0.47 42 42 0.76 0.79 0.72
11 F 35 81 0.45 43 47 0.69 0.78 0.85
12 F 30 69 0.42 41 42 0.63 0.76 0.74
13 F 32 58 0.55 40 38 0.58 0.73 0.78
14 F 27 86 0.29 44 39 0.72 0.80 0.84
15 F 63 63 0.20 37 38 0.28 0.73 0.72
16 F 31 89 0.10 37 42 0.71 0.73 0.71
17 F 55 96 0.47 33 34 0.57 0.69 0.85
18 F 39 78 0.47 33 42 0.64 0.80 0.72
19 F 28 80 0.27 42 47 0.60 0.82 0.84
20 M 37 91 0.35 33 40 0.65 0.74 0.67
21 F 28 80 0.47 39 42 0.68 0.84 0.80
22 F 64 85 0.25 43 43 0.60 0.79 0.86
23 F 52 87 0.12 38 41 0.40 0.68 0.49
24 F 25 88 0.26 44 42 0.68 0.79 0.80
25 M 50 82 0.20 44 39 0.64 0.76 0.82
26 F 33 89 0.35 39 39 0.68 0.73 0.69
27 F 39 71 0.50 41 36 0.79 0.74 0.80
28 F 23 92 0.37 32 35 0.60 0.76 0.67
29 F 70 83 0.13 36 39 0.68 0.73 0.66
30 F 27 76 0.08 42 38 0.51 0.72 0.83
DP group (n = 30) 24F 38.5 + 13.69 81.93 + 8.74 0.34 +0.14 38.3 + 3.72 39.73 + 3.61 0.63 +0.11 0.75 + 0.05 0.74 + 0.10
Control (n = 30) 18F 38.83 +£10.18 35.86 + 7.95 0.77 £ 0.17 59.4 + 7.86 45.33 + 4.25 0.74 £ 0.10 0.80 + 0.07 0.79 4 0.091

Note. Accuracy for FFMT: Famous Faces Test, SDFMT: Same/different face matching test and USCFPT: University of Southern California face perception test; Raw
scores for BFRT-c: Computerized Benton face recognition test and CFMT: Cambridge Face Memory Test; CFPT: Cambridge face perception test report upright deviation
scores. *This participant’s gender identity is nonbinary. Summary data for DPs and controls are represented by the mean =+ standard deviation.
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in a random sample of the general population, the absolute performance
would differ from that of our sample (see Arizpe et al., 2019).

2.6. Sample size justification

Our sample size was guided by previous studies comparing face
perception between DPs and controls (White et al., 2017) and studies of
individual differences in face recognition (DeGutis et al., 2013; Richler
et al., 2011). White et al. (2017) found significant DP and control dif-
ferences in face matching when using a sample of 21 in-lab controls and
6 DPs. We wanted to include additional DPs in the current study to
improve our sensitivity to detect differences between face perception
tests.

3. Results
3.1. Demographics and diagnostic test performance

Participants included 30 DPs (24 female) and 30 controls (18 female)
with a mean age of 38.5 years (SD = 13.69) and 38.8 years (SD = 10.18),
respectively. There was no significant difference between the two
groups in age (p = .92), but there was a trend toward a higher proportion
of females in the DP group (p = .09). As expected, the DP group

Table 2
Internal reliability of the perceptual tests for DP and control groups.
Reliability BFRT-c CFPT SDFMT USCFPT
o Az o Az o As 4 Az
DP 0.53 0.60 0.79 0.82 0.71 0.76 0.82 0.85
Control 0.74 0.77 0.74 0.76 0.88 0.89 0.81 0.84
Normative data  0.61 - - 0.68 - - - -

Note: Normative data for BFRT-c and CFPT were obtained from Rossion and
Michel (2018) (Guttman’s lambda; Rezlescu et al., 2017). No normative data
were available for USCFPT and SDFMT. a = Cronbach’s alpha, A, = Guttman’s
lambda 2.
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performed significantly worse (all p < .001) than controls on objective
and subjective diagnostic measures of face recognition (CFMT, FFMT,
and PI120; Table 1). We also verified that our control group performed
similarly to previous normative samples (CFMT: control M/SD = 59.4/
7.9, normative sample M/SD = 57.9/7.9, Duchaine and Nakayama,
2006; PI120: control M/SD = 35.86/7.95, normative sample M/SD =
38.90/10.88, Shah et al., 2015; CFPT: control M/SD = 0.74/0.10,
normative sample M/SD = 0.72/0.10, Rezlescu et al., 2017; BFRT-c:
control M/SD = 45.33/4.25, normative sample M/SD = 44.81/3.44,
Rossion and Michel, 2018; USCFPT: control M/SD = 0.79/0.09,
normative sample M/SD = 0.83/0.08; Irving Biederman, personal
communication).

3.2. Reliabilities of, and correlations between, perceptual measures

To help with interpretation of correlation and group differences and
provide a sense of whether these tests are tapping into similar con-
structs, we first measured the reliability of each face perception test and
how strongly they inter-correlated using Cronbach’s o and Guttman’s Ay
(Table 2). DPs showed reduced internal consistency than controls on the
BFRT-c and SDFMT while the reliabilities were similar for the other two
tests. The values were also comparable to previously established
normative samples. Results of Pearson correlations between the four
face perception tests combined for DP and control group as well as
independently for the two groups showed medium to large positive
correlations (0.58 <r (58) > 0.37, p < .001), suggesting that these tests
measure similar perceptual abilities (Fig. 2).

3.3. The ability of face matching tests to detect face perception deficits in
DPs and predict face recognition ability

We next examined each test’s individual ability to detect face
perception performance differences in DPs vs. controls and in their
correlations with face recognition ability. Table 1 displays the raw
scores for DPs and mean values of DPs and control groups across the four
perceptual tests. Overall, there were significant differences between the
groups across different perceptual tests, with medium to large effect
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sizes (Table 1, Fig. 3A). The BFRT-c (¢t (58) = 5.5, p < .001, Cohen’sd =
1.42) most robustly differentiated between DPs and controls, followed
by the CFPT (¢t (58) = 4.19, p < .001, Cohen’s d = 1.08), and SDFMT (t
(58) = 3.34, p = .001, Cohen’s d = 0.86). The USCFPT scores only
trended towards showing a DP/control difference (¢ (58) = 1.92, p = .06,
Cohen’s d = 0.5).

Next, we examined the associations between face perception tests
and objective measures of face recognition ability for DP and control
groups independently as well as collapsed across groups (Fig. 3B). We
found that the BFRT-c and CFPT had significantly higher correlations
with face recognition memory scores, followed by SDFMT and then
USCFPT scores.

With respect to the BFRT-c, surprisingly, we did not find that DPs (M
= 243.7 s, SD = 79.78 s) had significantly slower response times (RTs,
time to complete the entire task) than the control group (M = 213.67 s,
SD =75.29 s, p = .14). Notably, our older control group (Mg = 38 yrs)
had longer RTs than a recent BFRT-c study with a younger control group
(e.g., Rossion and Michel, 2018; M = 180.85 s; SD = 59.87 s, Mg = 22
yrs), suggesting that age may be a factor in response times. To further
address if RTs had a significant association with DP vs. Control group
membership (given that there is an average of 30 s difference between
the means of the two samples), we correlated the accuracy and RTs for

the groups.
As can be seen in Fig. 4, we found weak, non-significant correlations
between RT and accuracy for BFRT-c for all trials (controls: r = —.21;

DPs: r = —0.01; All participants: r = —0.20, [ 0.97 < all p’s > 0.1 ]) and
similar non-significant accuracy/RT correlations when examining the
last 48 trials of the BFRT-c (controls: r = 0.16; DPs: r = 0.09; All par-
ticipants: r = 0.02, [ 0.9 < all p’s > 0.4 ]). We also examined combi-
nation RT-accuracy measures. Given the weak correlation between RT
and accuracy, using the more widely used Inverse Efficiency Score (IES)
to integrate RTs and accuracy is less valid (see Bruyer and Brysbaert,
2011), so we also calculated the Balanced Integrated Score (BIS; Liese-
feld and Janczyk, 2019; Liesefeld et al., 2015) using subtraction between
the z transformed values of RT and Accuracy. Here, we calculated RT
and accuracy z scores for all subjects using the Mean and SD of the
control group. In the current study, neither the raw RTs (Odds ratio =
0.995), the IES (Odds ratio = 0.99; p = .15), nor BIS (Odds ratio = 2.4; p
< .001) explained unique variance on their own in logistic and linear
regressions. Finally, in our current analysis, just one DP (Mean = 366 s)
was 2 SD slower than the control group mean (Mean = 213 s, SD = 755s).
Together, these results suggest that BFRT-c RTs were not useful in
diagnosing DPs and did not enhance the performance of BFRT-c
accuracy.
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Complementing these analyses, we compared each test’s sensitivity
to perceptual impairment at the individual participant level (<2SD, <
1.7 SD, Geskin and Behrmann, 2018). As can be seen in Fig. 5, we found
that the BFRT-c and CFPT were very similar in their ability to detect face
perception impairments, while the USCFPT and SDFMT were consider-
ably less able to detect impaired performance.

To provide a more fine-grained understanding of how well each face
perception measure predicted DP vs. control group membership, we
next performed ROC analyses (Fig. 6) and measured the sensitivity,
specificity, Youden Index (J = sensitivity + specificity —1), and area
under the curve (AUC). The sensitivity and specificity values reported
here are for the optimal (maximum) point on the curve. Here, we used
the four face perception tests and plotted the ROC curve to calculate the
AUC for each test (Fig. 6, AUC >0.9 is excellent, > 0.8 is very good and
>0.6 is fair). The analysis showed that both BFRT-c (AUC = 0.83, p <
.001, sensitivity = 0.900, specificity = 0.733, J = 0.633) and CFPT
(AUC = 0.80, p < .001, sensitivity = 0.800, specificity = 0.767, J =
0.567) were best at discriminating DP from the control group while
SDFMT test results were moderate (AUC = 0.73, p = .002, sensitivity =
0.867, specificity = 0.567, J = 0.433) and the USCFPT (AUC = 0.64,p =
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.059, sensitivity = 0.533, specificity = 0.800, J = 0.333) had the
weakest performance.

3.4. How do the BFRT-c and CFPT compare in their ability to predict DP
diagnosis and face recognition ability?

We next sought to directly compare the BFRT-c and CFPT in pre-
dicting DP vs. control group membership and face recognition ability. A
logistic regression including both tests showed an overall significant
model fit (Xz (57) = 26.87, p < .001, AIC for model fit = 62.31). Notably,
the BFRT-c significantly predicted unique variance in DP diagnosis (p =
.004, Odds Ratio = 3.19) while the CFPT did not predict unique variance
(p = .12, Odds Ratio = 1.74). When using both measures to predict
CFMT scores, both the BFRT-c (t = 4.23, p < .001) and CFPT (t = 2.71, p
=.009) predicted unique variance in CFMT performance and combined
predicted 50.3% of the variance (F (2, 57) = 28.79, p < .001). Similarly,
the overall model was significant for predicting FFMT scores (F (2, 57) =
19.99, p < .001, R? = 0.42), with both BFRT-c (t = 2.78, p = .007) and
CFPT (t = 3.04, p = .004) as significant independent predictors in the
model. The model was also significant for predicting PI20 scores (F (2,
57) =15.16, p < .001, R? = 0.35), with only BFRT-c (t = 3.50, p < .003)
as a significant independent predictor in the model (CFPT, t = 1.4, p =
.16). Together, this suggests that the BFRT-c outperformed the CFPT
when predicting DP diagnosis and self-reported face recognition and the
two tests performed similarly when predicting objective face recognition
measures.

3.5. How do the face matching assessments compare in their ability to
predict DP diagnosis and face recognition ability?

We next sought to perform exploratory analyses comparing the
ability of all four tests to predict DP vs. control membership and face
recognition. To achieve this, we first performed a logistic regression
with the four perceptual tests predicting DP vs. control group mem-
bership. Results of the logistic regression indicated an overall significant
relationship (X2 (55) = 27.20, p < .001, AIC for model fit = 65.97) be-
tween the perceptual tests (BFRT-c, CFPT, SDFMT, USCFPT) and the
binary outcome variable (categorized as being a control/DP). However,
only BFRT-c (W = 7.41, p = .006) predicted unique variance in the
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diagnosis of DP.

We next compared the face perception tests in their ability to predict
more fine-grained, continuous measures of objective (CFMT/FFMT) and
subjective face recognition (PI20). Results of the multiple linear
regression indicated that together, the four perceptual tests significantly
predicted CFMT scores, (F (4, 55) = 14.70, p < .001, R? = 0.52). The
BFRT-c (t = 3.58, p < .001) was the only significant unique predictor for
CFMT performance with marginal independent variance explained by
the CFPT (t = 1.93, p = .059). Similarly, the overall model was signifi-
cant for predicting FFMT scores (F (4, 55) = 10.13, p < .001, R?= 0.42),
with BFRT-c (t = 2.29, p = .026) and CFPT (t = 2.41, p = .019) as sig-
nificant independent predictors in the model. The model was also sig-
nificant for predicting P120 scores (F (4, 55) = 7.46,p < .001, R’= 0.35),
with only BFRT-c (t = —3.09, p = .003) as a significant independent
predictor in the model. Notably, the USCFPT and SDFMT did not
uniquely predict any of the continuous objective or subjective face
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recognition measures.

3.6. Comparing changes in lighting vs. viewpoint in discriminating
between DPs and controls

We finally sought to determine whether lighting change or viewpoint
change trials better discriminated between DPs and controls by exam-
ining separate trials of the BFRT-c and SDFMT tests (Fig. 7A). There were
significant differences in performance between the control and DP group
in the BFRT-c viewpoint change trials (¢t (58) = 4.66, p < .001, Cohen’s d
= 1.2) and BFRT-c lighting change trials (t (58) = 5.23, p < .001,
Cohen’s d = 1.35) conditions as well as the SDFMT viewpoint (t (58) =
2.67,p = .010, Cohen’s d = 0.69) and SDFMT lighting change (t (58) =
3.23, p = .002, Cohen’s d = 0.84) conditions.

Given that the number of trials is reduced when dividing into lighting
and viewpoint change conditions, we averaged the accuracy for SDFMT
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and BFRT-c for each condition. We then performed a logistic regression
with the composite lighting change and viewpoint change trials as
predictors. The model was significant (32 (57) = 26.15, p < .001, AIC for
model fit = 62.98), with only lighting change trials as a significant in-
dependent predictor for the diagnosis of DP (W = 7.83, p = .005). The
ROC analysis in this case revealed that the combined lighting change
trials (AUC = 0.84, p < .001) were the best predictor of all the measures,
followed by all trials of the BFRT-c (AUC = 0.83, p < .001) and CFPT
(AUC = 0.80, p < .001).

We further examined linear regressions with composite light and
viewpoint change trials as predictors for objective and subjective face
recognition scores (Fig. 7B). Overall regressions were significant for all
three face recognition measures: CFMT (F (2, 57) = 26.71, p < .001, R?
= 0.48), FFMT (F (2, 57) = 16.80, p < .001, R? = 0.37) and PI-20 (F (2,
57) =15.7,p < .001, R? = 0.36). Examination of individual predictors
showed that lighting change trials significantly predicted unique vari-
ance in the CFMT (t = 4.13, p < .001), FFMT (¢t = 3.19, p = .002) as well
PI-20 (t = —3.1, p = .004), whereas viewpoint change trials only
significantly predicted unique variance in the CFMT (t = 2.39, p = .02)
and trended towards predicting unique variance in the FFMT (¢t = 2.0, p
=.051) and PI-20 (t = —1.97, p = .054).

4. Discussion

The current study helps to address the existing gap in the literature
regarding which tests are best for identifying face perception impair-
ments. When diagnosing DP as well as predicting objective and subjec-
tive face recognition, the BFRT-c and CFPT consistently showed robust
predictive abilities and clearly outperformed the other measures. When
we directly compared the BFRT-c and CFPT, the BFRT-c outperformed
the CFPT, solely predicting unique variance in DP diagnosis and self-
reported face recognition. The two tests both predicted unique vari-
ance in objective face recognition measures (CFMT, FFMT). This sug-
gests that the BFRT-c is as good as, if not better than, the widely used
CFPT in measuring face perception deficits and provides complementary
information to the CFPT. In exploratory analyses, we also found that
accuracy for making perceptual judgments of faces across lighting
changes better predicted DP vs. control membership as well as subjec-
tive and objective face recognition compared to viewpoint changes.
These results have both important clinical and theoretical implications
in assessing populations with face processing difficulties.

The results from our study demonstrate that the BFRT-c is a sensitive
and reliable measure for assessing face perception impairments in DPs,
contrasting previous studies which used the original version of the BFRT
(Albonico et al., 2017; Duchaine and Nakayama, 2004; Duchaine and
Weidenfeld, 2003). Using the original BFRT, previous studies found
deficient performance, z-score < —.97, in only 2 out of 11 (Duchaine and
Nakayama, 2004) and 5 out of 23 DPs (Albonico et al., 2017), whereas
19 out of 30 DPs in our study showed a z-score < —1. Further, 10 out of
30 DPs in the current study had z-scores < —1.7 and 6 of 30 had z-scores
< —2. One likely reason why the current BFRT-c results differ from re-
sults with the original BFRT is that the BFRT-c version included speeded
task instructions, which led both DPs and controls to make faster judg-
ments. Unconstrained stimuli presentation times could lead to using
image-based matching (Duchaine and Nakayama, 2004; Nunn et al.,
2001) or more detailed serial processing of facial features (Behrmann
et al., 2005; Stollhoff et al., 2010) like using eyebrows and hairline to
match the faces (Duchaine and Weidenfeld, 2003). Providing speeded
instructions in the current study likely reduced DPs’ (as well as con-
trols’) usage of feature-based strategic approaches (Delvenne et al.,
2004; Duchaine and Nakayama, 2005; Nunn et al., 2001). Indeed, pre-
vious studies with DPs and other clinical groups have observed only mild
accuracy deficits but extremely slow performance in original version of
the BFRT (Benton and Van Allen, 1972; Busigny et al., 2009; De Renzi
et al.,, 1991; Geskin and Behrmann, 2018; Schretlen et al., 2001)
whereas other studies using the original BFRT failed to report the time
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taken to perform the task (Albonico et al.,, 2017; Duchaine and
Nakayama, 2004; Duchaine and Weidenfeld, 2003). In contrast to those
studies, using the BFRT-c we did not find significant RT differences
between DPs and controls. Together, this suggests that the speeded in-
structions of the BFRT-c (Dzhelyova et al., 2020; Rossion and Michel,
2018) resulted in faster face matching judgments and made the BFRT-c a
better face perception assessment than the original.

We found that the BFRT-c performed as well as, if not better than, the
widely used CFPT, particularly when diagnosing DP and predicting
subjective face recognition, and both measures were much better than
the USCFPT and SDFMT tests at differentiating between DP and control
groups. One explanation for the better performance of the BFRT-c is that
it requires identity-based matching while the CFPT and other tests might
rely more on image-based matching. The BFRT-c exploits the natural
variability in face identity by manipulating lighting and viewpoint,
which are both considered to be necessary elements in face learning
(Burton, 2013; Jenkins et al., 2018; Kramer et al., 2017; Ritchie and
Burton, 2017). This is much less evident in the CFPT that use morphs
and computer-generated faces, making it more of a similarity judgement
rather than an identity matching/discrimination task (Rossion and
Michel, 2018). It is possible that after selecting the first match face in
CFPT, participants use this front-view image to judge image-specific
similarity to order the rest of the front-view faces. Further, some
studies have suggested that the selecting and arranging of faces on the
CFPT requires additional computer literacy than typical face-matching
tests and may involve higher-level executive processes (Biotti et al.,
2019; Huis in "t Veld et al., 2012; Logan et al., 2016; White et al., 2017).
These strategic responses may lead to greater variability in performance
as seen in our study as well as reported previously (Garrido et al., 2008)
and may make it a particularly poor test for older adults (Bowles et al.,
2009) and those experiencing cognitive decline.

In the case of the USCFPT’s poor performance, one potential factor is
that the faces were generated using two dimensions namely, distance
between eyes and mouth and height of cheekbones. This may have
allowed DPs to be accurate using a simple feature-based strategy (e.g.,
judging the size of the eyes). Apart from this, the synthetic faces used in
USCFPT were front-view and lacked natural variability (changes in hair,
skin texture, light, and viewpoint changes), enabling DPs to potentially
use more of an image-matching strategy. Critically, the faces used in the
USCFPT were presented for a long duration (5 s), which may have made
feature-by-feature comparisons an available strategy. These factors
likely combined to make the USCFPT far less ideal for assessing face
perception deficits in DPs. Furthermore, though the SDFMT task exploits
changes in naturalistic face images, it was similarly not a particularly
sensitive test to measure DPs’ impairments. Two important differences
between the BFRT-c and SDFMT are that the former uses much more
drastic lighting and viewpoint changes and, further, the BFRT-c is not
affected by potential response biases that could be present in same/
different matching tasks like the SDFMT.

Besides highlighting the strengths of the BFRT-c, our results
demonstrate that, compared to viewpoint changes, lighting changes not
only better classify DP vs. control group membership, but also signifi-
cantly predict performance on objective (CFMT) and subjective (P120)
face recognition tests. This is consistent with anecdotal observations of
DPs’ difficulty with face matching across lighting changes (e.g., Duch-
aine and Nakayama, 2004) and, to our knowledge, this is the first study
to demonstrate this at the DP group level. Our findings are in line with
previous studies in healthy controls reporting that lighting changes
dramatically impact face matching performance (Adini et al., 1997;
Braje, 2003; S. Favelle et al., 2017; Rossion and Michel, 2018) and
significantly reduce performance in short-term and long-term memory
for faces (Braje et al., 1998). Moreover, Liu et al. (2009) showed it is
more difficult to generalize/transfer face identities learnt through var-
iations in lighting changes than viewpoint changes. One explanation is
that lighting changes lead to significant changes in face shape, surface
texture, and/or 3D appearance of faces, impacting both configural and
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featural information (Favelle et al., 2011, 2017). Thus, lighting changes
may better bring out DPs’ impairments than viewpoint changes because
comparing faces across lighting changes taxes multiple face-selective
processes, being able to identify DPs with either deficits in featural (e.
g., eyes, Fisher et al., 2016) or holistic processing (DeGutis et al., 2012)
or some milder combination of both. Future studies would be useful to
investigate the specific contributions of these deficient processes to DPs’
lighting change trial impairments Finally, evidence suggests that the
well-studied acquired prosopagnosic PS, unlike DPs, is more impaired
with viewpoint changes than lighting changes in the BFRT (Rossion and
Michel, 2018). It would be interesting to determine if DPs and APs differ
in their relative lighting vs. viewpoint deficits.

The current results have important implications for DP. First, our
results confirm that DPs have clear, group-level perceptual deficits when
using sensitive and reliable measures, contrasting with studies that have
suggested DPs may have limited perceptual deficits (e.g., Ulrich et al.,
2017). Our results are also consistent with the assertion that face
recognition deficits in some DPs can be primarily driven by face
perception impairments, i.e., apperceptive prosopagnosia (Biotti et al.,
2019), whereas for others it may be due to more associative mecha-
nisms. Though this study helps in characterizing perceptual deficits, to
better differentiate between apperceptive vs. associative prosopagnosia,
it would be useful to develop a better understanding of what specific
associative mechanisms are impaired and how to measure them rather
than simply classifying associative prosopagnosics as the ‘absence of
perceptual impairments’ (Biotti et al., 2019). To this end, Stumps et al.
(2020) recently demonstrated that DPs have impairments in face
recollection, the all-or-none recognition of a face with semantic and
contextual details, while showing intact familiarity, or feeling of
knowing. Importantly, face recollection and face perception deficits
uniquely predicted DP vs. control group membership and continuous
measures of face recognition ability, suggesting that face perception and
face memory deficits represent distinct contributions to DP (for an
alternative viewpoint that all APs have some level of face perceptual
deficits, see Busigny et al., 2014).

Beyond DPs, the current results have important implications for the
broader area of characterizing face perception impairments. Previous
studies attempting to identify face perception impairments have either
used measures of unknown reliability and validity or have only used a
single measure (e.g., Biotti et al., 2019). According to DSM-5 criteria,
identifying deficient cognitive processes in individuals requires multiple
impaired measures (Sachdev et al., 2014). The current results suggest
that the BFRT-c and CFPT are two highly valid and sensitive face
perception measures that predict unique variance in objective measures
of face recognition. Combined, they can help determine whether face
perception deficits play a role in impaired face recognition ability across
a broad spectrum of psychiatric and neurological populations and can
help make important treatment recommendations. Finally, the current
results suggest that as researchers and clinicians develop novel face
perception tests to detect impairments, close consideration should be
paid to applying time pressure and incorporating lighting changes across
faces.

The results of the current study are compelling but have some limi-
tations. First, though we compared the BFRT-c to the most widely used
assessment to measure face perception deficits in DPs, the CFPT, it
would be useful to perform future studies comparing the BFRT-c to other
face matching tests that use real faces, include lighting/viewpoint
changes (or other variations), and that avoid response biases that are
common in same/different matching tasks. Second, though our controls
showed comparable performance to larger normative samples, it was
relatively small. Finally, though DPs are an excellent test group to assess
the sensitivity of face perception assessments, replicating the current
study in additional populations (e.g., Alzheimer’s, autism, age-related
cognitive decline) would be useful to assess the generalizability of the
BFRT-c and CFPT in assessing face perception deficits.
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5. Conclusion

Research has shown that face perception and face memory are
interconnected but distinct processes. Yet, in contrast to face memory
assessments that are better-established, studies have yet to examine the
best assessments to reliably measure face perception impairments.
Encoding faces accurately is an initial step in developing face familiarity
and later stages of face memory, person recognition, and integration
with subsequent cognitive processes. The current study examines mul-
tiple face perception tests and demonstrates that the BFRT-c and, to a
lesser extent, the CFPT are valid and sensitive face perception tests and
combined can be used to effectively assess face perception impairments.
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