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Posterior cortical atrophy (PCA) is a rare focal neurodegenerative syndrome characterized by progressive visuoperceptual and visuospa-
tial deficits, most often due to atypical Alzheimer’s disease (AD). We applied insights from basic visual neuroscience to analyze 3D shape
perception in humans affected by PCA. Thirteen PCA patients and 30 matched healthy controls participated, together with two patient
control groups with diffuse Lewy body dementia (DLBD) and an amnestic-dominant phenotype of AD, respectively. The hierarchical
study design consisted of 3D shape processing for 4 cues (shading, motion, texture, and binocular disparity) with corresponding 2D
and elementary feature extraction control conditions. PCA and DLBD exhibited severe 3D shape-processing deficits and AD to a
lesser degree. In PCA, deficient 3D shape-from-shading was associated with volume loss in the right posterior inferior temporal
cortex. This region coincided with a region of functional activation during 3D shape-from-shading in healthy controls. In PCA
patients who performed the same fMRI paradigm, response amplitude during 3D shape-from-shading was reduced in this region.
Gray matter volume in this region also correlated with 3D shape-from-shading in AD. 3D shape-from-disparity in PCA was
associated with volume loss slightly more anteriorly in posterior inferior temporal cortex as well as in ventral premotor cortex. The
findings in right posterior inferior temporal cortex and right premotor cortex are consistent with neurophysiologically based
models of the functional anatomy of 3D shape processing. However, in DLBD, 3D shape deficits rely on mechanisms distinct from
inferior temporal structural integrity.
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Posterior cortical atrophy (PCA) is a neurodegenerative syndrome characterized by progressive visuoperceptual dysfunc-
tion and most often an atypical presentation of Alzheimer’s disease (AD) affecting the ventral and dorsal visual streams
rather than the medial temporal system. We applied insights from fundamental visual neuroscience to analyze 3D shape
perception in PCA. 3D shape-processing deficits were affected beyond what could be accounted for by lower-order process-
ing deficits. For shading and disparity, this was related to volume loss in regions previously implicated in 3D shape
processing in the intact human and nonhuman primate brain. Typical amnestic-dominant AD patients also exhibited 3D
shape deficits. Advanced visual neuroscience provides insight into the pathogenesis of PCA that also bears relevance for
vision in typical AD. j
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Introduction

Visual neuroscience has made big strides over the past decades.
The translation of these basic advances into a better understand-
ing of neurological phenotypes remains an important area of
research. One of the most complex visual disorders in neurology
is posterior cortical atrophy (PCA) (Benson et al., 1988; Berthier
et al., 1991; Graff-Radford et al., 1993; Caine, 2004; Tang-Wai et
al., 2004; Lehmann et al., 2011a, 2011b; Crutch et al., 2012), a rare
syndrome that is characterized by progressive visuoperceptual dis-
turbances and is most often due to Alzheimer’s disease (AD). Mark-
ers of cerebral amyloidosis are most often indistinguishable from
what is seen in typical AD (Rosenbloom et al., 2011; de Souza et al.,
2011; Lehmann et al.,, 2013a). The predominance of visual com-
plaints and symptoms is attributable to the unusual distribution of
neurofibrillary tangles (NFTs) and neuronal loss in primary and
secondary visual areas (Hof et al., 1990; Hof and Bouras, 1991;
Levine et al., 1993; Hof et al., 1997; Tang-Wai et al., 2004; von
Gunten et al., 2006; Kas et al., 2011; Rosenbloom et al., 2011; Leh-
mann et al., 2013a, 2013b; Ossenkoppele et al., 2015). The topogra-
phy of the neuropathological damage is heterogeneous, with variable
involvement of dorsal or ventral areas of the visual processing stream
(Levineetal., 1993; Hof et al., 1997; Migliaccio etal., 2012). Although
deficits in 3D perception have been mentioned in the context of PCA
(Rogelet et al., 1996), to the best of our knowledge, 3D shape-
processing deficits in PCA have not been analyzed in a systematic
and neuroscientifically grounded manner.

The way in which the brain computes 3D shape from a 2D
retinal image has been largely elucidated based on single-cell re-
cordings in nonhuman primates combined with functional im-
aging of the intact human and nonhuman primate brain (for
review, see Orban, 2011). The 3D shape-processing system in-
volves both the dorsal and ventral processing stream. The relative
contribution of each of these streams depends on the cue defining
3D shape: 3D shape-from-shading relies more heavily on the
inferior temporal cortex and 3D shape-from-motion mainly on
more dorsal processing areas (Georgieva et al., 2008; Orban,
2011), whereas 3D from texture and disparity activate both dorsal
and ventral processing stream areas (Orban, 2011).

Within the visual processing hierarchy, the input to the 3D
shape-processing system relies on the output of areas extracting
elementary features. These features are also used to extract con-
tours. For the luminance cue, the orientation of these contours is
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extracted at the level of V1 (De Valois et al., 1982) and, for non-
luminance cues, at higher levels of the ventral stream, as shown in
nonhuman primate (Sary et al., 1995; Mysore et al., 2006; Mysore
et al.,, 2010; El-Shamayleh and Movshon, 2011) and human
(DuPont et al., 1997; Mendola et al., 1999; Tyler et al., 2006)
studies. We therefore applied a hierarchical experimental design
with three levels: (1) 3D shape processing from shading, texture,
motion, and binocular disparity; (2) 2D shape processing from
the same cues; and (3) processing of the elementary features.

We included two patient control groups for two distinct rea-
sons. The clinical phenotype of diffuse Lewy body dementia
(DLBD) is known to be associated with visuoperceptual deficits
(Mori et al., 2000; Calderon et al., 2001; Mosimann et al., 2004).
This allowed us to assess how disease specific the visuoperceptual
deficits observed in PCA and their neuroanatomical underpin-
nings were. As our second patient control group, we included a
group of patients with typical AD (Dubois et al., 2014). By “typ-
ical AD,” we refer to the most common form of AD that initially
presents with an amnestic syndrome (McKhann et al., 2011;
Dubois et al., 2014). Including a typical AD group allowed us to
ascertain the relevance of the findings obtained in the PCA for the
far more common amnestic AD phenotype.

We used 3D stimuli and behavioral tasks similar to those used
in the previous studies (Todd, 2004; Georgieva et al., 2008; Ne-
lissen et al., 2009) and related the deficits to regional measures of
cerebral volume loss. The anatomical correlations may provide a
better understanding of the pathogenetic mechanisms leading to
visual dysfunction in PCA and shed light on the contribution of
cortical regions to 3D shape processing in the intact brain.

Material and Methods

Subjects

The study was approved by the Ethics Committee of University Hospitals
Leuven. All participants provided written informed consent in accor-
dance with the Declaration of Helsinki. All participants had normal or
corrected-to-normal vision except for PCA Case 6, who had a congenital
left monocular blindness.

A consecutive academic memory clinic-based series of 16 patients
who received a diagnosis of PCA due to AD were screened for partic-
ipation in this research study. Based on performance of prior test runs
(see below), three patients were excluded, leaving 13 patients who
were eligible to undergo the full protocol (two men, 11 women). The
study started as a monocentric study run at the academic memory
clinic of University Hospitals Leuven (n = 8, Cases 1-7 and 13). In a
second phase, additional subjects were recruited via the Liege Univer-
sity Hospital (n = 4, Cases 8—11) and the University Hospital Brussels
(n =1, Case 12) (Table 1). The clinical diagnosis was based on the
standard procedures as implemented at the different academic cen-
ters. In all cases, the presenting symptom consisted of visuopercep-
tual complaints with insidious onset and slow progression and
preserved insight. The impact on instrumental activities of daily liv-
ing was caused by the visuoperceptual disturbances (such as reduced
speed of reading, difficulties with car driving under perceptually de-
graded conditions such as rainy weather, falls due to misperception of
uneven surfaces such as stairs, etc.). Apart from a clinical evaluation
by an academic neurologist (R.V., E.S., or J.V.), investigations con-
sisted of a clinical structural MRI, a conventional neuropsychological
assessment and, in 11 of 13 cases, a clinical [ '*F] -fluorodeoxyglucose
positron emission tomography ([ '®F]-FDG-PET) scan. The clinical
diagnosis of PCA was confirmed by the distribution of FDG-PET
hypometabolism. In all patients who received an ['®F]-FDG-PET,
hypometabolism was located predominantly in posterior cortex. The
laterality of the lesions varied between cases, as well as their extent. In
Cases 69 and 13, the premotor cortex was also involved. The indi-
viduals’ MRI volume loss was consistent with the FDG-PET hypome-
tabolism confirming the mainly posterior involvement, but with a
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Table 1. PCA patients: demographics and clinical-technical investigations
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Case 1 (ase2  (Case3  Cased  (ase5 (ase6  Case7  (ase8 Case9 (ase10  (Case11  (ase12  (Case13

Age 68 67 56 63 52 51 57 65 54 61 71 53 66
Sex F M M F F F F F F M F F
Disease duration (y) 15 2 1 15 1.5 2 1 0.75 0.5 0.5 2 3.75 3
MMSE 27 28 22 26 19 24 19 17 20 21 26 22 23
Measures of topography

Structural MRI + + + + + + + + + + + + +

FDG-PET + + + + - + + + + + + - +
Amyloid biomarkers

PIB PET SUVR..,,,,, (cutoff = 1.43) 217 — - - 192 — 2.20 - - - - - -

CSFAB,, (pg/ml) (cutoff = 600 pg/ml) 312 337 389 - 581 239 - - - - - 359 457

SUVR omp - Standardized uptake value ratio in the composite cortical volume of interest; —, test not performed.

lower sensitivity. In the two patients in whom no FDG-PET was avail-
able (Cases 5 and 12), posterior gray matter loss was present on the
MRI scan. CSF AD biomarkers (ELISA; Fujirebio Europe) and Pitts-
burgh Compound B ([ ''C]-PIB) amyloid PET were performed in 7
and 3 patients, respectively, and confirmed AD as etiology (Table 1).
In all patients who received a lumbar puncture, amyloid-beta 42
(AB,,) was <500 pg/ml, except Case 5, in whom AB,, = 581 pg/ml
with a pathological tau level of 498 pg/ml, which was therefore clearly
also within the AD range. Clinical follow-up currently extends 3—6
years after the study and the clinical evolution was fully compatible
with the diagnosis of PCA in all cases, with the development of severe
disability due to virtual blindness in a more advanced stage. None of
these subjects have developed a corticobasal or other extrapyramidal
neurodegenerative syndrome over time.

Thirty cognitively intact age-matched controls (17 men, 13 women,
age 61 * 5 years) participated in the psychophysical experiment.
Controls were recruited through advertisement in a regional newspa-
per asking for volunteers above the age of 55 years for participation in
a scientific study. Control participants did not have any subjective
memory or visual complaints or any history of significant neurolog-
ical or psychiatric illness. None of the control participants took any
psychotropic or vasoactive medication.

Twenty-four of these controls and 94 additional cognitively intact
age-matched controls (50 at the KU Leuven site, 44 at the Liege site) also
received a volumetric MRI (60 men, 58 women, age 65 * 7.32 years,
range 52—85).

As a patient control group, we included a consecutive series of 13
patients who fulfilled the consensus criteria for clinically probable de-
mentia with Lewy bodies (McKeith et al., 2005) [11 men, 2 women, age
69 * 6.1 years, disease duration 2.4 *= 1.5 years, Mini-Mental State
Examination (MMSE) score 24.5 * 3.1].

As a further patient control group, we included a consecutive series
of 14 patients with amnestic MCI due to AD or early-stage clinically
probable AD (11 men, 3 women, 66 = 6.8 years, MMSE score 25.1 +
3.7) who were recruited through the memory clinic of University
Hospitals Leuven.

According to one-way ANOVA, the 3 patient groups did not differ in
MMSE score (F(, 59, = 1.95, p = 0.16). Age differed significantly between
the 4 groups (F(5 45, = 8.04, p <0.001): PCA patients did not differ in age
from the healthy controls (p = 0.70), but were younger than the typical
AD patients (p = 0.01) and DLBD patients (p < 0.001).

Psychophysical experiments
All 13 PCA patients, the 13 DLBD and 14 AD patients, as well as 30
healthy controls, participated in the psychophysical experiments. All
controls underwent the full hierarchical design except for four of them,
who only received the 3D tests.

Stimulus presentation and response registration were controlled by
a PC running Presentation 11.3 (Neurobehavioral Systems) and in-
house software written in C. Participants were seated 50 cm from a
cathode ray tube monitor (diagonal measurement 48.26 cm, resolu-
tion 1024 X 768 pixels, refresh rate 75 Hz).

The psychophysical experiments were organized according to a hier-
archical design with three levels. At the 3D level, we evaluated the pro-

cessing of 3D shape-from-shading, texture, motion, or binocular
disparity cue (Fig. 1A-C). At the 2D level, we evaluated orientation dis-
crimination of rectangular gratings defined by luminance, texture, mo-
tion, or disparity cues (Fig. 1D). At a third, basic level, we evaluated
elementary feature processing of the four cues (Fig. 1E).

3D shape perception. The visual stimuli were created and rendered in
four modalities (3D shape-from-shading, shape-from-texture, shape-
from-motion, and shape-from-disparity) using 3D Studio Max by Au-
todesk. The 3D shape-from-shading and the 3D shape-from-texture
stimuli (Fig. 1A—C) were created as described in Georgieva et al. (2008).
The 3D shape-from-motion and 3D shape-from-disparity stimuli (Fig.
1A) were filled with an isotropic and statistically homogeneous texture
pattern. The 3D shape-from-motion stimuli oscillated back and forth
around a vertical axis at a rate of 87.5°/s (Norman et al., 2004). The 3D
shape-from-disparity stimuli were displayed binocularly through red/
blue anaglyph glasses.

The stimuli depicted 10 randomly generated complex 3D surfaces,
representing the front surface of meaningless 3D objects, with a large
assortment of variably shaped hills, ridges, valleys, and dimples at mul-
tiple scales (Fig. 1 B,C) (Norman and Todd, 1995; Fleming et al., 2004;
Norman et al., 2004; Todd, 2004; Georgieva et al., 2008). Because the
surfaces were smoothly curved, they did not provide information from
configurations of edges and vertices (Moore and Engel, 2001; Kourtzi et
al., 2003). Depth maps corresponding to three representative surfaces
indicate that, relative to the global maximum of the 3D surface (point
nearest to the subject), the border was located ~5 cm further back in
depth (Fig. 1B). Compared with the global maximum of each 3D surface,
the depth values present in the surfaces averaged 1.89 cm (SD across all
points of all 3D surfaces, 1.03 cm), with the extremes of the distribution
corresponding to the border of the surfaces (Fig. 1C).

Before initiation of the experimental runs, four test trials were pro-
vided per cue. In the first two trials, the experimenter pointed the five
fingers of her left or right hand to the subject and the subject had to
indicate which fingers were closest to him/her (i.e., the middle finger).
These test trials did not require accurate depth perception because they
could be solved based on prior knowledge and were meant to clarify the
concept of proximity. In the last two test trials, subjects performed the 3D
shape task on a 3D surface on the computer screen. The 3D surfaces used
for the test trials differed from those used in the subsequent experimental
runs. Subjects who failed the first two test trials, who were not sure about
the location of the local maxima in the last two trials, or were unable to
verbally repeat the task instructions for the last two test trials were ex-
cluded from the study.

In the experimental runs, the four cues (shading, texture, motion, and
disparity) were presented in a blocked design, one block per cue. The 10
3D surfaces were presented in random order in a block. The order of the
blocks was counterbalanced across participants. When 3D structure was
induced by a monocular cue (shading, texture, or motion), participants
wore a patch over the nondominant eye. When the 3D structure was
induced by binocular disparity, the participants wore red/blue anaglyph
glasses. Each trial was initiated by pressing “RETURN” on the keyboard.
An image of a 3D shape (average size, 12°) appeared at the center of the
screen on a blue (motion, shading, texture) or black (disparity) back-
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Visual stimuli. A—C, Visual stimuli of the psychophysical experiments. A, Extraction of 3D shape-from-shading, texture, motion, and binocular disparity. B, Examples of the depth maps

for three 3D surfaces used in the psychophysical experiment. The color bar reflects the depth difference in centimeters compared with the global maximum of the surface (cutoff at 5.5 cm because
depth at the very border is unstable). C, Histogram of the depth differences across all pixels of all 10 3D surfaces. The extreme values (red) correspond to the borders of the surfaces (those exceeding
5.5 cm have been set to 5.5 cm). D, Extraction of 2D shape with the neighboring bars of the grating differing in luminance, texture, motion, or disparity. E, Extraction of features with two squares

differing in luminance, texture, motion, or disparity.

ground until the next trial was initiated. Participants were allowed to
make eye movements and were instructed to indicate the global maxi-
mum of the 3D structure (point nearest to them) as accurately as possible
by displacing a red cross using the mouse. If the participant was not able
to manipulate the mouse, he/she could indicate the global maximum
with a pen and the experimenter would move the red cross to that loca-
tion until the participant had approved it verbally.

As our primary outcome analysis, we calculated the error-in-depth
(in centimeters) as follows. The difference between the global maxi-
mum indicated by the subject and the true global maximum can be

mathematically described as a 3D vector that represents the error in
the 3D shape perception (the 3D shape error vector). Error-in-depth
is the projection of this vector onto the sagittal plane. We then con-
ducted a two-way mixed ANOVA with group (four levels: healthy
control participants, PCA, DLBD, and AD) as the between-subjects
factor and cue (four levels: shading, texture, motion, and disparity) as
the within-subjects factor (threshold: p < 0.05). When sphericity
could not be assumed (Mauchly’s sphericity test: p < 0.05), p values
were adjusted using the Greenhouse—Geisser correction. Post hoc
comparisons consisted of the comparison between PCA and each of
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Figure 2.  Primary outcome analysis based on error-in-depth. Behavioral performance for healthy control participants (white), PCA patients (black), DLBD patients (dark gray), and typical AD
patients (light gray) for shading, texture, motion, and binocular disparity. Behavioral performance is expressed as the depth component of the difference between the global maximum indicated by
the observer and the true global maximum (error-in-depth). Smaller values on this measure reflect better performance. The dotted line indicates the average value on this measure based on 1000
responses randomly distributed across the interior zone of each 3D surface. The dashed line reflects the average error-in-depth obtained when a random spatial error is added to the control data to
simulate motor deficits that may be present in PCA patients. Error bars indicate 1 SEM across participants. The circles indicate the individual data points.

Table 2. Psychophysical experiments: behavioral data

Extraction of 3D shape Extraction of 2D shape Extraction of features
Group Case Shading Texture Motion Disparity ~Luminance Texture Motion  Disparity” Luminance Texture Motion  Disparity®
PCA 1 0.48 1.38 1.31 0.60 —2.19 —063 —056 —1.68 —0.24 =105 =011 0.80
2 1.09 1.40 0.84 0.8 —1.61 —0.21 0.57 0.97 0.69 —090 —0.38 0.66
3 1.42 1.64 0.68 0.70 —0.88 0.66 0.61 —0.14 —0.60 0.57
4 0.64 0.60 0.38 0.56 -1.41 —0.18 0.40 —0.93 —0.8 —0.56 0.05
5 133 1.97 091 054 —0.06 0.79 0.36 0.33 —0.02 —-037 —0.12 —031
67 0.78 1.44 0.25 -1.14 —0.03 0.49 —0.35 —1.07 —0.40
7 1.26 0.92 0.69 0.8 -1.22 —0.48 0.44 —0.04 —-0.83 —0.38
8 1.31 1.69 1.70 178 —0.80 —0.11 056 —1.31 —0.28 —0.37 —0.28
9 1.7 2.46 222 154 —0.40 0.62 0.42 0.45 0.52 —0.41 0.04
10 0.82 230 228 110 -1.15 0.01 —0.06 —1.16 0.60 0.42 0.61 0.08
1 0.86 1.14 0.70 049 -1.31 0.71  —0.55 0.51 —0.61 —1.02 —042 —093
12 0.66 2.09 1.89 050 —0.84 —0.43 053 —0.61 —0.34 —0.54 —0.24 —095
13 0.62 0.73 0.14 0.37 —1.58 —0.75 0.52 0.25 —-041 —0.27
Mean 1.00 1.52 1.08 078 —-1.12 0.00 029 —031 —0.07 —062 —015 —032
SEM 0.1 0.16 020 0.13 0.15 0.15 0.1 0.35 0.13 0.11 0.10 0.23
Impaired (1) 9 n 10 2 10 9 1 0 n 8 N 0
DLBD Mean 1.13 1.40 0.91 1.07 —-1.39 —022 —062 —051 —0.64 —091 —046 —0.06
SEM 0.20 0.20 0.16 0.24 0.17 0.17 0.32 0.37 0.07 0.12 0.08 0.19
Impaired (1) 9 9 9 4 6 4 4 0 2 3 5 1
AD Mean 0.85 0.86 0.62 1.03 —1.50 —030 —056 —1.30 —0.72 =077 —041 —057
SEM 0.13 0.13 014 024 0.12 0.13 0.25 0.10 0.06 0.10 0.09 0.17
Impaired (1) 8 5 7 4 7 4 4 0 3 4 7 0
Controls Mean 0.37 0.48 0.19  0.61 —1.88 -=077 —117 —049 —0.83 =120 —-079 —0.29
SEM 0.04 0.04 0.02 0.08 0.04 0.06 0.11 0.20 0.04 0.04 0.04 0.12
Significant group difference Yes Yes Yes No Yes Yes Yes No Yes Yes Yes No

Extraction of 3D shape. Test scores reflect the error-in-depth (in centimeters) between the global maximum indicated by the participant and the true global maximum; extraction of 2D shape and extraction of features, test scores reflect the
contrast between neighboring bars of the gratings (expressed as logarithmic Michaelson contrasts) to achieve an average performance of 82%. Test scores in bold indicate significantly decreased performance compared with the control
population (one-sided, p < 0.05) (Crawford and Garthwaite, 2002). Cases 1, 2, 6, 7, and 12 (underlined) participated in the fMRI experiment.

“Only monocular cues were tested in Case 6, who was congenitally blind in one eye.

%For the disparity-defined stimuli, we observed an interaction between the time needed to perceive stereograms and the QUEST procedure. This resulted in the inability to define a threshold in some participants (indicated by an empty cell)
and a less reliable threshold in the other participants.

3D shape error vector. We calculated covariance ellipses encompass-
ing 95% of the responses per group for each 3D surface (see Fig. 3A for

the control groups for each of the cues corrected for the number of
cues and contrasts (n = 12).

A complementary and well established way of analyzing the responses
per group for this type of 3D shape-processing task relies on the in-plane
distribution of the responses (Todd et al., 2001; Koenderink et al., 2002).
This amounts to an analysis of the frontoparallel components of the

an illustration of these ellipses) and averaged these ellipses over the 10
3D surfaces. We analyzed the location of the ellipse center (x- and
y-coordinates), the size of the ellipse (mean of the two eigenvalues), and
its elongation (largest eigenvalue divided by smallest eigenvalue) (Fig.
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Figure3. Analysis based of the in-plane distribution of responses. A, Example of a 95% covariance ellipse for healthy controls (blue), PCA patients (red), DLBD patients (green), and AD patients
(magenta) superimposed on the depth map of a 3D shape-from-shading surface. B, Illustration of the ellipse parameters. C, Average ellipses for PCA patients (red) (Figure legend continues.)
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3B). The x- and y-coordinates correspond to the group average of the
global maxima indicated by the members of the group projected in the
frontoparallel plane (as opposed to the sagittal plane) and has to be
referenced to the projection of the true global maximum in the fronto-
parallel plane. Size is a measure of response variability within a group;
elongation is a measure of stimulus-induced bias in the distribution of
the responses, for example, that induced by ridges. These parameters
were defined for the single-3D-surface ellipses. Each of the parameters
was analyzed using a two-way repeated-measures ANOVA across 3D
surfaces with group (four levels) and cue (four levels) as factors at a
significance threshold of p < 0.05, corrected for the number of ellipse
parameters analyzed; therefore, the uncorrected p << 0.01. Post hoc com-
parisons consisted of the comparison between PCA and each of the con-
trol groups. The significance level for the post hoc comparisons was
corrected for the number of comparisons per parameter (n = 12).

The above analyses allowed us to determine differences between PCA
and the control groups, but it is also pertinent to ascertain whether per-
formance in PCA differed from random. We randomly selected 1000
locations on the 3D surface within an interior zone, avoiding the edges of
the surface, and calculated the distribution of the distances in depth. We
compared the random error-in-depth to the error-in-depth obtained
from the PCA patients for each cue using a Mann—Whitney U test
(threshold: uncorrected p < 0.05). We also derived from the random
distributions a covariance ellipse and compared the parameters of this
covariance ellipse with that obtained in PCA.

Furthermore, we evaluated whether performance in PCA differed
from what one would expect if the deviation of responses in PCA com-
pared with controls were due to a random motor error rather than a
perceptual error. We randomly generated 30 data points on a 3D surface
(equaling the sample size of the group of healthy controls) and adjusted
their x- and y-coordinates such that the center of the corresponding
covariance ellipse equaled that of the healthy controls (simulating nor-
mal detection of the global maximum), but its elongation and size
matched those of PCA patients (simulating the variance observed in PCA
under the assumption that this variance would be fully due to hypothet-
ical motor problems). We used a Mann—Whitney U test (threshold: un-
corrected p < 0.05) to compare the error-in-depth (relative to the global
maxima) of the 30 data points and that obtained in the PCA patients.
This procedure was repeated 1000 times for each cue. We calculated in
which percentage of iterations the responses in PCA differed from the
simulated data points.

2D orientation discrimination and elementary feature extraction. In an
orientation discrimination task, observers had to decide whether a rect-
angular grating shown in a circular aperture (diameter 6°, spatial fre-
quency 0.8° random phase) at the center of the screen was tilted 45°
clockwise or anticlockwise from the vertical meridian in a two-
alternative forced-choice procedure. The orientation of the grating was
defined by discontinuities in luminance, texture coarseness, speed of
motion (Sary et al., 1994), or disparity (Fig. 1D).

To test elementary feature extraction, subjects performed a 2-alternative
forced choice task. Two squares (size 6° X 6°) differing in one feature (lumi-
nance, coarseness of texture, speed of motion, or disparity) were presented
simultaneously 6.8° to the left and to the right on the horizontal meridian
(Fig. 1E). Participants were instructed to indicate the brightest shape, the

<«

(Figure legend continued.) ~ and healthy controls (blue) for the four cues, with red and blue
squares indicating average ellipse centers and black square average true global maxima. D-G,
Parameters of the covariance ellipses (averaged over the 10 3D surfaces) encompassing 95% of
the global maxima indicated by healthy controls (white), PCA patients (black), DLBD patients
(dark gray), and AD patients (light gray) for shading, texture, motion, and binocular disparity. C,
Size (average of the largest and the smallest eigenvalue), D, x-coordinate of the ellipse center
(in pixel coordinates, a pixel corresponding to 2.55 min of arc). The arrow indicates the coordi-
nate of the true global maximum. E, y-coordinate of the center (in pixel coordinates). The arrow
indicates the coordinate of the true global maximum. F, Elongation (largest eigenvalue divided
by smallest eigenvalue). The dotted line indicates the average value on this measure based on
1000 responses randomly distributed across the interior zone of each 3D surface. Error bars
indicate 1 SEM across participants.
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shape filled with the coarsest texture, the shape with the fastest motion, or the
shape closest in depth.

Before initiation of the experimental runs, three test trials with
maximum contrast and unlimited exposure were provided for the 2D
shape-processing and feature extraction task for each of the four cues.
Subjects who failed the test trials were excluded. In the experimental
runs, the four cues (luminance, texture, motion, and disparity) were
presented in a blocked design. In a trial, stimuli were presented for
800 ms after an auditory warning cue (50 ms) and a brief interval (400
ms). For the tasks with the disparity cue, the stimuli were repeatedly
presented for 800 ms until the participant made a response. Partici-
pants held a response box in their preferred hand and were instructed
to press one of two keys depending on the target orientation or the
position of the target square and depending on the task. In patients
who, according to the test trials, were unable to press a key (left or
right), the following options were evaluated for response modality: to
say left or right aloud, to lift their left or right hand, or to point to one
or the other stimulus shown on a piece of paper in front of them. A
new trial was initiated after a response or after 4 s if no response was
made. A block ended after 60 trials with responses.

For each cue, we determined the logarithm of the Michaelson contrast
(Michaelson, 1927) between luminance levels, texture coarseness, speed
of motion, and disparity needed for 82% accuracy using a single QUEST
procedure (Watson and Pelli, 1983). The thresholds, expressed as log of
these contrasts, were submitted to an ANOVA with group (four levels:
healthy control participants, PCA patients, DLBD patients, and typical
AD patients) as the between-subjects factor and cue as the within-
subjects factor.

Behavioral analysis at the individual level. Apart from the between-
group comparisons, we also determined which of the individual PCA
patients had a pathological error-in-depth score for the 3D tasks com-
pared with healthy controls using a one-tailed modified t test (Crawford
and Garthwaite, 2002), as well as how many of the individual PCA pa-
tients showed a dissociation between 3D tests, a dissociation meaning
that the difference in performance between two tasks in an individual
patient was larger than that expected based on the difference in healthy
controls (p < 0.05) (Crawford and Garthwaite, 2005).

In addition, we calculated diagnostic power for each 3D test by means
of area under the curve (AUC) values obtained with receiver operator
curves to discriminate between PCA and controls and between PCA and
each of the patient control groups (DLBD and typical AD patients).

Relationship between 3D and lower-order deficits. To evaluate to which
degree lower-order deficits contributed to the 3D shape deficit in PCA
patients, we performed for each cue a hierarchical multiple linear regres-
sion with error-in-depth from the global maximum as the dependent
variable and the contrast thresholds on the lower-order tasks as the in-
dependent variables. Probability of F to enter the model was set at <0.05
with probability to remove set to >0.10.

For those cues for which lower-order deficits significantly contrib-
uted to the 3D shape-processing deficit, we investigated whether im-
pairment on 3D tasks remained significant in PCA patients after
adjusting for performance on these 2D and elementary feature tasks.
We performed an ANCOVA with performance of the 3D task (error-
in-depth) as the dependent variable, group (PCA, healthy controls) as
the between-subjects variable, and performance on the lower-order
task as the covariate.

Volumetric MRI

Image acquisition. A high-resolution T,-weighted structural MRI was
obtained in patients and healthy controls. In the nine PCA patients, 11
DLBD cases (the two remaining cases had medical contraindications for
MRI), 14 AD cases, and the 74 controls scanned at the Leuven site, the
scans were acquired on a 3T Philips Intera system equipped with an
eight-channel receive-only head coil (Philips SENSitivity Encoding head
coil) using a 3D turbo field echo sequence [coronal inversion recovery
prepared 3D gradient-echo images, inversion time (TT) 900 ms, shot
interval = 3000 ms, echo time (TE) = 4.6 ms, field of view (FoV) =
250 X 250 mm?2, voxel size 0.98 X 0.98 X 1.2 mm?]. In the four PCA
patients and 44 healthy controls from Liege, a high-resolution T,-
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Figure4. Visuoperceptual deficits on the control tasks. 4, B, Extraction of 2D shape. A, Behavioral performance is expressed as the logarithmic Michaelson contrast between neighboring bars of the gratings
to achieve an average performance of 82%. Negative values indicate that the Michaelson contrast is between 0% and 100%; positive values indicate that the QUEST algorithm estimates the values to be larger
than 100%. B, The group-averaged plot of the values obtained during the course of the 60 trials of the staircase procedure. (D, Feature extraction. €, Behavioral performance expressed as the logarithmic
Michaelson between two squares needed to achieve an average performance of 82%. D, Group-averaged plot of the values obtained during the course of the 60 trials of the staircase procedure. Plots for the
staircase procedure: blue, healthy controls; red, PCA patients; green, DLBD patients; magenta, AD patients. Shaded areas reflect SEM.

weighted anatomical image was acquired on a 3T head-only scanner ~ mm?). The maximum interval between the structural MRI and the psy-
(Magnetom Allegra; Siemens) operated with the standard transmit-  chophysical experiments was 7 d.

receive quadrature head coil (T,-weighted 3D magnetization-prepared Preprocessing. Preprocessing and statistical analysis were performed
rapid gradient echo sequence, shot interval = 1960 ms, TT = 1100 ms,  with Statistical Parametric Mapping 8 (SPM8, Wellcome Trust Centre
TE = 4.35 ms, FoV = 230 X 173 mm?, voxel size = 0.9 X 0.9 X 0.9  for Neuroimaging, London, http://www.filion.ucl.ac.uk/spm) and
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Gray matter atrophy in PCA

Figure5.  Gray matter volume loss in PCA (A—C), DLBD (D, E), and typical AD (F, G) versus healthy controls. The t maps indicate
the significant reductions of gray matter volume in the different patient groups compared with healthy controls, corrected for age,
sex, and scanner effect. All maps are thresholded at cluster-level FWE-corrected p << 0.05 for a voxel-level threshold of p << 0.001
uncorrected. A-C, Lower gray matter volume in PCA than in healthy control group. The t-map is projected onto axial (A) and
coronal (B) slices of a T,-weighted image template available in MRIcron. €, Rendering on the lateral surfaces of the brain. D, E,
Lower gray matter volume is seen in DLBD patients compared with the healthy control group. Shown are axial slices (D) and
rendering (E) on the lateral surfaces of the brain. F, G, Lower gray matter volume is seen in AD patients compared with the
healthy control group. Shown are axial slices (F) and rendering (G) on the lateral surfaces of the brain. The white arrow
indicates hippocampal atrophy in AD.
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the Voxel-Based Morphometry 8 toolbox
(VBMS, http://dbm.neuro.uni-jena.de/vbm).
High-resolution T ,-weighted images were cor-
rected for bias-field inhomogeneities, regis-
tered to the Montreal Neurological Institute
(MNI) space using linear (12-parameter af-
fine) and nonlinear transformations, and seg-
mented into gray matter, white matter, and
CSF within the same generative model (Ash-
burner and Friston, 2005). Voxel values were
modulated for volumetric changes and
smoothed with a 8 X 8 X 8 mm? full-width at
half-maximum (FWHM) Gaussian kernel.

Voxel-based morphometry. To identify the
principal areas of cortical atrophy, we con-
ducted a voxelwise ANCOVA with four groups
(PCA, healthy controls, DLBD, and typical
AD) as between-subjects factor, and age, sex,
and scanner site as nuisance variables using the
VBMS toolbox with the “nonlinear only mod-
ulation” option (threshold: cluster-level FWE-
corrected p < 0.05 for a voxel-level threshold
of p < 0.001 uncorrected; Poline et al., 1997).

To investigate the correlation between re-
gional gray matter volume loss and 3D shape pro-
cessing, individual error-in-depth scores of the 13
PCA patients on the 3D shape-processing tasks
were entered as independent variables in vox-
elwise linear regression analyses with modu-
lated gray matter volume as the dependent
variable. The threshold for significance was set
to a cluster-level FWE-corrected p < 0.05 for a
voxel-level threshold of uncorrected p < 0.005
(Poline et al., 1997).

We conducted a similar voxelwise linear re-
gression analysis in the patient control groups
and evaluated the overlap between the signifi-
cance map obtained in PCA at the preset
threshold (see above) and that obtained in the
patient control groups. When assessing the
overlap, the latter maps were thresholded at
voxelwise uncorrected p < 0.01 because we
mainly wanted to determine how specific the
correlation was for PCA.

We assessed the effect of scanner site in a
voxelwise analysis of covariance with scanner
site as covariate of interest, age, and sex as co-
variates of no interest and the modulated gray
matter images from the 118 healthy controls as
dependent variables. The threshold for signifi-
cance was set to a cluster-level FWE-corrected
p < 0.05 for a voxel-level threshold of uncor-
rected p < 0.005.

MRI

To delineate the functional anatomy network
in healthy controls, we conducted an fMRI
study in 18 cognitively intact older adults for
3D shape-from-shading and 3D shape-from-
motion using appropriate 2D control stimuli
(see Fig. 11A). We only selected monocular
cues for fMRI for practical reasons and left out
texture as a cue because of the number of con-
trol conditions needed for 3D shape-from-
texture (Georgieva et al., 2008).

The fMRI substudy was only offered to those
PCA patients who underwent scanning at the
Leuven site (n = 9) to avoid between-scanner
effects on the BOLD signal. Cases 1, 2, 6,7, and
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Lower gray matter matter volume in PCA compared to DLBD
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Figure6.  Gray mattervolume lossin PCA versus patient control groups. The t maps indicate the significant differences between patient groups, corrected for age, sex, and scanner effect. All maps
are thresholded at cluster-level FWE-corrected p << 0.05 for a voxel-level threshold of p << 0.001 uncorrected. A, B, Lower gray matter volume can be seen in PCA patients compared with the DLBD
group. Shown are axial slices (4) and rendering (B) on the lateral surfaces of the brain. C, D, Lower gray matter volume can be seen in PCA patients compared with the AD group. Shown are axial slices
(€) and rendering (D) on the lateral surfaces of the brain. E, Lower gray matter volume can be seen in AD patients compared with the PCA group (axial slices). F, T-maps for the contrasts of PCA minus
DLBD and PCA minus AD are overlaid onto a probabilistic retinotopic map, indicating the differential volume loss in extrastriate course in PCA compared with the two patient control groups.
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3D shape-from-shading cluster in PCA patients
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Figure 7.

Correlation between gray matter volume loss in PCA and 3D shape-from-shading. 4, Voxel-based correlation of gray matter volume with performance of PCA patients on the 3D

shape-from-shading task (voxel-level uncorrected p << 0.005; cluster-level FWE-corrected p << 0.05). B, Scatterplot of mean gray matter volume in the inferior temporal cluster and performance
on the 3D shape-from-shading task illustrating the distribution of data points obtained in this region with the volumetric regression analysis. Red squares, PCA patients (case numbers correspond
to those used in Table 1); red line, regression line obtained in PCA patients. €, Probabilistic retinotopic map (Abdollahi et al., 2014) and 3D shape-from-shading cluster (black line) thresholded at a

cluster-level corrected p << 0.05 for an uncorrected voxel-level p << 0.005.

12 participated and the remaining 4 subjects refused, principally for the
following practical reasons: to avoid an extra visit, long-distance travel,
or additional stress for patient or because of unwillingness to lie still in
the MRI scanner for 1.5 h.

Experimental design. Visual stimuli were projected from aliquid crystal
display projector (Barco Reality 6400im 1024 X 768, 75 Hz refresh fre-
quency) onto a translucent screen positioned in the bore of the magnet at
adistance of 36 cm from the point of observation. Participants viewed the
stimuli through a tilted mirror attached to the head coil and wore an eye
patch over the right eye. Participants were asked to maintain fixation on
asmall red target (0.45° X 0.45°) in the center of the screen. Fixation was
monitored online using an MR-compatible ASL eye tracking system 5000
(Applied Science Laboratories).

The 3D shape-from-shading condition was identical to those used by
Georgieva et al. (2008). In the two control conditions (see Fig. 11A), we
eliminated appearance of depth by randomly repositioning the pixels
within the boundary of each object (2D pixel-scrambled) or by mimick-
ing the pattern of shading gradients with three to five randomly shaped
ovals with blurred edges on a light background (2D shaded-blobs)
(Georgieva et al., 2008).

The fMRI experiment used a block design with 20 s epochs in which we
presented 15 stimuli for 1333 ms without gaps. Conditions were pre-
sented in different epochs and repeated three times in a time series. Six
time series were recorded in each participant and presentation order of
the conditions was randomized between the six time series. The fMRI

experiment also contained three further conditions related to 3D shape-
from-motion and two control conditions, but for the sake of brevity
these results will not be reported here.

Image acquisition and analysis. The whole-brain functional scans con-
sisted of TS -weighted gradient-echo echoplanar images obtained ona3 T
Philips Intera scanner equipped with an 8-channel receive-only head coil
(6 time series, 212 scans per time series, repetition time = 2000 ms, TE =
30 ms, 2.75 X 2.75 mm*in-plane resolution, 36 3.75 mm thick axial slices
without gap). The T,-weighted images were realigned and coregistered
to the T,-weighted image. The T,-weighted image was warped into the
MNI space using the procedures implemented in the VBMS toolbox (see
above) and the resulting deformation field was used to spatially normal-
ize the functional images. The voxel size of the functional images in MNI
space was 3 X 3 X 3 mm . The images were spatially smoothed with a 6 X
6 X 6 mm> FWHM Gaussian kernel before statistical analysis.

We examined in each PCA patient whether his/her activity pattern in
the 3D shape-from-shading network differed from that seen in the con-
trol group, controlling for the effect of regional gray matter volume. To
this end, we determined the effect size for contrast 1 (3D shape-from-
shading minus 2D pixel-scrambled) and 2 (3D shape-from-shading
minus 2D shaded-blobs) in the different clusters of the 3D shape-from-
shading network. For each control, this network was defined using a
random-effects analysis (conjunction of contrasts 1-2) in the remaining
17 healthy controls (Georgieva et al., 2008). With this leave-one-out
approach we avoided a bias in favor of the control group that might arise
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3D shape-from-disparity cluster in PCA patients
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Correlation between gray matter volume loss in PCA and 3D shape-from-disparity. A, Voxel-based correlation of gray matter volume with performance of PCA patients on the 3D

shape-from-disparity task (voxel-level uncorrected p << 0.005; cluster-level FWE-corrected p << 0.05). B, Scatterplot of mean gray matter volume in the inferior temporal cluster and performance
on the 3D shape-from-disparity task. , Scatterplot of mean gray matter volume in the right premotor cluster and performance on the 3D shape-from-disparity task. Red squares, PCA patients; red

lines, regression lines obtained in PCA patients.

had we defined the network in the control group and examined activity
levels in patients in that predefined network (Gillebert et al., 2011). For
each PCA patient, the effect size for the two contrasts in the 3D shape-
from-shading network was compared with that obtained in healthy con-
trols using regional gray matter volume as a covariate of no interest
(Crawford et al., 2011) (threshold: two-tailed p < 0.05).

Results

The primary purpose of this study was to determine whether and
for which cues 3D shape processing was affected in PCA, whether
this could be explained by deficits at lower levels of processing,
and which regions were implicated structurally. Furthermore, we
overlaid the fMRI activity pattern for 3D shape processing in
healthy controls directly with the volumetric changes that corre-
late with 3D shape processing in PCA and also evaluated how
functional activity levels in the 3D shape network were altered in
a subset of PCA patients. Finally, we also evaluated how disease
specific the behavioral deficits and the correlations with gray
matter volume were by comparing our findings to two patient
control groups, DLBD and typical AD.

Behavioral comparison between PCA and controls

3D shape perception
The error-in-depth for the four cues and the four groups is shown
in Figure 2. Repeated-measures ANOVA (4 X 4 design) with

group (healthy controls, PCA, DLBD, and AD patients) and cue
(shading, texture, motion, and binocular disparity) as factors and
error-in-depth as an dependent variable revealed a significant
main effect of group (F(;¢5) = 17.09, p < 0.001) and of cue
(F218141.42) = 7-44, G-G adjusted p = 0.001) and a significant
group-by-cue interaction (Fs 5314142y = 3.29, G-G adjusted p =
0.004; Fig. 2, Table 2). According to post hoc comparisons, error-
in-depth was larger in PCA than in healthy controls (p < 0.001)
for each of the monocular cues. Error-in-depth tended to be
larger in PCA than in AD for texture (p = 0.005). Error-in-
depth did not differ between PCA and DLBD for any of the
cues (p > 0.31; Fig. 2), nor was there any difference between
PCA and any of the control groups for binocular disparity
(p = 0.28; Fig. 2).

The average ellipse parameters representing the in-plane dis-
tribution of the responses of PCA and normal subjects are shown
in Figure 3C for each of the cues. In healthy controls, the angle
and elongation is very similar between cues because the underly-
ing 3D structure is the same. The ellipses in PCA are systemati-
cally larger and wider than those of healthy controls. The main
parameters of these ellipses are shown in Figure 3, D-G. Accord-
ing to the repeated-measures ANOVA with group and cue as
factors, there was a significant main effect of group on all 4 ellipse
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Overlap between 3D shape-from-shading and 3D shape-from-disparity

overlap

Overlap between 3D shape-from-shading and 2D shape-from-shading

overlap

Figure9. A, Overlap between the clustershowninFigure 74 and the cluster shownin Figure 84. B, Overlap between the cluster shownin Figure 74 and the map of the correlation between volume
and 2D orientation discrimination. Green, Cluster where gray matter volume correlates with 3D shape-from-shading (voxel-level uncorrected p << 0.005 and cluster-level FWE-corrected p << 0.05);
red, map of correlation of gray matter volume with 3D shape-from-disparity (4) and 2D-from-shading (B) in PCA patients (voxel-level uncorrected p << 0.005); yellow, overlap.

parameters (G-G adjusted p = 0.01; Fig. 3C-G), a main effect of
cue on location (x and y) and on size (p = 0.002), and a group-
by-cue interaction on location (y-coordinate, p = 0.006; Fig. 3D—
G). According to post hoc comparisons, ellipse size differed
significantly between PCA and healthy controls for all 4 cues (p =
0.003). The location of the ellipse center differed between PCA
and healthy controls for shading (y-coordinate p = 0.004) and for
texture (y-coordinate p = 0.003). No other differences between
PCA and the patient groups reached our stringent corrected sig-
nificance threshold.

In PCA, error-in-depth and in-plane distribution of responses
differed from random for all cues (p = 0.01) except texture (p =
0.48; Fig. 2). Performance of 3D shape-from-shading, motion,
and disparity in PCA also differed from a distribution based on
random motor control errors for shading, motion, and disparity
(p <0.05 in >99% iterations; Fig. 2).

Atan individual level (Table 2), all PCA patients except Case 4
performed worse than healthy controls (p < 0.05; Crawford and
Garthwaite, 2002) on 3D shape processing for monocular cues,
with 8 patients performing worse than healthy controls for all 3
monocular cues. Two of the PCA patients were significantly im-
paired on the 3D shape-from-disparity task (Table 2). There were
a number of dissociations between 3D tasks in PCA patients: 3D
shape-from-motion was significantly more affected than 3D
shape-from-disparity or 3D shape-from-shading in 9 and 5 cases,

respectively. 3D shape-from-texture was significantly more af-
fected than 3D shape-from-disparity and 3D shape-from-
shading in 8 and 2 cases, respectively. 3D shape-from-shading
was significantly more affected than 3D shape-from-disparity in
5 cases.

The AUC of error-in-depth for discriminating between PCA
and controls was 0.97 for texture, 0.94 for shading, 0.93 for mo-
tion, and 0.70 for disparity. For PCA compared with AD patients,
the AUC was 0.81 for texture, 0.69 for motion, 0.60 for shading,
and 0.54 for disparity. The AUC of error-in-depth for discrimi-
nating between PCA and DLBD patients was 0.58 for texture, 0.45
for shading, 0.54 for motion, and 0.51 for disparity.

2D orientation discrimination
We investigated whether the 2D processing level was also affected
(Figs. 1D, 4A,B). However, we were unable to obtain reliable
thresholds for the disparity cue in four of the PCA cases (Table 2)
and, because of these missing data, we analyzed performance for
the monocular cues separately from that for the binocular cue.
For the monocular cues, a 4 X 3 ANOVA analysis revealed
main effects of group (F;s9) = 17.64, p < 0.001) and of cue
(F1.53.90.4) = 112.52, G-G adjusted p < 0.001), as well as a signif-
icant group-by-cue interaction (F(, 6994, = 2.53, G-G adjusted
p = 0.039; Fig. 4A, Table 2). PCA patients needed a larger orien-
tation difference than healthy controls to reach criterion for all
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monocular cues (p < 0.001). For motion,
they needed a larger orientation differ-
ence than AD (p = 0.005; Fig. 4A). No
other differences were found between
PCA and the patient control groups (p >
0.06).

No differences between groups were
found for binocular disparity (Fg; 5, =
2.40, p = 0.08).

Elementary feature extraction

We also evaluated whether elementary
feature extraction was affected (Figs. 1E, B
4C,D). However, we were unable to ob-

tain reliable thresholds for the disparity

cue in five of the PCA cases (Table 2) and

therefore analyzed performance for the =15
monocular cues separately from that for <
the binocular cue. £

A 4 X 3 ANOVA revealed significant s 1
main effects of group (F3 4, = 24.7, p < £
0.001) and of cue (F(, 1,4 = 36.85, p < %

0.001), as well as a significant group-by-
cue interaction (Fs 1,4y = 3.48, p = 0.003;
Fig. 4C, Table 2). To reach criterion, PCA
patients needed a larger contrast than 0
healthy controls (p < 0.001) regardless of
cue type (Fig. 4C). They also needed a sig-
nificantly larger contrast than DLBD and
AD patients for luminance (p = 0.001; all
others p >0.02).

No differences between groups were
found for binocular disparity (F(; 55, =
1.93,p = 0.14).

Relationship between 3D and lower-order deficits

We investigated whether the deficits for 2D-level processing or
elementary feature extraction could account for the 3D shape-
processing deficit. According to a stepwise multiple linear regression
analysis, performance of PCA patients on the 3D shape-from-
shading task could be partly predicted by performance at the 2D-
processing level (R? adjusted = 0.46, p = 0.007). Performance on
the 3D shape-from-texture task could also be partly explained by
performance at the elementary feature extraction level (R* ad-
justed = 0.28, p = 0.037). Performance on the 3D shape-from-
motion and 3D-shape-from-disparity task could not be predicted
by performance on the lower-order tasks (p > 0.1).

When performance at the 2D-processing level was included as
covariate in a one-way ANOVA with group (healthy controls,
PCA patients) as the factor and performance on the 3D shape-
from-shading task as the dependent variable, the effect of group
remained significant (F(; 55y = 6.99, p = 0.01). The difference in
performance between healthy controls and PCA patients on the
3D shape-from-texture task also remained significant when per-
formance at the elementary feature extraction level was included
as the covariate of no interest (F(, 35, = 14.39, p < 0.001).

Volumetric comparison between PCA patients and

control groups

The volumetric comparison of the PCA group with the controls
confirmed the predominantly posterior localization of the atro-
phy (Fig. 5A-C). In the group analysis, primary visual cortex was
relatively spared, at least the part representing central vision,
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Overlap 3D shape-from-shading in PCA and AD

overlap
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Figure 10.  Overlap between the cluster shown in Figure 74 obtained in PCA patients for 3D shape-from-shading and a map of
the correlation between volume and 3D shape-from-shading in AD patients. 4, Green, Cluster where gray matter volume correlates
with 3D shape-from-shading (voxel-level uncorrected p << 0.001 and cluster-level FWE-corrected p << 0.05); red, map of corre-
lation of gray matter volume with 3D shape-from-disparity in AD (voxel-level uncorrected p << 0.01; without cluster-level FWE-
correction); yellow, overlap. B, Scatterplot of mean gray matter volume obtained in the region shown in A and performance on the 3D
shape-from-disparity in AD patients. Red triangles, AD patients; red line, regression line obtained in AD patients (r = —0.626).

whereas lateral occipital and medial occipital cortex were in-
volved together with occipitotemporal, occipitoparietal, and pos-
terior parietal cortex. Dorsal premotor cortex was also atrophic
(Fig. 5A—C). Medial pulvinar and lateral geniculate nuclei also
exhibited significant volume loss (Fig. 5A-C).

Compared with DLBD and AD, extrastriate cortex showed
significant volume loss in PCA (Fig. 6A—D, F). Inversely, the an-
terior portion of the hippocampal formation was atrophic in AD
compared with PCA (Fig. 6E). We did not find any regions of
greater volume loss in DLBD compared with PCA.

Relationship between volume loss and 3D-processing deficits
In PCA, scores on the 3D shape-from-shading task correlated
significantly with gray matter volume loss in right posterior infe-
rior temporal cortex extending into lateral temporal and inferior
parietal cortex (extent total cluster 2394 1.5 X 1.5 X 1.5 mm’
voxels, cluster-level corrected p = 0.010; Fig. 7). The highest-
significance peak was in the right inferior temporal gyrus (ITG;
44, —63, —6, z = 3.71), followed by a peak in the right inferior
occipital gyrus (36, —72, —5, z = 3.59) and a peak in the right
middle temporal gyrus (63, —45, 3, z = 3.33). The correlation
between 3D-from-shading and right inferior temporal volume
loss was also present when we excluded the monocularly blind
Case 6 (extent total cluster 8414 cluster-level p < 0.001, r =
—0.96).

We also obtained a significant correlation between volume
loss and 3D shape-from-disparity in PCA in right inferior tem-
poral cortex (50, =51, —27, z = 4.20, extent 1958, corrected p =
0.017; Fig. 8 A, B) and right premotor cortex (44, 9, 34, z = 4.58,
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extent 5558, corrected p < 0.001; Fig. 8A,C). The inferior tem-
poral 3D shape-from-disparity cluster lay anterior to the 3D
shape-from-shading cluster and there was some overlap between
the right occipitotemporal cluster obtained for 3D shape-from-
shading (0.08% of the total cluster extent) at our preset threshold
and that obtained for 3D shape-from-disparity (0.10% of the
total cluster extent; Fig. 94, yellow).

A whole-brain analysis did not reveal significant correlations
between volume loss and 3D shape processing for motion and
texture. Even if we lowered the threshold for these maps to voxel-
level p < 0.01, we did not find any overlap between the right
posterior inferior temporal cluster obtained for shading and dis-
parity and 3D shape-from-motion or 3D shape-from-texture.

We overlaid the inferior temporal cluster obtained for 3D
shape-from-shading with a probabilistic retinotopic map (Ab-
dollahi et al., 2014; Fig. 7C): visual areas V4t and LO1, MST, MT,
EST, and the putative human homolog of the posterior inferior
temporal region (phPIT; Kolster et al., 2010) overlapped with the
posterior part of this region. A large proportion of this region lay
anterior to retinotopically organized cortex.

For shading, we evaluated whether the right inferior temporal
cluster was specific for the 3D level or overlapped with the maps
obtained for the lower-order processes. At a lower threshold,
performance on 2D shape-from-shading correlated with volume
loss posteriorly to the 3D shape-from-shading cluster and there
was some overlap between the right occipitotemporal cluster ob-
tained for 3D-shape-from-shading at our preset threshold
(voxel-level p < 0.005, cluster-level p < 0.05 corrected) and 2D
shape-from-shading (voxel-level p < 0.005 without cluster-level
threshold; Fig. 9B, yellow). We did not find overlap with elemen-
tary feature extraction for luminance.

Next, we evaluated whether the volumetric correlations ob-
tained for 3D shape-from-shading and 3D shape-from-disparity
were specific for PCA compared with the two other patient
groups. There was limited overlap in the anterior portion of the
inferior temporal cluster with the map obtained in typical AD
patients for the correlation between brain volume and 3D shape-
from-shading if we lowered the threshold in the AD patients to
uncorrected p < 0.01 (Fig. 10, yellow). We also investigated
whether performance on 3D shape-from-shading and 3D shape-
from-disparity in DLBD and AD patients correlated with gray
matter volume in the regions defined independently in PCA for
these cues. A significant correlation was found in AD between
error-in-depth for 3D shape-from-shading and gray matter vol-
ume in the right inferior temporal region obtained in PCA for this
cue (r = —0.626, p = 0.017).

We also evaluated in DLBD and typical AD patients whether
any regions outside of the regions involved in 3D shape-from-

<«

Figure11.  Task-related fMRI: 3D shape-from-shading network. 4, Visual stimuli of the fMRI
experiment. Shading stimuli: 3D shaded stimuli and two control conditions: 2D shaded-blob
and 2D pixel-scrambled stimuli. B, --map for the extraction of 3D shape-from-shading [conjunc-
tion of contrast 1 (3D shape-from-shading minus 2D shaded-blobs) and contrast 2 (3D shape-
from-shading minus 2D pixel-scrambled)]. Random-effects analysis (fMRI) in 18 healthy
controls, threshold: voxel-level uncorrected p << 0.001, cluster-level FWE-corrected p << 0.05.
The t-map is projected onto a surface rendering of the brain (Van Essen, 2005). The black
outlines reflect the regions found by Georgieva et al. (2008) in healthy young volunteers using
the same contrast. €, Superposition between the fMRI activity cluster during passive viewing of
3D shape-from-shading minus control in healthy controls (red) and the cluster where gray
matter volume correlates with 3D shape-from-shading scores in PCA (green). Overlap is indi-
cated in yellow. D, E, Mean percentage signal change (relative to the fixation condition) for 3D
shading stimuli, 2D pixel-scrambled stimuli, and 2D shaded-blobs in healthy controls and 5 PCA
patients in left ITG (D) and right ITG (E). Error bars indicate SEM.
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shading and 3D shape-from-disparity in PCA correlated with 3D
shape-from-shading and 3D shape-from-disparity at FWE cor-
rected cluster-level p < 0.05. The only such region was found in
AD in the anterior cingulate for 3D shape-from-disparity (12, 42,
19, z = 4.22, extent 2491, corrected p = 0.003).

Finally, we evaluated whether the effect of scanner site on
brain volumetry overlapped with the region where we found a
correlation between 3D shape-from-shading and 3D shape-
from-disparity and brain volume. This was restricted to a very
minor overlap for 3D shape-from-shading (0.005% of the infe-
rior temporal cluster) and for 3D shape-from-disparity (0.42% of
the inferior temporal cluster).

fMRI activity levels in the 3D-processing network

Next, we overlaid directly the volumetric analysis of 3D shape-
from-shading in PCA with the known fMRI activity pattern for
3D shape from shading versus 2D controls in healthy controls.
According to online infrared eye tracking, participants kept stable
gaze fixation on the central fixation cross. In healthy controls, 3D
shape-from-shading activated the caudal ITG bilaterally (left
ITG: —45, =73, —8; z = 6.86; extent 599 3 X 3X3 mm” voxels;
cluster-level p < 0.001; right ITG: 45, —70, —11; z = 5.28; 346
voxels; Fig. 11B). The right ITG activation cluster overlapped
with the region described previously by Georgieva et al. (2008)
(marked by black outline in Fig. 11B) and with the region where
volume loss correlated with performance of 3D shape-from-
shading by PCA subjects (Fig. 11C, overlap marked in yellow). In
the controls, another extensive activity cluster for 3D shape-
from-shading was present in the left anterior intraparietal sulcus
(IPS) extending into the supramarginal gyrus (—48, —34,43;z =
4.92; 447 voxels; p < 0.001; Fig. 11B).

Finally, we looked for functional alterations in the 3D shape-
from-shading network due to PCA over and above what one
would expect based on brain volume. We compared the average
fMRI activity levels in each of the clusters that were activated in
healthy subjects, controlling for gray matter volume as a covariate
of no interest (Crawford et al., 2011). In 4 of 5 PCA patients, the
effect size for contrast 1 (3D shape-from-shading minus 2D
pixel-scrambled) in left posterior ITG was significantly smaller
than in healthy controls (p < = 0.05). In right ITG, the effect size
was reduced in 2 of 5 patients ( p < = 0.05; Crawford etal., 2011).
No significant effects were found in the IPS cluster. Overall, com-
pared with baseline, the response in PCA patients compared with
controls was reduced in both ITGs, in particular in the right ITG
(Fig. 11D, E).

Discussion

In PCA patients, deficits on 3D shape-from-shading were associ-
ated with volume loss in right posterior inferior temporal cortex
and deficits on 3D shape-from-disparity with volume loss slightly
more anteriorly and in the right premotor cortex (Fig. 7). These
findings obtained in PCA can be readily understood in the light of
current neurophysiologically based models of 3D shape process-
ing developed based on nonhuman primate research and fMRI in
the intact human brain for these cues (Orban, 2011). They may
also bear relevance for the far more common amnestic predom-
inant forms of AD.

Potential limitations

PCA is characterized by a complex constellation of visuopercep-
tual and visuospatial disturbances (Benson et al., 1988; Hof et al.,
1990; Graff-Radford et al., 1993; Levine et al., 1993; Giovagnoli et
al., 2009). Nevertheless, we are confident that our psychophysical
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estimates reliably reflected the perceptual processes of interest
rather than dysfunction in other domains: Subjects could only
take part if they had passed a test session and proven that they
were able to perform the 3D shape task reliably, leading to the
exclusion of three patients. Furthermore, the response modality
was flexibly adapted to the individual’s capabilities based on the
test session (key press, pointing, and vocal responses). Third, in
11 of 13 PCA patients, the 3D shape threshold was within normal
limits for at least one cue (Table 2), most frequently the disparity
cues (6/11 patients). The relative preservation of 3D shape from
any cue provides evidence that the deficits observed were not
caused by generic task demands. Fourth, the choice of global
maximum by the PCA patients differed significantly from a random
distribution or from what one would obtain in case of a random
motor control error. For the lower-order tasks, further support is
provided by the average staircase curves in the different populations.
A reliable plateau level was reached, except for 2D-from-motion, in
which the curve indicated a floor effect (Fig. 4). As a final argument,
our main result, inferior temporal volume loss in relation to 3D
shape processing (Fig. 7), is unlikely to be explained by manuomotor
or visuomotor deficits (such as optic ataxia or gaze apraxia), which
are typically localized to the dorsal stream.

Error-in-depth was abnormal only for monocular cues. For
3D shape-from-disparity, between-subjects variance in healthy
controls was larger than for the other cues (Fig. 2). The carrier
texture for 3D from disparity had the same resolution as that used
for motion so that carrier texture cannot account for this differ-
ence. A possible explanation is the deterioration and increased
variability in stereoacuity with normal aging (Bohr and Read,
2013). The analysis of the in-plane distribution of responses
(Todd et al., 2001; Koenderink et al., 2002) clearly had added
value in this respect and also revealed abnormal dispersion of
responses in PCA patients for disparity.

Neuroanatomical correlates of deficits in 3D

shape perception

Performance on 3D shape-from-shading correlated with right
posterior inferior temporal volume loss (Fig. 7A). A separate
fMRI experiment that we conducted in healthy older adults es-
tablished the overlap between the fMRI focus activated by 3D
shape-from-shading and the correlation between volume and 3D
shape-from-shading performance in PCA patients (Fig. 11C).
This cluster encompassed a caudal inferior temporal region that
has been implicated previously in 3D shape-from-shading and
shape-from-disparity by fMRI in the intact brain (Georgieva et
al., 2008).

Comparison between this ITG region obtained in patients and
the maximum probability map of retinotopic areas (Fig. 7C; Ab-
dollahi et al., 2014) localizes the peak of this cluster to the rostral
tip of the putative human homolog of the dorsal phPIT (phPITd;
Kolster et al., 2010; Abdollahi et al., 2014) and neighboring reti-
notopic areas. In healthy human subjects, the local maximum of
the 3D shape-from-shading activation is also located close to the
rostral tip of the phPITd (Orban et al., 2014). Anteriorly, the
volumetric cluster extended beyond retinotopic areas. In monkey
fMRI, 3D shape-from-shading specifically activates V4 bilaterally
and the dorsal portion of TEO (Boussaoud et al., 1991; Distler et
al., 1993; Nelissen et al., 2009), now recognized as retinotopic
PITd (Kolster et al., 2009, 2014). However, more widespread
activation in FST and surrounding STS regions has also been
reported using more naturalistic stimuli (Sereno et al., 2002).

In the right ITG region, the correlation with volume loss was
not limited to 3D shape-from-shading (Fig. 7). There was also a
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correlation between 2D luminance processing and volume in
part of this cluster. This was mainly due to overlap between the
posterior part of the cluster for 3D shape-from-shading and that
obtained for 2D luminance (Fig. 9B). Areas involved in 3D shape-
from-shading (principally area phPITd) may be close to areas
involved in 2D orientation processing (such as the homolog of
area V4; De Weerd et al., 1996), which may provide the input for
the extraction of 3D shape (Fleming et al., 2011).

Slightly more anteriorly to the inferior temporal cluster ob-
tained for 3D shape-from-shading, volume loss was associated
with 3D shape-from-disparity. Performance on 3D shape-from-
disparity correlated with volume loss, not only in right posterior
inferior temporal, but also in right premotor cortex. Numerous
previous studies have indicated that the 3D-processing network
for binocular disparity is more extensive than the 3D networks
for any of the monocular cues: in addition to ventral occipitotem-
poral areas (Janssen et al., 1999, 2000a, 2000b), it includes the IPS
over its entire extent and even premotor cortex (Durand et al.,
2007; Georgieva et al., 2009; Joly et al., 2009; Theys et al., 2012;
Van Dromme et al., 2015). The premotor region where we find a
correlation between volume loss and 3D shape-from-disparity
fits well with these earlier observations (Georgieva et al., 2009)
and likely encompasses the putative human homolog of F5 (Ferri
et al., 2015). One of its subdivisions, area F5a, has been consis-
tently found to be activated during 3D shape processing for dis-
parity in fMRI in nonhuman primates (Joly et al., 2009; Theys et
al., 2012), as well as in the intact human brain (Georgieva et al.,
2009).

For two cues, motion and texture, 3D shape-processing defi-
cits were present behaviorally, but without clear neuroanatomi-
cal substrate. These cues were among the most severely impaired.
The areas implicated in 3D shape-from-motion, such as MT and
EST (Vanduffel et al., 2002), were clearly affected in PCA patients
(Fig. 5). The same holds true for the occipitotemporal regions
involved in 3D shape-from-texture (Georgieva et al., 2009). Fur-
ther work is needed to understand the lack of correlation for the
motion and texture cues, which may reflect the organization (se-
rial vs parallel) of the network extracting 3D shape from these
cues, severity of atrophy, or the relatively small sample size com-
bined with stringent thresholds applied to the whole-brain search
volume.

Relevance for other patient groups
The atrophy pattern in extrastriate cortex was specific for PCA
patients. Accordingly, the association between posterior inferior
temporal volume loss and 3D shape-from-shading and shape-
from-disparity deficits was also relatively specific for PCA. The
profound 3D shape-processing deficits in DLBD patients (Figs. 2,
3) were not associated with posterior inferior temporal volume
loss. This indicates that structural integrity of right posterior in-
ferior temporal cortex is not the sole factor determining success
on these 3D shape-processing tasks. A previous volumetric MRI
study in DLBD failed to reveal neocortical volume loss (Whitwell
et al., 2007). In contrast, functional changes as measured with
FDG-PET (Minoshima et al., 2001) or task-related fMRI (Taylor
etal., 2012) frequently have been reported posteriorly. The visuo-
perceptual deficits in DLBD patients have been hypothetically
attributed to loss of dopaminergic or cholinergic input (Whitwell
et al., 2007), disconnection of the inferior longitudinal fascicle
(Nedelska et al., 2015), or dopaminergic deficits in the retina
(Mori et al., 2000) rather than structural volume loss.

In patients with the amnestic-predominant presentation of
AD, we found 3D shape perception deficits, although in a miti-
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gated form (Figs. 2, 3). Conceivably, 3D-processing deficits may
go unnoticed in AD patients because they are overshadowed by
the concomitant cognitive deficits or because gradual changes in
visual perception may remain below the awareness level as long as
they do not affect instrumental activities directly, as they do in
PCA patients. Gray matter volume loss in AD extended into the
anterior border of the right inferior temporal region implicated
in 3D shape-from-shading in PCA. The distribution of NFTs in
typical AD may partly extend into the anterior portion of the
inferotemporal region implicated in 3D shape perception in PCA
(Lewis et al., 1987; Braak et al., 1989). Gray matter volume in the
right inferior temporal region identified in PCA also correlated
with performance on this task in AD. Accordingly, the 3D shape-
from-shading deficit in AD may partly rely on a same substrate as
that underlying 3D shape-processing deficits in PCA. However,
other mechanisms may also contribute to the 3D shape-
processing deficits in AD, for example, at a postperceptual level.
The correlation between anterior cingulate volume loss and 3D
shape-from-disparity scores in AD could point in that direction
given the role of this region in decision making (Walton et al.,
2007).

Conclusion

According to contemporary models of the functional anatomy of
3D processing, 3D shape-from-shading principally relies on pos-
terior inferior temporal cortex. In contrast, 3D shape-from-
disparity relies on widely distributed regions, not only in the
ventral stream, but also in the dorsal stream extending into pre-
motor cortex. The data that we obtained in patients with neuro-
degeneration targeting the ventral and dorsal processing stream
are consistent with predictions based on the functional anatom-
ical models derived from nonhuman primate research and fMRI
of the intact brain. However, the 3D shape-processing deficits in
DLBD remain unexplained at this stage and indicate that the
structural integrity of right inferior temporal cortex cannot be the
sole factor determining success on these 3D shape-processing
tasks.
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