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Primary progressive aphasia is a neurodegenerative syndrome characterized by gradual dissolution of language but relative sparing
of other cognitive domains, especially memory. It is associated with asymmetric atrophy in the language-dominant hemisphere
(usually left), and differs from typical Alzheimer-type dementia where amnesia is the primary deficit. Various pathologies have been
reported, including the tangles and plaques of Alzheimer's disease. Identification of Alzheimer pathology in these aphasic patients is
puzzling since tangles and related neuronal loss in Alzheimer's disease typically emerge in memory-related structures such as
entorhinal cortex and spread to language-related neocortex later in the disease. Furthermore, Alzheimer pathology is typically
symmetric. How can a predominantly limbic and symmetric pathology cause the primary progressive aphasia phenotype, character-
ized by relative preservation of memory and asymmetric predilection for the language-dominant hemisphere? Initial investigations
into the possibility that Alzheimer pathology displays an atypical distribution in primary progressive aphasia yielded inconclusive
results. The current study was based on larger groups of patients with either primary progressive aphasia or a typical amnestic
dementia. Alzheimer pathology was the principal diagnosis in all cases. The goal was to determine whether Alzheimer pathology
had clinically-concordant, and hence different distributions in these two phenotypes. Stereological counts of tangles and plaques
revealed greater leftward asymmetry for tangles in primary progressive aphasia but not in the amnestic Alzheimer-type dementia
(P < 0.05). Five of seven aphasics had more leftward tangle asymmetry in all four neocortical regions analysed, whereas this pattern
was not seen in any of the predominantly amnestic cases. One aphasic case displayed higher right-hemisphere tangle density
despite greater left-hemisphere hypoperfusion and atrophy during life. Although there were more tangles in the memory-related
entorhinal cortex than in language-related neocortical areas in both phenotypes (P < 0.0001), the ratio of neocortical-to-entorhinal
tangles was significantly higher in the aphasic cases (P = 0.034). Additionally, overall numbers of tangles and plaques were greater
in the aphasic than amnestic cases (P < 0.05), especially in neocortical areas. No significant hemispheric asymmetry was found in
plaque distribution, reinforcing the conclusion that tangles have greater clinical concordance than plaques in the spectrum of
Alzheimer pathologies. The presence of left-sided tangle predominance and higher neocortical-to-entorhinal tangle ratio in primary
progressive aphasia establishes clinical concordance of Alzheimer pathology with the aphasic phenotype. The one case with re-
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versed asymmetry, however, suggests that these concordant clinicopathological relationships are not universal and that individual
primary progressive aphasia cases with Alzheimer pathology exist where distributions of plaques and tangles do not account for the

observed phenotype.
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Abbreviations: ApoE-¢4 = apolipoprotein E4 allele; DAT/AD = amnestic dementia of the Alzheimer's type and the neuropathology of
Alzheimer's disease; PPA = primary progressive aphasia; PPA/AD = primary progressive aphasia and the neuropathology of

Alzheimer's disease

Introduction

The neuropathology of Alzheimer's disease most commonly leads
to a predominantly amnestic dementia, also known as ‘dementia
of the Alzheimer's type'. The relationship between this clinical
syndrome and the anatomical distribution of the two major histo-
pathological markers of Alzheimer's disease, amyloid plaques and
neurofibrillary tangles, has been investigated in great detail. Most
of these investigations show that the distribution and density of
neurofibrillary tangles are more closely associated with the neur-
onal loss, atrophy and nature of the cognitive deficits than the
distribution and density of amyloid plaques (Arriagada et al., 1992,
Bierer et al., 1995; Bobinski et al., 1996; Mesulam, 1999; Guillozet
et al., 2003; Nelissen et al., 2007). In the course of the con-
tinuum that leads to dementia of the Alzheimer's type, the initial
emergence and gradual accumulation of neurofibrillary tangles in
hippocampo-entorhinal areas are associated with the focal atrophy
of medial temporal cortex and the relatively isolated amnesia of mild
cognitive impairment, while the subsequent spread of neurofibrillary
tangles to neocortical areas is associated with the additional cogni-
tive impairments that fulfil the diagnostic criteria for amnestic de-
mentia of the Alzheimer's type (Hyman et al., 1984; Braak and
Braak, 1996; Mesulam, 1999; Mesulam et al., 2004).

Alzheimer neuropathology, however, has also been reported in
distinctly different dementia syndromes. For example, some pa-
tients with the clinical syndrome of progressive visuospatial dysfunc-
tion (Weintraub and Mesulam, 1993) also known as posterior
cortical atrophy (Benson et al., 1988) have been shown to have
Alzheimer pathology. These patients, who display generalized
visuospatial disorientation and a biparietal syndrome, show neuro-
fibrillary tangle densities in visual areas such as Brodmann area (BA)
17, BA 18 and superior colliculus, which are up to 25-fold higher
than in patients with amnestic dementia of the Alzheimer’s type and
the neuropathology of Alzheimer's disease (DAT/AD) (Hof et al.,
1997; Tang-Wai and Mapstone, 2006). The subicular component of
the hippocampo-entorhinal complex in these patients was also
shown to have fewer tangles than in BA 18, a reversal of the pattern
seen in typical DAT/AD (Tang-Wai and Mapstone, 2006).

Another atypical presentation of Alzheimer neuropathology has
been described in patients with early and disproportionately severe
impairment of frontal lobe function. In such cases, neurofibrillary
tangle densities in the frontal cortex were 10-times greater than in
DAT/AD (Johnson et al., 1999). Additionally, neurofibrillary tangle
densities were higher in the frontal neocortex than in the
hippocampo-entorhinal complex. In what is probably the single

most atypical clinical picture associated with Alzheimer neuropath-
ology, progressive left hemiparesis was associated with an asym-
metric neurofibrillary tangle density that was 10 times greater in
the contralateral right somatosensory cortex than in the left
(Jagust et al., 1990).

Primary progressive aphasia (PPA) is another non-amnestic neu-
rodegenerative syndrome associated with Alzheimer pathology.
PPA is diagnosed when a language impairment (aphasia), caused
by a neurodegenerative disease (progressive), constitutes the most
salient aspect of the clinical picture (primary) (Mesulam et al.,
2009). In the initial stages, episodic memory is generally preserved
though scores on verbally mediated memory assessments may be
reduced. The most common finding in autopsies of patients with
PPA is frontotemporal lobar degeneration with either tauopathy or
TDP-43 proteinopathy. However, in ~30-40% of PPA cases, the
post-mortem examination reveals the characteristic plaques and
tangles of Alzheimer's disease (Mesulam, 1982, 2003; Greene
et al., 1996; Knibb et al., 2006; Rogalski and Mesulam, 2007,
Rohrer et al., 2010).

As in the case of PPA with frontotemporal lobar degeneration,
patients with PPA and the neuropathology of Alzheimer's disease
(PPA/AD) also show asymmetric atrophy of the language domin-
ant hemisphere (Mesulam et al., 2008). However, the relationship
of the histopathological Alzheimer's disease markers to the asym-
metric atrophy and aphasic phenotype remains unsettled. Is the
typical hippocampo-entorhinal predominance of neurofibrillary
tangles altered in PPA/AD, and is there hemispheric asymmetry
of plaques and tangles to mirror the asymmetry of the atrophy?
Most of the reports that address these questions have been based
on qualitative evaluations and have led to partial and inconsistent
answers. For example, the patient of Engel and Fleming (1997)
had a progressive non-fluent aphasia in life, asymmetric left peri-
sylvian atrophy in imaging studies and the neuropathology of
Alzheimer's disease. Despite the aphasic phenotype, neurofibrillary
tangle density was higher in the entorhinal cortex than in
language-related neocortical areas and asymmetry was not men-
tioned. Green et al. (1990) reported two autopsied patients with
features of PPA, one of whom had the neuropathological findings
of Alzheimer's disease. As in the Engel and Fleming (1997) case,
neurofibrillary tangles were maximal in the hippocampo-entorhinal
complex and did not seem to have displayed hemispheric asym-
metry in language-related neocortical areas. One of the three
cases with PPA reported by Kempler et al. (1990) was found to
have Alzheimer's disease at autopsy but there was no mention of
atypical neurofibrillary tangle distribution. Li et al. (2000) reviewed
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the literature on Alzheimer pathology in PPA and presented a case
of their own without quantitation but with apparently ‘typical’
neurofibrillary tangle distribution favouring the hippocampo-
entorhinal complex over language areas. The eight ‘possible’
PPA cases with Alzheimer pathology reported by Munoz et al.
(2007) are also said to have a ‘typical' distribution of
Alzheimer-specific lesions although no quantitation was reported.

The six PPA/AD cases reported by Galton et al. (2000) were
also evaluated qualitatively. Sections from both hemispheres were
available but left-right comparisons are mentioned for only one
case where it was reported to be symmetric (Case OM). In Case
OM and two others (Cases CT and CM), the entorhinal cortex had
as many or more neurofibrillary tangles as temporal, parietal and
frontal areas. In one of the cases (Case PG) ‘well-defined plaques
were not a feature' so that this case would more appropriately
be classified as displaying the ‘tangle only' pathology that prob-
ably belongs to the frontotemporal lobar degeneration group
(McKhann et al., 2001). The remaining two of the six cases
with PPA/AD in the Galton et al. (2000) series (Cases AS and
PB) had atypical neurofibrillary tangle distributions with some
language-related neocortical areas showing a higher neurofibrillary
tangle density than the entorhinal cortex. However, information
on asymmetry of neurofibrillary tangle density was not provided.

The question of clinicopathological concordance was further
addressed in an investigation of 23 autopsies of patients with
PPA, 11 of whom had Alzheimer pathology. Only four of these
cases had sufficient tissue for quantitation of neurofibrillary tangles
and amyloid plaques in both hemispheres. The results were com-
pared with a group of four cases with typical DAT/AD. Although
the PPA/AD cases did have significantly more left hemisphere
neocortical neurofibrillary tangles than the DAT/AD group, the
magnitude of the asymmetry was low and inconsistent
(Mesulam et al., 2008). This lack of clear-cut concordance led
some investigators to question whether there is sufficient corres-
pondence between the anatomical distribution of disease markers
and clinical features in PPA/AD (Munoz et al., 2007), and conse-
quently, whether there may be some other unidentified concomi-
tant process that is responsible for the emergence of the PPA
phenotype (Mesulam et al., 2008). The current study was under-
taken to address further this question with a larger sample of 12
autopsied brains, seven PPA/AD and five DAT/AD, each with sys-
tematically sampled, identically stained and quantitatively analysed
tissue from five representative cortical areas in both hemispheres.
In the majority of these PPA/AD cases, the unbiased stereological
analysis of the tissue showed that neurofibrillary tangles did dis-
play regional variations that deviated from those of DAT/AD and
that closely mirrored the salience of aphasic rather than amnestic
impairments.

Materials and methods

Cases and tissue processing

The holdings of the Northwestern Alzheimer's Disease Centre Brain
Bank were surveyed first to identify right-handed cases with the clin-
ical diagnosis of PPA and pathological diagnosis of Alzheimer's disease
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for which fixed tissue representing both hemispheres in at least three
of the five target areas was available. The four cases in the previously
reported quantitative analysis (Mesulam et al., 2008) were excluded.
Seven PPA/AD cases fit these requirements and were included in this
study. We then selected the five most recent right-handed DAT/AD
cases that had the same tissue availability. The PPA root diagnosis was
based on the criteria of Mesulam (2001, 2003). Further classification
into agrammatic and logopenic subtypes was based on retrospective
chart review guided by the criteria of Gorno-Tempini et al. (2011) and
Mesulam et al. (2009). The clinical amnestic dementia of the
Alzheimer's type diagnosis was based on CERAD criteria (McKhann
et al. 1984; Morris et al., 1989).

Post-mortem intervals ranged from 5 to 24h with one outlier,
which had a 71h post-mortem interval (Table 1). The difference in
post-mortem interval in the two groups was not statistically significant
(P=0.41). Following autopsy, the right and left hemispheres from
each brain were cut coronally into 2- to 3-cm slabs and fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C for 30h,
cryoprotected in ascending sucrose gradients and stored in 40%
sucrose. Bilateral samples were taken from middle frontal gyrus
(BA 8-9), inferior frontal gyrus (BA 44), superior temporal gyrus
(BA 22), inferior parietal lobule (BA 39-40) and entorhinal cortex
(BA 28)/anterior hippocampus and embedded in paraffin. Sections
were cut at 5um on a rotary microtome, mounted on charged slides
and stored at room temperature until used.

Histopathology

Three adjacent sections from each cortical area were stained with
1.0% thioflavin-S (Sigma-Aldrich), which recognizes B-pleated sheet
protein conformations, to visualize neurofibrillary tangles and mature/
compact amyloid plaques.

Modified stereological quantitative
analysis of Alzheimer pathology

Modified stereological methods were used to estimate the density of
thioflavin-S-stained  plaques and tangles using fluorescence
(380-420 nm) microscopy. For each case, the five selected bilateral
regions (middle frontal gyrus, inferior frontal gyrus, superior temporal
gyrus, inferior parietal lobule and entorhinal cortex) were analysed at
x 60 magnification by a viewer blind to the clinical diagnosis, brain
region and brain hemisphere. Modified stereological analysis was car-
ried out on three adjacent sections according to procedures previously
described in detail (Gliebus et al., 2010), employing the fractionator
method and the Stereolnvestigator software (MicroBrightField). An
area of interest was selected at random from each cortical region
under study per slide, and traced from the cortical surface to the
white matter. The top and bottom 1 pum of each section were set as
guard height. The dimensions of the counting frame were
100 x 100 um. Stereological counts obtained were combined for
the three sections per brain area and expressed as mean neurofibril-
lary tangles or plaques per cubic millimetre, based on planimetric
calculation of volume by the fractionator software. Mean neurofibril-
lary tangle and plaque counts were compared between groups to
evaluate quantitative differences in Alzheimer pathology in amnestic
versus aphasic phenotypes. Additionally, since PPA is an asymmetric
syndrome, mean counts were compared by hemisphere in both
groups.
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Case Dementia  Gender Education Imaging ApoE Age at Age at PMI (h) Brain Braak
profile (years) symptom death weight staging
onset (8)

P1 PPA-G M 20 MRI: non-specific signal abnormalities 3,3 68 81 6 1100 \
in white matter; EEG: L slight
slowing

P2 PPA-L F 19 No consistent asymmetry 3,3 51 66 19 890 \

P3 PPA-L M 19 SPECT: mild decreased perfusion in 3,4 62 75 8 1030 \
the L temporo-parietal region;
EEG: L slowing

P4 PPA-L M 16 MRI: atrophy L temporal pole and 34 80 87 6 1100 VI
bilateral frontal

P5 PPA-L F 16 MRI: L perisylvian atrophy 33 71 77 18 1250 \

P6 PPA-Mixed M 15 MRI: unremarkable 3,4 59 71 24 1250 \Y|

P7 PPA-L M 16 MRI: atrophy L temporoparietal cortex 3,3 56 61 6 1250 \

D1 DAT F 18 No asymmetry 3,4 76 89 71 980 \

D2 DAT M 14 No asymmetry 3,4 74 80 20 1390 \%

D3 DAT F 12 No asymmetry 3,4 74 85 ) 1140 \

D4 DAT F 16 No asymmetry 3.3 73 82 7 1170 Vv

D5 DAT M 12 No asymmetry 4,4 54 71 6 1210 VI

F = Female; L = left hemisphere; M = Male; PMI = post-mortem interval; PPA-G = agrammatic subtype of PPA; PPA-L = logopenic subtype of PPA; PPA-Mixed = mixed
subtype of PPA; R = right hemisphere; SPECT = single-photon emission computed tomography.

Imaging acquisition

MRI of Case P7 and a comparison cohort of 27 healthy individuals of a
similar age was performed at the Northwestern University Department
of Radiology Centre for Advanced MRI using a T4-weighted 3D mag-
netization prepared-rapid acquisition gradient echo (MP-RAGE)
sequence (repetition time, 2300 ms; echo time, 2.86ms; flip angle,
9°; field of view, 256 mm) recording 160 slices at a slice thickness of
1.0mm acquired on a 3T Siemens TRIO system using a 12-channel
birdcage head coil. The MRI scans were processed using the image
analysis suite FreeSurfer (version 4.5.0). Cortical thickness estimates
were calculated by measuring the distance between representations
of the white-grey and pial-CSF boundaries across each point of the
cortical surface.

Statistical analysis

Data were analysed using independent sample t-tests, Wilcoxon rank-
sum tests, and a mixed-model repeated measures ANOVA. A two-tailed
Fisher's exact test was used to analyse differences in apolipoprotein ¢4
(ApoE-¢4) allele frequency across samples. Statistical analysis was carried
out using the SAS software (version 8; SAS Institute).

For the MRI analysis, statistical surface maps were generated with
the FreeSurfer software using a general linear model, which displayed
differences in cortical thickness between the PPA and healthy groups
for each vertex along surface representations of the entire neocortex.
False discovery rate was applied at 0.05 to adjust for multiple com-
parisons (Genovese et al., 2002).

Results

Clinical findings, demographics and
imaging

Of the seven cases with PPA/AD, five were clinically diagnosed
with the logopenic variant, one with the mixed variant and one

with the agrammatic variant (Table 1). The PPA/AD and DAT/AD
groups did not differ significantly in education, age at death or
disease duration (P > 0.05). Although mean age at onset was not
significantly different between groups, symptom onset occurred at
70 years or younger in ~71% of patients with PPA/AD, but only
in 20% of patients with DAT/AD. Neuroimaging in the PPA/AD
group revealed a general pattern of greater atrophy, hypoperfu-
sion and hypometabolism in the left hemisphere (Table 1).

Apolipoprotein genotyping

The most extensively documented genetic risk factor for DAT/AD
is the ApoE-¢4 allele. In our clinical core database of a larger
sample of 330 non-demented age-matched control subjects,
14.4% had the ApoE-¢4 allele. In the current sample of five sub-
jects with DAT/AD, the 50% ApoE-¢4 frequency was significantly
higher than in our larger sample of non-demented control
subjects (P =0.009). The 21.4% ApoE-¢4 frequency in subjects
with PPA/AD, however, did not differ significantly from the
ApoE-¢4 frequency in controls (P =0.44).

Pathological staging and stereological
quantitation of overall neurofibrillary
tangles and amyloid plaques

Alzheimer pathology was at Braak stage VI in nine cases and Braak
stage V in three (Cases P1, D2, and D4) (Braak and Braak, 1991).
The thioflavin-S stain provided the material for stereological ana-
lyses (Fig. 1). The average number of neurofibrillary tangles in the
two hemispheres and in all regions including the entorhinal cortex
was greater in PPA/AD [mean =9845.34, standard deviation
(SD) =10023.88] compared with DAT/AD (mean= 5387.02,
SD =8730.96) (P =0.017) (Table 2). This difference was more pro-
nounced in neocortical areas. Similarly, the average number of
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Right IFG (P4)

Figure 1 Thioflavin-S staining of neurofibrillary tangles and amyloid plaques. Photomicrograph (x 20) of thioflavin-S-stained sections

showing examples of neurofibrillary tangles and amyloid plaques in the left inferior frontal gyrus versus the left entorhinal cortex in Case
P7 (A and B), and in left versus right inferior frontal gyrus in Case P4 (C and D). Magnification bar in A is 20 um, and applies to B-D.
AP = amyloid plaque; ERC = entorhinal cortex; IFG = inferior frontal gyrus; NFT = neurofibrillary tangle.

thioflavin-S-positive plaques in all regions was greater in PPA/AD
(mean = 4846.17, SD =4632.09) than in DAT/AD (mean=
3145.84, SD = 2615.74) (P = 0.022) (Table 2).

Hemispheric differences in neocortical
distribution of neurofibrillary
tangles and amyloid plaques

As indicated in Table 2, there were large interindividual variations
of neurofibrillary tangle and plaque counts and equally large
standard deviations of group means. Relying on group statistics
alone would therefore tend to overlook the broad spectrum
of individual patterns. Figures 4 and 5 provide logarithmic trans-
formations of left-to-right ratios and are included to illustrate pat-
terns of regional variations in hemispheric asymmetry at the single
case level.

Of the seven cases with PPA/AD, five (Cases P1, P2, P4, P6 and
P7) showed greater left than right neurofibrillary tangles in all four
neocortical areas where counts were obtained (Table 2, Figs 3B
and 4). None of the five subjects with DAT/AD showed such a
pattern. In one case with PPA/AD where counts were available in
only two neocortical areas (Case P5), the neurofibrillary tangles in the

left inferior frontal gyrus (Broca's area) were ~2.5 times more nu-
merous as those on the right, while the counts in the middle frontal
gyrus were higher on the right by <20% (Fig. 4 and Table 2). In two
of the PPA/AD cases (Cases P2 and P7), amyloid plaques were also
more numerous in all left neocortical areas (Figs 5 and 3C). Case P3,
however, showed ‘reverse’ right-sided asymmetry of neurofibrillary
tangles in all neocortical areas (Fig. 4 and Table 2). Although the
patient was right handed, the aphasia was associated with left hemi-
spheric dysfunction as evidenced by single-photon emission com-
puted tomography and EEG, and the left hemisphere was more
atrophic than the right at autopsy. Statistical analysis at the group
level revealed greater leftward asymmetry of neurofibrillary tangles
in PPA/AD versus DAT/AD (P < 0.05), but not of amyloid plaques
(P =0.09) (Figs 2A and B, 4 and 5). Only two cases with amnestic
dementia of the Alzheimer's type had asymmetry, one favoured the
right side and the other favoured the left side for neurofibrillary tan-
gles, but not amyloid plaques. In general, asymmetry (both left and
right) was significantly more apparent in neurofibrillary tangle dens-
ity than amyloid plaque density within the PPA/AD group
(P =0.016) (Figs 4 and 5). Leftward neurofibrillary tangle asymmetry
in cases with PPA/AD was particularly conspicuous in the inferior
frontal gyrus and inferior parietal lobule where the majority of
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Table 2 Stereological counts of neurofibrillary tangles and amyloid plaques in PPA/AD (Cases P1-P7) and DAT/AD
(Cases D1-D5)

Cases Middle frontal gyrus Inferior frontal gyrus Superior temporal gyrus Inferior parietal lobule Entorhinal cortex
Left Right Left Right Left Right Left Right Left Right
PPA NFTs
P1 780 207 1450 935 4140 2115 6587 1045 17418 -
P2 23696 8393 13499 7049 11738 11621 40393 15513 31308 38112
P3 6799 18108 9046 11552 8870 10728 6221 17408 21698 —
P4 2356 761 4808 736 3856 269 6887 1649 20601 5453
P5 1042 1262 3245 1303 - 3774 - 1137 20638 20155
P6 6600 3467 7618 6760 5780 2809 16638 5074 30742 25297
P7 8431 4754 11512 3056 25072 7718 24032 9057 14716 6108
Mean (SD) 7101 5279 7311 4484 9909 5576 16793 7269 22446 19025
(7923) (6326) (4401) (4093) (8016) (4448) (13590) (6913) (6320) (13748)
PPA Plaques
P1 1561 414 2486 936 2277 2350 2864 1881 281 -
P2 5294 3659 4219 1828 7043 3021 13895 7256 1327 1401
P3 9179 9613 11915 6470 11709 12200 17025 10108 1825 -
P4 1885 2539 5267 2210 8139 3499 4879 5223 2168 2077
P5 869 1578 2434 2281 - 1332 - 284 279 265
P6 776 612 2143 2080 1530 4359 2638 1614 1708 1150
P7 16060 14859 13392 10698 13866 9049 10372 10092 965 643
Mean (SD) 5089 4753 5979 3786 7427 5116 8612 5208 1222 1107
(5719) (5445) (4713) (3526) (4935) (3983) (6074) (4088) (747) (699)
DAT NFTs
D1 1442 861 845 774 1948 351 771 1278 40920 28568
D2 178 524 303 308 224 268 748 518 11509 11391
D3 1827 1835 3786 3462 1676 1359 1123 2121 17225 -
D4 1185 1651 680 1110 963 741 790 4280 10226 16811
D5 5647 8794 3459 2685 2699 2221 5084 4349 27344 25097
Mean (SD) 2056 2733 1815 1668 1502 988 1703 2509 21445 20467
(2098) (3431) (1666) (1343) (947) (813) (1896) (1743) (12811) (7806)
DAT Plaques
D1 6129 8614 5984 3613 6233 3156 1280 3514 0 0
D2 712 1049 303 308 896 1341 4863 2591 548 422
D3 997 612 757 1237 2095 1942 1572 1515 2768 -
D4 3556 1888 681 2777 5058 4197 6435 6513 2556 1789
D5 7187 8040 7783 5670 4661 4038 7430 8185 326 326
Mean (SD) 3716 4041 3102 2721 3789 2935 4316 4464 1240 634
(2929) (3945) (3515) (2093) (2213) (1263) (2794) (2791) (1315)  (791)

Counts were quantitatively estimated as numbers per cubic millimetre.

NFTs = neurofibrillary tangles.

cases, with the exception of Case P3, displayed left-to-right ratios
well beyond the range seen in any case with DAT/AD (Fig. 4). This
type of pronounced asymmetry was not seen in counts of plaques in
either group (Fig. 5).

Differences in entorhinal versus
neocortical distributions of
neurofibrillary tangles and amyloid
plaques

Greater neurofibrillary tangle mean density was observed in the
entorhinal cortex than in neocortical regions in both DAT/AD
(P < 0.0001) and PPA/AD (P < 0.0001). Greater mean density

of thioflavin-S-positive plaques was observed in neocortical
regions than in the entorhinal cortex in both DAT/AD

(P =0.0005) and PPA/AD (P =0.0088) (Table 2). Overall, PPA/
AD displayed greater neocortical-to-entorhinal cortex ratios than
DAT/AD, and differences were statistically significant (P = 0.034)
(Fig. 6). Figure 6 demonstrates the log ratio of neocortical-
to-entorhinal cortex tangles stained with thioflavin-S. Of the
PPA/AD cases, only one case (Case P7) demonstrated greater
neurofibrillary tangles in neocortical areas when compared with
the entorhinal cortex; interestingly, this individual had the earliest
age at death and the shortest disease duration (Table 1).

Comparison of histopathology with
atrophy in Case P7

In one of the PPA/AD cases (Case P7), quantitative MRI scanning
was obtained 7 months before death, as part of a prospective
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Figure 2 Mean stereological counts of neurofibrillary tangles
(NFTs) and amyloid plaques in neocortical areas in DAT/AD
versus PPA/AD. Heights of the bars represent mean estimated
counts of neurofibrillary tangles and amyloid plaques per cubic
millimetre in left versus right hemisphere in DAT/AD and PPA/
AD. (A) The asterisk represents significantly greater leftward
asymmetry of neurofibrillary tangles in PPA/AD (*P < 0.05);
no significant difference was detected in DAT/AD. (B) No
significant differences were found between neocortical plaque
density in the left versus right hemisphere in either PPA/AD or
DAT/AD. LH = left hemisphere; RH = right hemisphere.

longitudinal study. At the time that the MRI was obtained, the
patient had logopenic and mildly agrammatic speech but intact
comprehension. His non-verbal delayed memory score on the
Wechsler Memory Scale-1ll Faces Il sub-test (Wechsler, 1945)
was within one standard deviation of normal, whereas his aphasia
quotient on the Western Aphasia Battery (Shewan and Kertesz,
1980) yielded a particularly abnormal score of 68 (control values
are 99 + 1). The FreeSurfer software was used to examine cortical
atrophy by comparison with a previously described control group
of healthy adults (n=27) (Rogalski et al., 2011). Areas of
peak atrophy were much more pronounced in the left hemisphere
and appeared to spare the parahippocampal-entorhinal region
(Fig. 3A). In keeping with the anatomy of atrophy, neocortical
neurofibrillary tangles and plaques were more numerous in the
left hemisphere, and there were more neurofibrillary tangles in
neocortex than the entorhinal cortex (Fig. 3B and C). The areas
of peak atrophy, the left inferior parietal lobule and superior tem-
poral gyrus, had the most neurofibrillary tangles but not the most
plaques. While the left inferior frontal gyrus, considered critical for
grammatical competence and fluency, did not display peak atro-
phy, it contained neurofibrillary tangles and one of the highest
plaque concentrations.
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Additional neuropathology in Case P3

Since Case P3 showed neurofibrillary tangle distributions that were
inconsistent with the phenotype, additional investigations were
carried out to look for alternative disease processes. Pathological
diagnostic findings revealed gross atrophy, which was greater in
the left versus right hemisphere in frontal, temporal and parietal
lobes. In general, there was a substantial difference in brain
weight between cerebral hemispheres stripped of pia, vessels
and brainstem (left =390 g; right = 450 g). Superficial microvacuo-
lation was greater in the left hemisphere in the frontal lobe, par-
ticularly in the inferior frontal region, and microscopic neuronal
loss and gliosis was also greater in the left versus right parietal
lobe. Interestingly, higher densities of argyrophilic thorny astrocyte
clusters, in numbers not usually encountered in typical Alzheimer's
disease, were found in the left versus right frontal lobe.

Discussion

Amnestic dementia of the Alzheimer's type and PPA reflect two
very different dementia phenotypes. In amnestic dementia of the
Alzheimer's type, memory impairment is the most conspicuous
component of the dementia and is accompanied by a progressive
and usually symmetric atrophy of entorhinal and hippocampal
areas in the medial temporal lobe. In PPA, an impairment of
word usage and comprehension is the most conspicuous clinical
component and is accompanied by asymmetric temporal and peri-
sylvian atrophy of the left hemisphere language network. While
the neuropathology of Alzheimer's disease is most commonly seen
in conjunction with the amnestic dementia of the Alzheimer's type
phenotype, it has also been reported in brains of cases with PPA.
In amnestic dementia of the Alzheimer's type, the neurofibrillary
tangles of Alzheimer's disease show a predilection for memory-
related parts of the brain such as the entorhinal and hippocampal
areas. The assumption is that neurofibrillary tangles interfere with
crucial cytoskeletal functions and eventually lead to neuronal
death and the characteristic amnesia. Although the presence of
Alzheimer pathology in PPA autopsies had been known for a
long time (Mesulam and Weintraub, 1992), whether Alzheimer's
disease markers in PPA also display clinically concordant anatom-
ical distribution patterns had remained unresolved. This is the
question addressed by the current study. With the notable excep-
tion of Case P3, we found that the cases with PPA in this study
displayed lesion distributions that differed from those of amnestic
dementia of the Alzheimer's type. The majority of the PPA/AD
cases had pronounced leftward asymmetry of neurofibrillary tan-
gles (Figs 2A and 4), with a median of left to right ratio (across all
cases and regions) of 2.06 (interquartile range 1.02-3.28) versus a
median ratio of 1.09 (0.61-1.29) in DAT/AD, P =0.001. PPA/AD
cases also had a significantly higher neocortical-to-entorhinal ratio
of neurofibrillary tangles than DAT/AD cases (Fig. 6); with a
median (interquartile range) of 0.23 (0.12 to 0.52) for PPA/AD
and 0.11 (0.03 to 0.12) for DAT/AD, P = 0.034. These distinctive
features of lesion distribution fit the salience of aphasia and rela-
tive preservation of memory that distinguish PPA from the amnes-
tic dementia of the Alzheimer's type phenotype.
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Figure 3 Concordance of atrophy with plaques and tangles in Case P7. (A) Cortical thickness map shows regional distribution of
cortical thinning (i.e. atrophy) in Case P7 compared with 27 healthy controls. For each hemisphere, the top panels are lateral views, the
bottom panels are medial views. Significance is displayed as a log(10) P-value; red and yellow areas designate peak atrophy sites. (B and C)
Stereological counts of neurofibrillary tangles and amyloid plaques in Case P7. Heights of the bars represent quantitative estimated counts
of Alzheimer's disease pathological markers per cubic millimetre. CG = cingulate gyrus; ERC = entorhinal cortex; IFG = inferior frontal
gyrus; IPL = inferior parietal lobule; LH = left hemisphere; NFTs = neurofibrillary tangles; MFG = middle frontal gyrus;

PHG = parahippocampal gyrus; RH = right hemisphere; STG = superior temporal gyrus; TPJ = temporoparietal junction.

The clinically concordant distribution of Alzheimer pathology in
PPA was significant for neurofibrillary tangles (Fig. 2A) but not for
amyloid plaques (Fig. 2B). This conclusion is consistent with a vast
literature on amnestic dementia of the Alzheimer's type, which has
repeatedly demonstrated a closer correlation of clinical deficits
with neurofibrillary tangles than plaques (Arriagada et al., 1992;
Mesulam, 1999; Guillozet et al., 2003). Amyloid imaging of
patients with amnestic dementia of the Alzheimer's type also sup-
ports this as it has been shown to be a marker of presence of
disease rather than a correlate of cognitive decline (Jagust et al.,
2009). Amyloid imaging has recently been explored in patients
with atypical dementias such as PPA. Ng et al. (2007) used
Pittsburgh compound B as a positron-emitting amyloid ligand in
one patient with PPA and reported labelling patterns that were
mostly similar to those of amnestic dementia of the Alzheimer's
type with the exception of greater left-sided labelling. In a larger

study with Pittsburgh compound B, Rabinovici et al. (2008) found
that the anatomical distribution of Pittsburgh compound B uptake
in PPA was indistinguishable from that of patients with typical
amnestic dementias, that it did not display consistent asymmetry,
and that the distribution patterns did not distinguish among PPA
subtypes despite the marked differences in subtype-specific pat-
terns of atrophy and dysfunction.

Despite our finding of clinical concordance of neurofibrillary
tangle distribution in the majority of the PPA/AD cases, there
was a notable exception. Case P3 had more numerous neurofib-
rillary tangles in the right hemisphere. The PPA syndrome has
been described in association with right hemisphere atrophy in
patients with right hemisphere language dominance (Mesulam
et al., 2005). However, this is an unlikely explanation for the
rightward neurofibrillary tangle predominance in Case P3 because
the patient was right handed, showed left hemisphere
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Figure 4 Neurofibrillary tangles (NFTs) in left/right neocortical regions. Ratios of neurofibrillary tangle density in individual left/right
neocortical regions, as shown in Table 2, were transformed logarithmically (base 10) to illustrate relative distributional patterns of
left-to-right neurofibrillary tangle pathology in DAT/AD and PPA/AD cases; the 0.0 mark represents no left/right asymmetry.

Actual ratio values are indicated on the y-axis on right side. Dagger indicates left superior temporal gyrus and left inferior parietal
lobule not available from Case P5. L = left; NFTs = neurofibrillary tangles; R = right.

hypoperfusion on single-photon emission computed tomography
and had distinctly greater left hemisphere atrophy at autopsy as
shown by the hemispheric weights of 390g on the left as
opposed to 450¢g on the right. It seems, therefore, that neuro-
fibrillary tangle pathology in this case cannot account for the left
hemisphere atrophy or aphasic phenotype. Although the number
of amyloid plaques in Case P3 were higher in the left versus
right inferior frontal gyrus and inferior parietal lobule (Fig. 5),
it would be difficult to suggest that this is the one case where
plaques rather than tangles were responsible for the neuronal
death and dysfunction. The search for an alternative neuropatho-
logical process in Case P3 did not reveal concomitant vascular
lesions or other currently known pathological inclusions.
However, the frontal lobes did contain more superficial microva-
cuolation in the left hemisphere and there were argyrophilic

thorny astrocyte clusters in larger numbers than usual in the
left inferior frontal gyrus. It is interesting that Munoz et al.
(2007) found that seven of eight ‘possible’ PPA cases with
Alzheimer pathology also showed abnormally high argyrophilic
thorny astrocyte clusters in the fronto-temporo-parietal cortex.
Given that their sample of PPA cases revealed no topographic
correlations  between  Alzheimer's  disease  markers and
language-related areas, the authors suggested that argyrophilic
thorny astrocyte clusters may in fact represent a marker of a
concomitant process that may be responsible for the aphasia
(Munoz et al., 2007). In the absence of a convincing explanation
for the discrepancy between the location of atrophy and neuro-
fibrillary tangles in Case P3, the possibility of an unknown
pathological process that might have initiated the left atrophy
and aphasic phenotype, but which subsequently became
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Figure 5 Amyloid plaques in left/right neocortical regions. Ratios of amyloid plaque density in individual left/right neocortical regions,
as shown in Table 2, were transformed logarithmically (base 10) to illustrate relative distributional patterns of left-to-right plaque
pathology in DAT/AD and PPA/AD cases; the 0.0 mark represents no left/right asymmetry. Actual ratio values are indicated on the y-axis
on right side. Dagger indicates left superior temporal gyrus and left inferior parietal lobule not available from Case P5.

overshadowed by Alzheimer pathology that arose during the
13-year disease course, remains open.

In Case P7, the availability of quantitative imaging and clinical
data obtained 7 months prior to death allowed a particularly close
correlation of Alzheimer pathology with the PPA phenotype. In all
four neocortical areas, the neurofibrillary tangles in Case P7 were
more numerous on the left. Case P7 was the only case in which
mean neurofibrillary tangles were higher in neocortical areas than
in the entorhinal cortex (Fig. 6). This rarely described pattern of
absolute neocortical neurofibrillary tangle predominance was in
keeping with the sparing of memory at the last clinical examin-
ation of Case P7 and the absence of medial temporal atrophy on
imaging at that time. The inferior parietal lobule and superior
temporal gyrus in Case P7 had largest neurofibrillary tangle num-
bers and also greater atrophy compared with other areas of

interest in that case (Fig. 3A and B). The one potential inconsist-
ency was the absence of inferior frontal gyrus atrophy despite low
fluency and mild agrammatism. However, the inferior frontal gyrus
contained neurofibrillary tangles as well as amyloid plaques, which
undoubtedly interfered with normal function. In neurodegenera-
tive disease, therefore, clinicopathological correlations based on
atrophy need to be interpreted with caution since atrophy is pre-
ceded by cytotoxic events that also impair functionality.

Despite the small number of cases, the current study shows
that PPA can arise as one of the atypical but clinicopathologically
concordant phenotypes of Alzheimer pathology. Greater aware-
ness of this relationship may encourage a more widespread use
of biomarkers such as amyloid imaging so that patients with PPA/
AD can be differentiated from PPA with frontotemporal lobar
degeneration pathology as early as possible, at a time when
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Figure 6 Mean neurofibrillary tangles in neocortical/entorhinal
regions. Ratios of average neurofibrillary tangle (NFT) density
in neocortical regions versus entorhinal cortex, as shown in
Table 2, were transformed logarithmically (base 10) to illustrate
relative distributional patterns of neocortical-to-entorhinal
neurofibrillary tangle pathology in DAT/AD and PPA/AD cases;
the 0.0 mark represents unity of the neocortical/entorhinal ratio.
Actual ratio values are indicated on the y-axis on right side.
Case P7 is the only case to demonstrate a higher density of
neurofibrillary tangles in each neocortical region compared with
the entorhinal cortex. Note: right entorhinal cortex was not
available in Cases D3, P1 and P3.

disease-specific treatment is likely to have optimal impact. As in
the case of all neurodegenerative diseases, the molecular deter-
minants of selective vulnerability remain puzzling and raise numer-
ous questions. For example, would it be possible to identify
molecular factors that differentially lead Alzheimer pathology to
yield amnestic versus aphasic phenotypes? The ApoE-¢4 results are
potentially relevant to this question. In sporadic DAT/AD the ¢4
allele is the single most important genetic risk factor. Its incidence
in this population is at least twice the control values (Corder et al.,
1993). Table 1 and previous results from our laboratory show that
the incidence of ¢4 is not elevated in PPA/AD (Rogalski et al.,
2011). It appears, therefore, that DAT/AD and PPA/AD arise from
two different genetic pools and that ¢4 is a risk factor specifically
for the type of Alzheimer pathology that leads to a predominantly
amnestic phenotype. Circumstantial support for this contention
comes from imaging studies that show reduced hippocampal
volume in non-demented carriers of the ¢4 allele, as if the ¢4
allele makes medial limbic structures more susceptible to neuronal
dysfunction and pathology (Lind et al., 2006). The preferential
vulnerability of the language network in PPA may be determined
by a different set of developmental and genetic risk factors. Those
that have been suggested include a family history of dyslexia, the
H1/H1 haplotype of the tau gene and the methionine/valine
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(M/V) polymorphism of codon 129 of the prion protein gene
(Sobrido et al., 2003; Li et al., 2005; Rogalski et al., 2008). The
identification of factors that determine the atypical distribution of
neurofibrillary tangles in PPA/AD may eventually shed light on the
mechanisms of Alzheimer's disease as well as on the molecular
peculiarities of the language network.
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