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a b s t r a c t

Posterior cortical atrophy (PCA) is rare neurodegenerative dementia, clinically character-

ized by a progressive decline in higher-visual object and space processing. After a brief

review of the literature on the neuroimaging in PCA, here we present a study of the brain

structural connectivity in a patient with PCA and progressive isolated visual and visuo-

motor signs. Clinical and cognitive data were acquired in a 58-years-old patient (woman,

right-handed, disease duration 18 months). Brain structural and diffusion tensor (DT)

Magnetic Resonance Imaging (MRI) were obtained. A voxel-based morphometry (VBM)

study was performed to explore the pattern of gray matter (GM) atrophy, and a fully

automatic segmentation was assessed to obtain the hippocampal volumes. DT MRI-based

tractography was used to assess the integrity of long-range white matter (WM) pathways in

the patient and in six sex- and age-matched healthy subjects. This PCA patient had

a clinical syndrome characterized by left visual neglect, optic ataxia, and left limb apraxia,

as well as mild visuo-spatial episodic memory impairment. VBM study showed bilateral

posterior GM atrophy with right predominance; DT MRI tractography demonstrated WM

damage to the right hemisphere only, including the superior and inferior longitudinal

fasciculi and the inferior fronto-occipital fasciculus, as compared to age-matched controls.

The homologous left-hemisphere tracts were spared. No difference was found between left

and right hippocampal volumes. These data suggest that selective visuo-spatial deficits

typical of PCA might not result from cortical damage alone, but by a right-lateralized

network-level dysfunction including WM damage along the major visual pathways.
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1. Introduction

1.1. The neuroanatomy of posterior cortical atrophy (PCA)

PCA is a rare, early-onset (usually before 65 years) neurode-

generative dementia, characterized by initially isolated,

progressive impairmentofhigherordervisual andvisuo-spatial

skills,whichusuallymanifest as visual agnosia, prosopagnosia,

environmental disorientation, elements of Balint’s syndrome

andvisual neglect (Andradeet al., 2010).While thesedeficits are

hallmark features of the clinical syndrome, at presentation to

specialized clinics, they can often beaccompaniedbydeficits in

praxis and language (e.g., dressing apraxia, transcortical

sensory aphasia, and alexia) (Benson et al., 1988; Freedman

et al., 1991; Mendez et al., 2002; Tang-Wai et al., 2004;

McMonagle et al., 2006). Consistent with their clinical presen-

tation, patientswith PCA showgraymatter (GM) loss in parieto-

occipital and posterior temporal cortices, which is often more

prominent in therighthemisphere (Galtonet al., 2000;Whitwell

et al., 2007). Positron emission topography (PET) studies have

reported a prominent hypometabolism in the same posterior

brain areas (Nestor et al., 2003; Schmidtke et al., 2005; Bokde

et al., 2005). Although PCA patients do not meet clinical

criteria for Alzheimer’s disease (AD), because of the lack of

memory impairment as core of the syndrome, pathological

series have found that themajority of PCA patients have senile

plaques and neurofibrillary tangles, both hallmarks of AD, at

autopsy (von Gunten et al., 2006; Renner et al., 2004; Tang-Wai

et al., 2004; Alladi et al., 2007). In a recent study comparing

clinical, biological and anatomical evidence between PCA and

early-onset AD (age< 65) was directly performed (Migliaccio

et al., 2009), voxel-based morphometry (VBM) results demon-

strated a large region of overlapping atrophy between PCA and

early-onset AD in the temporo-parietal regions. These regions

are known to be preferentially affected in AD pathologically,

structurally, and functionally, especially in younger patients

(Yasuno et al., 1998; Frisoni et al., 2007; Rabinovici et al., 2010).

Migliaccio et al. proposed that although location of atrophy is

not an absolute marker of pathology, it does increase the

probability of specificunderlyingpathologic processes, because

different brain regions seem to be more vulnerable to specific

diseases (Seeley et al., 2009). For these reasons and because of

the early age at presentation (<65 years), the definition of

“nontypical form of AD with an early age of onset” has been

proposed for PCA (Migliaccio et al., 2009).

In PCA, the distribution of AD pathological changes is

preponderant in occipital, parietal, and middle/inferior

temporal cortices at the autopsy [see (vonGuntenet al., 2006) for

review]. However, recent studies conducted in vivo, using PET

with [11C]-labeled Pittsburgh compound-B (Rosenbloom et al.,

2011; de Souza et al., 2011), found no difference in the topog-

raphy of fibrillar amyloid-b deposition between typical AD and

PCA,andconcluded thatbraindamage inPCAwasnotexplained

by the distribution of amyloid; if so, amyloid would not be the

critical pathological change driving neurodegeneration in PCA.

White matter (WM) damage has attracted less interest. To

date, only two single case studies (Yoshida et al., 2004; Duning

et al., 2009) have assessed WM integrity in PCA by using

diffusion tensor (DT) Magnetic Resonance Imaging (MRI) and

a region of interest (ROI)-based approach. In one study

(Duning et al., 2009), cognitive deterioration (over a period of

15 months) was associated with diffusivity changes of the

occipito-parietal WM, rather than with overall GM and WM

atrophy progression. In the other study (Yoshida et al., 2004),

decreased fractional anisotropy (FA) was detected in the

splenium of the corpus callosum (CC), possibly reflecting

neuronal loss in caudal brain regions.

The lesional basis of PCA is not fully defined yet. Recent

Single-photon emission computed tomography (SPECT)

studies indicate a direct correlation between left inferior

parietal hypoperfusion and acalculia, elements of Gerst-

mann’s syndrome, lefteright disorientation and limb apraxia

scores, whereas damage to the bilateral dorsal occipito-

parietal regions appeared to be involved in Balint’s

syndrome (Kas et al., 2011). In another study, structural MRI

demonstrated a tendency toward a decreased cortical thick-

ness in occipito-temporal and occipito-parietal cortices in PCA

patients with predominant visuo-perceptual and visuo-

spatial deficits, respectively (Lehmann et al., 2011). These

results are consistent with the classical dichotomy between

ventral (occipito-temporal) and dorsal (occipito-parietal)

cortical visual streams (see Ungerleider and Mishkin, 1982).

It is tobenoted,however, that theventraledorsaldichotomy

may represent an oversimplification. Both the ventral and the

dorsal streams are composed of several distinct pathways,

which are starting to be defined both anatomically and func-

tionally (Rizzolatti andMatelli, 2003; SchmahmannandPandya,

2006; Kravitz et al., 2011; Thiebaut de Schotten et al., 2011). It is

conceivable that different combinations of damage to these

pathways give rise to distinct patterns of visual or visuo-motor

impairment (Bartolomeo et al., 2007).

In neurodegenerative conditions, the prevalently cortical

pathology usually inspires accounts of structure-function

correlations based on strict cortical localization. Thus, neu-

ropsychological deficits are conceived as resulting from

cortical degeneration. However, in recent years a strict cortical

localization approach for cognitive functions is changing

toward more network-based hypotheses, according to which

cognitive functions emerge from the interruption of the flow

of information across large-scale networks linking different

cortical regions (Catani and ffytche, 2005; Bartolomeo, 2011).

The network-based approach contends that not only cortical

lesions, but also damage to the WM connections between

cortical areas can induce network dysfunction and, hence,

cognitive disorders (Mesulam, 2009). On the other hand, WM

abnormalities such as rarefaction, loss of axons, oligoden-

drocytes and reactive astrocytosis have also been reported in

neurodegenerative conditions. However, it remains to be seen

whether and to what extent damage to WM pathways can

correlate with neuropsychological deficits.

A network approach to clinico-anatomical correlations

seems particularly appropriate to degenerative disorders, in

which neural damage does not distribute along vascular

territories such as in stroke, but seem to follow neurofunc-

tional systems implemented in large-scale brain networks.

According to the network vulnerability target hypothesis,

different networks show peculiar patterns of vulnerability in

different neurodegenerative conditions (Seeley et al., 2009).
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2. Case report

The present case report aims at exploring these open issues by

taking advantage of detailed neuropsychological and neuro-

imaging studies, including DT MRI-based tractography of

long-range WM tracts, which permits to explore microscopic

changes undetected when using conventional MRI. Once

specific tracts were identified, values of fiber integrity were

obtained, such as mean diffusivity (MD), FA, parallel (l//) and

transverse (lt) diffusivities. These metrics have the potential

to elucidate the possible substrates of WM damage (Pierpaoli

et al., 2001).

A 58-year-old woman, medical doctor, with unremark-

able prior medical history, reported multiple minor car

accidents against left-sided obstacles during the previous

18 months. Clinical and neuropsychological examinations

(Table 1) revealed signs of left visual neglect, optic ataxia

and ocular apraxia, as well as left ideomotor apraxia. There

was mild memory impairment, especially with visuo-spatial

material, and a very mild simultanagnosia. Executive func-

tions and calculation were relatively spared. Rare difficulties

in word-finding and occasional phonologic paraphasias

occurred. Fluctuating signs of tactile anomia for the left

hand were also present. Cerebrospinal fluid (CSF) analysis

revealed 188 tau-protein pg/ml (100e450 normal), P-tau

62 pg/ml (<60 normal), and beta-amyloid 263 pg/ml

(500e1500 normal). High-resolution MRI demonstrated

bilateral cortical atrophy mainly located in the parietal lobes

(Fig. 1). In agreement with current clinical criteria, a diag-

nosis of PCA was made.

During a 2-year follow-up, the neuropsychological profile

remained highly asymmetric with language and verbal

memory largely preserved, while left visual neglect continued

to represent the most severe symptom, and remained

a substantial source of handicap in her everyday life.

2.1. Neuropsychological study

A detailed assessment of visuo-spatial attentional and visuo-

motor deficits, as well as of ideomotor apraxia was conducted

(Table 1, Figs. 2 and 3).

2.1.1. Neglect assessment

A paper-and-pencil battery (Azouvi et al., 2006) sensitive to

signs of visual neglect was used. In addition, a tactile line

bisection was performed by asking the patient to indicate the

center of five paperboard lines (20 cm� 1 cm, i.e., the same

length as the stimuli used for visual line bisection). Tactile and

auditory extinctions were also evaluated.

2.1.2. Optic ataxia

Drawing on previous studies (for review see Pisella et al.,

2008), we developed a computerized test adopting touch-

screen technology to assess manual reaching in the visual

periphery and to record spatio-temporal performances.

A laptop computer, implemented with a touch-screen, at

a distance of 50 cm from the subject, was used. The reaching

task employed homemade software. The patient fixated

a white cross on a black background (Fig. 3A) and had to

Table 1 e Cognitive assessment.

Test Score (hits/max)

MMSE 23/30

Memory

Verbal span direct 4

Verbal span indirect 4

Visual span direct 2*

Visual span indirect 0*

Verbal episodic

memory e immediate

13/16

Verbal episodic

memory e delay

40/48

Visual episodic

memory e 12 images

1/6*

Rey figure recall 0/36*

Executive functions (FAB) 13/18

Language

Naming 79/80

Fluency Normal

Single-word repetition 10/10

Sentence repetition 15/16

Dictation of irregular words 46/50*

Dictation of pseudowords 10/10

Visuo-spatial abilities

Rey figure copy 2/36*

Copy of figure Impaired

Praxies e ideomotor apraxia

Verbal commands R: 9/12; L: 1/12*

Real objects R: 12/12; L: 9/12*

Closed eyes R: 10/12; L: 6/12*

Kinesthetic sensitivity Normal

Tactile anomia R¼Normal; L¼ delay

of the answer

Balint syndrome Optic ataxia

(see experiment)*

Ocular apraxia

(clinical evaluation: 2/4)*

Simultanagnosia

(overlapping figures

test: 16/20)*

Gerstmann syndrome Absent

Neglect battery (BEN)

Visual double simultaneous

stimulation

7/12*

Tactile double simultaneous

stimulation

10/12

Auditory double simultaneous

stimulation

9/9

Visual line bisection 19%* Rightward

deviation

Tactile line bisection 25%* Rightward

deviation

Ogden drawing copy .5/4*

Clock drawing test 0/4*

Bells cancellation test 14/15

Scores indicate the number of correct responses out of themaximal

score. Asterisks indicate pathological scores compared to norma-

tive data.

Abbreviations: BEN: Batterie d’Evaluation de la Négligence spatiale;

FAB: Frontal Assessment Battery; L¼ left; MMSE: Mini Mental State

Examination; R¼ right.
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manually reach visual targets (white circles with a 2-cm

diameter), appearing in pseudo-random locations on the

touch-screen. Targets had to be touched by a stylus pen. The

use of a pen provided the patient with the necessary precision

to touch the relatively small targets, and prevented the

occurrence of errors, such as touching the screen with the

other fingers. Each test session includes 30 targets, presented

every 4 sec. The spatial co-ordinates of each touch event were

recorded. The patient performed the task by using the right

arm; severe limb apraxia prevented her to use her left arm for

this task.

2.1.3. Ideomotor apraxia

In addition to clinical apraxia assessment with verbal

commands, we also tested the patient’s ability to use real

objects (Peigneux and Van der Linden, 2000).We also asked the

patient to execute the same gestures in the absence of vision.

2.2. Anatomical study

MR imageswere acquired on a 3.0 T SiemensMRI systemat the

CENIR (Center forNeuroImaging Researchehttp://www.cenir.

org/), Salpêtrière Hospital. For DT MRI, we employed single-

shot spin-echo echo-planar images (EPI) with 50 directions

(b¼ 1000 sec/mm2, repetition time/echo time¼ 12,000 msec/

80 msec; flip angle¼ 90�; field of view¼ 256 mm2; matrix¼

128� 128; voxel size¼ 2� 2� 2 mm; slice thickness¼ 2 mm).

StructuralMRI sequences includeddouble spin-echo sequence

in order to exclude other causes of focal or diffuse brain

damage, including extensive WM disease.

2.2.1. Tractography study

Fiber tracking was performed using Diffusion Toolkit based on

the Interpolated streamline method, and TrackVis software

(Wedeen et al., 2008). Fiber tracts were launched from every

voxel in the brain andwere terminated upon entering a voxel if

theFAvaluewas less than .15, or voxel-to-voxel deflectionangle

was larger than 45�. The fiber tracking software allows the

identification of the tracts, visualization in 3D, and quantitative

analyses on the delineated tracts. ROIs were defined manually

on theaxial, coronal, andsagittal FA images of each subject, and

were used as seed regions for tracking. Based on previous trac-

tography work (Catani and Thiebaut de Schotten, 2008) (Agosta

et al., 2010), the trajectories of the inferior longitudinal fascic-

ulus (ILF), inferior fronto-occipital fasciculus (IFOF), fronto-

parietal superior longitudinal fasciculus (F-P SLF), and arcuate

fasciculi, as well as the CC, were obtained in both hemispheres

for the patient and six healthy age-matched right-handed

women(meanage,59.3years;MontrealCognitiveAssessmente

MOCA, mean score 28.7/30). ROIs were delineated as follows:

- ILF ROIs: a two-ROIs approach was used. The first ROI was

drawn on axial FA slices around the WM of the anterior

temporal lobe (ATL). The second ROI was defined on axial FA

slices around the occipital WM lying posterior to the sple-

nium of the CC. In order to include the entire occipital lobe,

coronal and sagittal FA maps were used as reference to

identify the parieto-occipital sulcus.

- IFOF ROIs: a two-ROIs approach was used. The first region

was delineated around the occipital lobe using the same

criteria used for the delineation of this occipital region for

Fig. 1 e Native high-resolution structural MRI of the PCA patient. Note the bilateral posterior brain atrophy.

Fig. 2 e From left to right: clock drawing test, copy of drawing, line bisection.
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the ILF. The second region is defined around the external/

extreme capsule.

- fronto-parietal SLF and arcuate fasciculus ROIs: a single ROI was

drawn on the axial slice of the color-coded map to define all

of the fibers oriented in an anterioreposterior direction

(green on the color maps), running lateral to the corona

radiata andmedial to the cortex. Because all the SLF bundles

pass through this bottleneck, it is an ideal region to define

the main body of the tract. All the tracts that did not reach

the frontal lobe were removed since they represent erro-

neous tracts or real tracts not meeting our interest. Then,

second ROI including temporal regionwas selected to obtain

the arcuate fasciculus connecting frontal to temporal

regions. Temporal ROIs were defined on sagittal FA slices

around the entire descending portion of the SLF, corre-

sponding approximately to the posterior third of the supe-

rior temporal gyrus, bordered caudally and dorsally by the

angular and supramarginal gyri, respectively. We defined

the rostral border of the temporal ROIs as the position of the

Heschl’s gyrus. The same ROI for the arcuate fasciculus was

then used as exclusion ROI to isolate the fronto-parietal

component of SLF.

- CC ROIs: a single ROI was defined around the CC on

a midsagittal slice.

In order to avoid differences in the size of ROIs between the

hemispheres in patient and controls, the volume (expressed in

voxels) of each ROI was calculated and compared. ROIs

volumes for thepatientwere: left occipital¼ 1242, right¼ 1226;

left frontal external/extreme capsule ¼ 243, right¼ 210; left

anterior temporal¼ 3134, right¼ 3444; left parietal¼ 203,

right¼ 180. Mean ROIs volumes (standard deviation e SD) for

the control groupwere: left occipital¼ 2191 (642.3), right¼ 2244

(832.9); left frontal external/extreme capsule¼ 229 (89.1),

right¼ 219 (80.7); left anterior temporal¼ 3149 (567),

right¼ 3336 (739); left parietal¼ 165 (41.3), right¼ 168 (39.9).

Paired t-tests showed no significant difference between right

and left ROI volumes in the patient ( p¼ .53) and control group

(overall comparison: left occipital ROI vs right p¼ .90; left

frontal external/extreme capsule ROI vs right p¼ .84; left

anterior temporal ROI vs right p¼ .63; left parietal ROI vs right

p¼ .92). Finally, there was no significant difference between

right and left ROIs when comparing the patient to the control

group (see Crawford and Garthwaite, 2002): left occipital ROI

p¼ .23, right occipital ROI p¼ .31; left frontal external/extreme

capsule ROI p¼ .89, right frontal external/extreme capsule ROI

p¼ .92; left anterior temporal ROI p¼ .98, right anterior

temporal ROI p¼ .89; left parietal ROI p¼ .43, right parietal ROI

p¼ .79.

Fig. 3 e A) Optic ataxia experiment; B) Graphic showing the misreaching errors (in pixels) for left- and right-sided peripheral

targets and the percentages of items that elicited a hand reaching movement; C) The circles represent the targets and the

lines represent the directions of the errors.
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All tracts were successfully identified in all subjects, except

for the right arcuate fasciculus, which was found only in two

control subjects (see Catani et al., 2007), and was therefore

excluded from the analysis. MD, FA, l//, and lt were obtained

for each tract, as well as the number of streamlines as

a measure of tract volume.

2.2.2. VBM

VBM was used to investigate patterns of GM atrophy in the

patient relative to a larger control group of 15 right-handed

and age-matched healthy subjects (13 women; mean age: 60

years� 2; MOCA, mean score 28.7/30). VBM was performed

using Statistical Parametric Mapping (SPM8) and the Diffeo-

morphic Anatomical Registration Exponentiated Lie Algebra

(DARTEL) registration method (Ashburner, 2007). Briefly, (i)

T1-weighted images were segmented using VBM5.1 toolbox

(http://dbm.neuro.uni-jena.de/beta-version-of-vbm51-

toolbox/) to produce GM, WM and CSF probability maps in the

Montreal Neurological Institute (MNI) space; (ii) original T1-

weighted images were imported in DARTEL, (iii) rigidly

aligned, (iv) segmented a second time (using the segmentation

parameters from step [i]), and (v) resampled to 1.5 mm

isotropic voxels; (vi) GM and WM segments were coregistered

simultaneously using the fast diffeomorphic image registra-

tion algorithm; (vii) the flow fields were then applied to the

rigidly aligned segments to warp them to the common DAR-

TEL space and then modulated using the Jacobian determi-

nants. Since the DARTEL process warps to a common space

that is smaller than the MNI space, the modulated images

from DARTEL were normalized to the MNI template using an

affine transformation estimated from the DARTEL GM

template and the a priori GM probability map without re-

sampling (http://brainmap.wisc.edu/ normalize DARTEL to

MNI). Finally, the images were smoothed with an 8-mm full-

width at half-maximum Gaussian kernel. GM maps were

compared between patient and controls using a two-sample t-

test in SPM8. Age, gender, and total intracranial volume were

used as confounding variables. We accepted a level of signif-

icance at p< .05 corrected for multiple comparisons (Table 3),

because of the risk of false negatives in single subject analysis,

we also report effects at p< .001 uncorrected (Fig. 1 and Table

3), as previously described (Gorno-Tempini et al., 2004).

2.2.3. Segmentation of the hippocampus

Hippocampal volumes were obtained by using a fully auto-

matic segmentation (Chupin et al., 2009).

All participants provided written informed consent to

participate in the study, which was approved by the local

ethics committee.

3. Results

3.1. Neuropsychological study

The patient had moderate rightward deviation on both visual

(19%) and tactile (25%) line bisection (Table 1), and patholog-

ical scores on landscape drawing copy (.5/4) and clock drawing

test (0/4) (Fig. 2). Patient showed no auditory extinction (9/9),

although she had some difficulty to identify auditory stimuli

presented on the left side. There were rare left tactile extinc-

tions on double stimulation (10/12).

Fig. 3 shows the setting of computerized assessment of

optic ataxia (panel A) and the analysis of end-point errors

(panels B and C). Fewer items elicited hand reaching move-

ments in the left than in the right visual field (respectively, 48%

and71%), consistentwith thepresenceof leftneglect. Reaching

errors were directed toward the fixation cross, in agreement

with previous reports of so-called magnetic misreaching,

where the reaching movements appear to be “locked” to the

eye fixation point (Jackson et al., 2005). Detected left-sided

targets elicited larger reaching errors than right-sided targets

(Fig. 3B; mean difference, 166 pixels; t-test assuming unequal

variances¼ 3.92, d.f.¼ 98, p¼ .00017, two-tailed).

Left-hand ideomotor apraxia was mainly characterized by

spatial errors; performance improved with the use of real

objects, and slightly deteriorated when the patient executed

the movements with closed eyes (Table 1).

3.2. Tractography study

Statistical analysis of DT MRI-derived metrics was conducted

by using significance test for comparing an individual case

with small control samples (Crawford and Garthwaite, 2002).

Differences between patient and controls were found in all

right-hemisphere fasciculi. The patient had higher MD, l// and

lt and lower FA in fronto-parietal SLF; higherMD, l// and lt in

IFOF and ILF. No statistically significant difference was found

for each of the corresponding fasciculi in the left hemisphere

(Fig. 4). Finally, the patient showed higher MD, l// and lt in CC

(Table 2). No difference was found in the number of tract

streamlines comparing the patient with the controls (Table 2).

To visually explore the topographical distribution of micro-

structural damage in each pathway, WM tracts were rendered

as maps of FA values for both hemispheres on the high-

resolution T1-weighted images of the PCA patient, as

showed in Fig. 4.

3.3. VBM study

VBM results are shown in Fig. 5 and Table 3. When compared

to controls, PCA patient showed GM atrophy centered on

posterior brain regions, involving occipital, parietal and

posterior temporal regions, bilaterally. In particular, parietal

GM loss involved the entire region, with the superior (right -

> left) and inferior parietal lobule (right> left) reaching a cor-

rected level of significance ( p< .05 family wise error (FWE)).

GM loss ( p< .05 FWE) occurred bilaterally in the superior

(left> right) and inferior occipital gyri and cuneus, and in the

lingual gyri (right> left). Atrophy also occurred in the right

thalamus ( p< .05 FWE). At p< .001 uncorrected, the patients

also showed atrophy of the calcarine cortex, precuneus,

middle occipital (left> right), and fusiform gyri (left> right),

hippocampus, post-central gyrus and the supplementary

motor area, bilaterally.

3.4. Segmentation of the hippocampus

Hippocampal volume was similar in the left (2.103 cm3) and

right (2.209 cm3) hemispheres.
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4. Discussion

Neurodegenerative diseases are likely to progress along

functionally and anatomically defined large-scale brain

networks. These circuits may become the targets of specific

neurodegenerative disorders (Seeley et al., 2009), consistent

with the notion of selective vulnerability of anatomo-

functional networks in neurodegenerative conditions

(Mesulam, 2009). Long-range projections within functional

neural circuits may thus play a critical role in brainebehavior

relationships.

We studied a 58-year-old patient with PCA and relatively

short disease duration. Clinical, cognitive and anatomical

features of this patient indicate a predominantly right-

hemisphere dysfunction resulting in the impairment of

several visuo-spatial functions. The sparing of all the explored

fasciculi in the left hemisphere, despite the cortical involve-

ment of the occipital and parietal lobes, is consistent with the

cognitive profile, with relatively intact language and calcula-

tion abilities.

Visuo-spatial deficits characterized the patient’s disease

history since its onset. They caused repeated driving accidents

involving the left side of the car, probably resulting from

visual neglect, which may thus be considered the onset

symptom in this case. Optic ataxia was well identified both

clinically and by using a computerized touch-screen test, and

the deficit was found to be worse for the targets presented on

left visual field, in agreementwith a lateralized pattern of both

GM and WM damage more severe in the right hemisphere.

Concerning optic ataxia, our patient showed a hand effect

(impaired performance with the right hand in both hemi-

spaces), which might in principle suggest left parietal

dysfunction (Perenin and Vighetto, 1988). Unfortunately,

a major left-hand apraxia prevented us from testing optic

ataxia with the left hand. However, we also note that perfor-

mance substantially more impaired in the left hemifield than

in the right-sided one, with significantly larger distance errors

in pointing to left-sided detected targets as compared to right-

sided targets (see Fig. 3B). This difference in pointing errors, at

variance with left omissions, cannot be explained by left

neglect, because it is well known that neglect doubly disso-

ciates from optic ataxia (Perenin and Vighetto, 1988). Thus,

although left parietal dysfunction may well have contributed

to optic ataxia in this patient, the available evidence indicates

a major role of damage to right-hemisphere structures.

Anatomical correlates of neglect and optic ataxia may involve

adjacent but non-overlapping fronto-parietal networks

(Rizzolatti and Matelli, 2003). The posterior nodes of the

networks typically damaged in neglect include the inferior

parietal lobule and temporo-parietal junction (Thiebaut de

Schotten et al., 2005; He et al., 2007), whereas optic ataxia is

Fig. 4 e WM tracts are rendered as maps of FA for both hemispheres on the coregistered high-resolution T1-weighted

images of the PCA patient. FA values are represented in a yellow-to-red color scale where yellow corresponds to lower

values and dark red to higher values. Maximum damage is present in the right F-P SLF. Note the loss of fibers in the

posterior part of CC.
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supposed to correlate with more dorsal and medial parietal

damage, even if the specific cortical areas are still debated.

Fronto-parietal connections labeled as SLF are structured in

different branches (Schmahmann and Pandya, 2006). SLF

branches are anatomically and functionally described, run

between contiguous but distinct areas of parietal and frontal

lobes, and are involved in visuo-spatial (Bartolomeo

et al., 2007; Doricchi et al., 2008; Urbanski et al., 2011) and

visuo-motor functions (Rizzolatti and Matelli, 2003). The

patient’s pattern of performance and themassive SLF damage

demonstrated by tractography suggest severe and extensive

damage to parieto-frontal circuitries. Given the complexity of

the neural correlates of visual neglect (Bartolomeo, 2007;

Doricchi et al., 2008), callosal damage (Tomaiuolo et al.,

2010) or right IFOF damage (Urbanski et al., 2008), both

present in this patient, may also have contributed to neglect-

related deficits.

In recent years, a debate emerged on whether optic ataxia

results from superior or inferior occipito-parietal damage.

Perenin (1997) and Coulthard et al. (2006) found that damage to

the lateral superior posterior parietal regions and precuneus

resulted inoptic ataxia. Conversely,KarnathandPerenin (2005)

found maximum lesion overlaps bilaterally in the inferior

parietal lobes, in the superior parietal lobe but only in the left

hemisphere, and in the precuneus. In a meta-analysis of the

functional imaging of reaching in healthy subjects, Blangero

et al. (2009), identified four main regions: parieto-occipital

junction, posterior intraparietal sulcus, mid-intraparietal

sulcus region and anterior intraparietal sulcus region. Pisella

et al. (2009) suggested the bilateral involvement of superior

parietal regions in visuo-motor reaching. Finally, Shallice et al.

(2010) identifieddamage tobilateral lateral andmedial superior

posterior parietal regions as crucial for optic ataxia in a tumor

patient series. Our patient showed a pattern of damage in

superior and medial GM parietal regions. Specifically, the

parietal cluster atrophyranged fromx55 to24,y�65 to�25, z48

to 57 in the right hemisphere and from x �60 to �15, y �82

to �10, z 19 to 78 in the left hemisphere. These regions corre-

spond to the superior and medial parietal cortex. Our lowest z

co-ordinates (outside of superior parietal areas) referred to

small atrophy foci in the medial surface (z 25 and z 30) or in

more anterior left intraparietal sulcus (z 19 and z 26). These

results are consistent with the hypothesis of a role of superior

parietal damage in optic ataxia. Concerning the WM, unfortu-

nately, we could not track the higher component of SLF (which

might well be implicated in visuo-motor control), because of

the limitations of diffusion tensor Imaging (DTI)-based trac-

tography analysis (see the paragraph of limitations below).

Our patient also showed severe left ideomotor apraxia,

potentially correlated with both left parietal atrophy and cal-

losal damage. Liepmann was the first to argue that a lesion of

the CC, disconnecting the right hemisphere from the left, may

lead to unilateral left-hand apraxia (Goldenberg, 2003).

Consistent with the presence of a callosal disconnection, our

patient also had mild tactile anomia; moreover, she per-

formed better with actual objects than upon verbal command

(Heilman and Watson, 2008).

Impaired episodic visual memory, with relatively normal

verbal memory, likely resulted from damage to the networks

linked by the right ILF, which connects occipital to lateral and

medial anterior temporal regions (Shinoura et al., 2007).

Consistent with this hypothesis, hippocampal volumes were

equivalent in the left and right medial temporal structures,

traditionally ascribed to manage respectively verbal and

visuo-spatial episodic memory.

The pattern of DTMRI changes suggested thatWMdamage

was likely to reflect the concomitant presence of axonal and

myelin pathology, because both l// and lt diffusivities values

Table 2 e DT MRI-derived metrics for WM tracts in the
PCA patient and in healthy controls.

Patient
mean

Controls
mean (SD)

ILF L MD .80 .79 (.04)

FA .47 .44 (.02)

l// 1.20 1.22 (.04)

lt .58 .59 (.04)

Streamlines (n) 115 338 (195.4)

R MD .89# .77 (.04)

FA .40 .43 (.02)

l// 1.30# 1.15 (.08)

lt .68# .58 (.04)

Streamlines (n) 171 471 (331.5)

IFOF L MD .76 .77 (.02)

FA .44 .43 (.02)

l// 1.20 1.13 (.05)

lt .53 .57 (.02)

Streamlines (n) 249 291 (263.9)

R MD .89* .78 (.02)

FA .44 .44 (.01)

l// 1.30* 1.16 (.05)

lt .66* .57 (.02)

Streamlines (n) 114 379 (148.3)

F-P SLF L MD .73 .70 (.02)

FA .44 .43 (.01)

l// 1.10 1.03 (.05)

lt .53 .53 (.03)

Streamlines (n) 690 737 (291.3)

R MD .83# .74 (.03)

FA .38* .43 (.01)

l// 1.20* 1.06 (.05)

lt .63** .56 (.01)

Streamlines (n) 727 827 (173)

ARC L MD .75 .71 (.02)

FA .46 .46 (.01)

l// 1.10 1.10 (.1)

lt .54 .52 (.02)

Streamlines (n) 390 232 (115)

CC MD .89# .79 (.03)

FA .55 .52 (.01)

l// 1.50* 1.31 (.04)

lt .58* .53 (.02)

Streamlines (n) 3618 4654 (759.1)

*p< .05; **p< .005; #p< .001.

MD, l// and lt values are �10�3 mm2 sec�1. *p Values refer to the

significance test for comparing an individual case with small

control samples (Crawford and Garthwaite, 2002).

Abbreviations: L¼ left; l//¼ parallel diffusivity; lt¼ transverse

diffusivity; n¼number; R¼ right; ARC¼ arcuate.
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were increased in the patient compared to controls, for all

right-sided fasciculi, as well as for the CC. The presence of

myelinic damage in addition to axonal damage, along with

evidence of an underlying AD pathology suggested by altered

values in the CSF, highlights the importance ofWMdamage in

neurodegenerative conditions, conventionally ascribed to an

isolated cortical GM involvement. It is common knowledge

that PCA is associated with occipito-parietal GM atrophy, but

evidence concerning microstructural WM damage obtained

through DTI-based tractography is scanty. Recently, WM

pathology has been proposed to play an important role in the

onset and progression of AD. According to the so-called ret-

rogenesis model (see Stricker et al., 2009), WM degeneration

tends to be more severe in cerebral regions with late myeli-

nation in the course of brain development, such as the

neocortical long-range association fibers. Although the retro-

genesis model emphasizes the role of myelin breakdown,

possible contributions from Wallerian degeneration to WM

changes in degenerative dementia cannot be ruled out given

the nature of the disease. It is usually assumed that the degree

of myelination modulates the radial diffusivity, which is

pathologically increased for the tracts of interest in our

patient. However, we cannot exclude the effect of other

plausible biological and physical phenomena such as fiber re-

organization, destruction of intracellular compartments and

glial alterations that can also modify the radial diffusivity

(Beaulieu, 2002).

Supporting evidence of WM damage in AD comes from

in vivo imaging studies (Zhang et al., 2009; Damoiseaux et al.,

2009; Stricker et al., 2009; Pievani et al., 2010), as well as

from pathological series (Brun and Englund, 1986; Englund

et al., 1988; Englund and Brun, 1990; Englund, 1998; Bronge

et al., 2002; Sjobeck et al., 2003; Sjobeck and Englund, 2003).

However, as mentioned in the introduction, only two DTI-

based single case studies are currently available on PCA

(Duning et al., 2009; Yoshida et al., 2004), neither ofwhich used

the most recent tractography analysis methods.

There are some limitations in our tractography analysis,

since the tensor-based algorithm we used does not show

crossing or fanning fibers (McNab et al., 2009), likely under-

estimating the disconnection. Other methods are more apt to

show tracts running close to the cortical surface, such as the

Fig. 5 e VBM results for the patient’s scan compared to controls. Regions of GM atrophy are shown on the 3-dimensional

rendering of the MNI standard brain. Results are shown at a threshold of p< .001 uncorrected.

Table 3 e VBM results for patient’s scan compared to 15
age-matched controls.

Brain area Co-ordinates Z score

Superior occipital

gyrus/cuneus*

R 13 �79 27 5.08

L �17 �94 12 5.18

Middle occipital gyrus R 30 �73 39 4.74

L �17 �95 12 5.18

Inferior occipital gyrus* R 34 �80 �6 5.17

L �35 �74 �11 4.32

Calcarine cortex R 11 �79 1 4.55

L �13 �39 7 4.07

Lingual gyrus* R 16 �67 �4 5.68

L �25 �81 �13 4.06

Superior parietal lobe* R 24 �65 57 5.21

L �23 �49 59 4.72

Inferior parietal lobe* R 42 �57 50 4.65

L �26 �47 53 4.17

Precuneus R 11 �69 41 5.16

L �13 �60 37 4.43

Fusiform gyrus R 24 �55 �11 4.65

L �26 �46 �15 4.89

Superior temporal gyrus R 50 �25 14 4.89

L �56 �39 12 4.55

Middle temporal gyrus R 52 �75 1 4.47

L �51 �66 14 5.08

Inferior temporal gyrus R 42 �55 �75 4.04

L �52 �59 �6 4.09

Hippocampus R 18 �34 3 4.61

L �13 �67 19 4.10

Thalamus* R 19 �26 7 5.59

L �11 �26 7 4.55

Post-central gyrus R 55 �25 48 5.52

L �23 �47 55 5.46

Supplementary motor area R 15 �7 64 4.42

L �13 �7 68 4.23

All results are shown at the threshold of p< .001 uncorrected,

* indicates those clusters that survived the correction for multiple

comparisons ( p< .05). Abbreviations: L¼ left; R¼ right.
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most dorsal branch of the SLF (Thiebaut de Schotten et al.,

2011). Moreover, the reconstruction could miss the tracts

with greater damage andwith lower FA, because of difficulties

in visualizing and measuring the most affected streamlines.

Future approach will need to use new algorithms recon-

structing the complex organization of the WM fibers

(Dell’Acqua et al., 2007) and estimating the fiber orientation in

damaged brain (Dell’Acqua et al., 2010).

In conclusion, cognitive and anatomical data in this patient

indicate a relatively selective impairment of large-scale

fronto-parietal and fronto-temporal networks in the right

hemisphere, resulting from both GM and WM damage, and

combined with a relative sparing of left-lateralized pathways.

These network-based dysfunctions can account for the

peculiar combination of impaired and spared visuo-spatial/

language domains that is typical of PCA and rarely observed in

other neurodegenerative diseases.
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