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pathology in logopenic primary progressive
aphasia

ABSTRACT

Objective: To determine whether logopenic features of phonologic loop dysfunction reflect
Alzheimer disease (AD) neuropathology in primary progressive aphasia (PPA).

Methods:We performed a retrospective case-control study of 34 patients with PPAwith available
autopsy tissue. We compared baseline and longitudinal clinical features in patients with primary
AD neuropathology to those with primary non-AD pathologies. We analyzed regional neuroana-
tomic disease burden in pathology-defined groups using postmortem neuropathologic data.

Results: A total of 19/34 patients had primary AD pathology and 15/34 had non-AD pathology
(13 frontotemporal lobar degeneration, 2 Lewy body disease). A total of 16/19 (84%) patients
with AD had a logopenic spectrum phenotype; 5 met published criteria for the logopenic variant
(lvPPA), 8 had additional grammatical or semantic deficits (lvPPA1), and 3 had relatively pre-
served sentence repetition (lvPPA2). Sentence repetition was impaired in 68% of patients with
PPA with AD pathology; forward digit span (DF) was impaired in 90%, substantially higher than in
non-AD PPA (33%, p, 0.01). Lexical retrieval difficulty was common in all patients with PPA and
did not discriminate between groups. Compared to non-AD, PPA with AD pathology had elevated
microscopic neurodegenerative pathology in the superior/midtemporal gyrus, angular gyrus, and
midfrontal cortex (p , 0.01). Low DF scores correlated with high microscopic pathologic burden
in superior/midtemporal and angular gyri (p # 0.03).

Conclusions: Phonologic loop dysfunction is a central feature of AD-associated PPA and specif-
ically correlates with temporoparietal neurodegeneration. Quantitative measures of phonologic
loop function, combined with modified clinical lvPPA criteria, may help discriminate AD-
associated PPA. Neurology® 2017;88:2276–2284

GLOSSARY
AD 5 Alzheimer disease; ANG 5 angular gyrus; AUC 5 area under the receiver operating characteristic curve; CING 5
cingulate cortex; DF5 forward digit span;DLB5 dementia with Lewy bodies; FTDC5 Frontotemporal Degeneration Center;
FTLD 5 frontotemporal lobar degeneration; GMD 5 gray matter density; lvPPA 5 logopenic variant of primary progressive
aphasia; MFC 5 midfrontal cortex; MMSE 5 Mini-Mental State Examination; PPA 5 primary progressive aphasia; ROC 5
receiver operator characteristic curve; ROI 5 region of interest; STC 5 superior/midtemporal cortex.

Primary progressive aphasia (PPA)1 has a heterogeneous clinical presentation that may be
related in part to underlying pathology.2 Three variants of PPA have been delineated
through consensus criteria,3 including the logopenic variant (lvPPA).3 Core features of
lvPPA include impaired single-word retrieval in spontaneous speech and impaired repetition
of sentences and phrases4 in the context of relatively preserved memory (table 1). Clinical
features of lvPPA may originate partly from a disorder of the phonologic loop, a component
of working memory responsible for short-term representation of verbally coded informa-
tion.4–7 Phonologic short-term maintenance processes have been associated with posterior–
superior temporal and inferior parietal areas, corresponding to core anatomic regions of
disease in lvPPA.4
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PPA phenotypes have different underlying
neuropathologic substrates, including fron-
totemporal lobar degeneration (FTLD) spec-
trum (FTLD-tau or FTLD-TDP) or
Alzheimer disease (AD) pathology.2 AD neu-
ropathology has preferential atrophy in tem-
poroparietal regions compared to FTLD,8

and lvPPA is often associated with AD neu-
ropathology based on in vivo amyloid imag-
ing.9 However, autopsy studies of lvPPA
employing modern criteria are limited.10,11

We assessed an autopsy cohort of patients
with PPA to test the hypothesis that phono-
logic loop impairment is associated with AD
neuropathology and that a quantitative mea-
sure of phonologic loop function (i.e., for-
ward digit span [DF]) associated with
temporoparietal pathology may help identify
AD neuropathology in PPA. We found that
a large majority of AD-associated PPA has
impaired DF performance, which correlates
with pathologic burden in superior temporal
and inferior parietal lobes. Together with
modified clinical criteria, quantitative assess-
ment of phonologic loop function may help
identify AD neuropathology in PPA.

METHODS Patients. Patients were clinically evaluated at the

Penn Frontotemporal Degeneration Center (FTDC) or Alz-

heimer’s Disease Center and autopsied at the Center for Neuro-

degenerative Disease Research. Autopsy was offered to all patients

participating in our longitudinal clinical research program who

live within reasonable proximity to the Penn FTDC.

Autopsied patients with a primary clinical diagnosis of PPA12

and no evidence of behavioral variant frontotemporal degenera-

tion or a movement disorder at onset (n5 47) were selected from

the Penn Integrated Neurodegenerative Disease Database.13 Clin-

ical diagnosis was first made by the treating physician; patients

were then classified using PPA variant criteria3 through review of

medical charts by at least 2 experienced clinicians or researchers

(C.T.M., D.J.I., D.W., K.R., L.A.A.G., M.G., S.A.); group con-

sensus resolved discrepancies.

Figure 1 depicts patient selection and classification. We

excluded patients with insufficient clinical information (n 5

10), defined as the availability of less than 2 visits with complete

language assessment (i.e., evaluations of word retrieval, compre-

hension, repetition, and speech). Three patients were excluded

who did not meet PPA criteria12 due to the presence of prominent

memory/visuospatial symptoms or nondegenerative disease (e-

Methods at Neurology.org).

Standard protocol approvals, registrations, and patient
consents. All procedures were performed in accordance with the

local institutional review board, including patient informed con-

sent for research participation prior to death.

Chart extraction. All available medical charts were reviewed to

characterize progressive symptoms/signs of word retrieval, repeti-

tion, comprehension, speech quality, and other language and cog-

nitive features (e-Methods). Phonologic loop function was

examined clinically using qualitative assessment of repetition of

multisyllabic words (3–5 syllables), phrases (e.g., “constitutional

amendment”), and sentences (e.g., “No ifs, ands, or buts”) and

quantitative scoring of the DF task (DF impairment5 score#4).

Average duration of longitudinal assessment was 4.5 6 2.8 years

in AD (n 5 19) and 3.6 6 2.3 years in non-AD (n 5 15). We

subdivided clinical data into baseline (,2 years after first visit)

and follow-up (.2 years after first visit).

Neuropsychological testing. Neuropsychological data assessed

presentation at the first available visit. We examined digit span (for-

ward and backward),14 Mini-Mental State Examination (MMSE),15

confrontation naming,16 letter-guided category naming fluency using

FAS,17 and 10-item word list delayed recall and recognition.18

Table 1 Clinical diagnostic criteria for logopenic variant primary progressive aphasia (lvPPA) and definition of the logopenic spectrum

Clinical diagnostic criteria for lvPPAb,c

Logopenic spectruma

lvPPA lvPPA1 lvPPA2

Core features

1. Impairment of single-word retrieval in
spontaneous speech and naming

Both core features are present Both core features are present Only core feature 1 is present

2. Impaired repetition of sentences and phrases

Ancillary features

1. Phonemic paraphasias in spontaneous
speech and naming

At least 3 ancillary features
are present

Less than 3 ancillary features
are present

At least 3 ancillary features
are present

2. Spared single-word comprehension
and object knowledge

3. Absence of effortful speech

4. Absence of frank agrammatism

a The logopenic spectrum includes lvPPA, lvPPA1, and lvPPA2. lvPPA corresponds to strict published lvPPA criteria, whereas lvPPA1 and lvPPA2 define
clinical phenotypes that are only partially consistent with strict published lvPPA criteria.
bClinical diagnostic criteria hereby shown are from the 2011 consensus criteria.3
c Based on the results of this study, the predictive accuracy of clinical criteria for Alzheimer disease neuropathology is improved when supplemented by
a reliably quantified measure of phonologic loop functioning such as forward digit span.
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Neuropathologic assessment. Fresh tissue from standard re-

gions19,20 was obtained at autopsy and fixed overnight in either

70% ethanol with 150 mM NaCl or 10% neutral buffered for-

malin, processed and embedded in paraffin blocks, and cut into

6-mm sections as described.21 Neuropathologic assessment by an

experienced neuropathologist (J.Q.T., E.B.L.) used immunohis-

tochemical methods with established monoclonal antibodies19

and diagnostic criteria20,22 with high interrater reliability.23 Re-

cruited patients underwent autopsy prior to commencement of

the study (September 1, 2015) and neuropathologic analyses were

blinded to phonological loop assessment. Patients were classified

by primary neuropathologic diagnosis. FTLD cases were geno-

typed for pathogenic mutations in GRN, C9orf72, and MAPT as

described based on family history risk from structured pedigree

analysis.24

Ordinal scores (i.e., 0 5 none, 1 5 low, 2 5 intermediate,

3 5 high) for neuropathologic inclusion burden and neuronal

loss were analyzed in superior/midtemporal cortex (STC), angular

gyrus (ANG), midfrontal cortex (MFC), and cingulate cortex

(CING). Brain tissue was sampled from a more posterior portion

of STC (Wernicke area) in one case. Ordinal scores of primary

proteinopathy (tau for AD/FTLD-tau, TDP-43 for FTLD-TDP,

a-synuclein for Lewy body disease) were compared between

groups, as well as scores for neuronal loss and gliosis. Missing

pathology data (n 5 1) were excluded from the analysis.

Neuroimaging. We performed an exploratory antemortem neu-

roimaging analysis on a subset of patients (n5 12) with available

MRI data. T1-weighted magnetization-prepared rapid gradient

echo MRI were acquired and whole brain images were pre-

processed using PipeDream and Advanced Normalization Tools

and resampled to 2 mm voxels, as described.25 We measured gray

matter density (GMD) in regions of interest (ROIs) comparable

to neuropathology sampling regions (STC, ANG, MFC, CING)

using an OASIS imaging atlas26 as described.27 We created z
scores for each ROI based on a demographically similar healthy

aging cohort of 108 controls (59 male, 49 female; mean age 65.0

years, mean education 16.6 years).

Statistical analyses. Frequencies of clinical features were com-

pared between pathology-defined groups using Fisher Exact

test. Continuous variables were assessed for normality using

Shapiro-Wilk test; group comparisons were performed with

parametric independent-sample t test or nonparametric Mann-

Whitney U as appropriate. We used Spearman correlation to

relate ANG and STC pathology with DF along with our negative-

control region (CING). Group comparisons of ROI z scores used
analysis of covariance, with age and disease duration at time of

scanning as covariates. Receiver operator characteristic curve

(ROC) analysis assessed sensitivity and specificity of clinical

features for AD neuropathology. All analyses were 2-sided with

a 5 0.05 using SPSS v. 23.0 (IBM, Chicago, IL).

RESULTS Neuropathologic groups and clinical pheno-

types. A total of 22/34 patients (65%; figure 1) had
a baseline presentation fully or partially consistent
with published lvPPA criteria (i.e., logopenic spec-
trum, table 1), including lvPPA (n 5 6), lvPPA1
(n 5 10), and lvPPA2 (n 5 6). Of the remaining
patients, 6 met criteria for naPPA and 2 for svPPA.
Four patients had an unclassifiable phenotype with
impaired lexical retrieval, spared repetition, and gram-
matical or semantic difficulty. Overall, 20/34 (59%)

Figure 1 Flowchart depicting inclusion/exclusion and phenotype classification

Box shading depicts the frequency of primary neuropathologic diagnosis for each phenotype. AD 5 Alzheimer disease;
DLB5 dementia with Lewy bodies; FTLD-TDP5 frontotemporal lobar degeneration with TDP inclusions; lvPPA5 logopenic
variant of primary progressive aphasia; naPPA 5 nonfluent/agrammatic variant of primary progressive aphasia; PPA 5

primary progressive aphasia; svPPA 5 semantic variant of primary progressive aphasia.
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could not be classified using current consensus
criteria.3

In this cohort, 19/34 (56%) patients had primary
AD neuropathology (table 2), a large majority of
which (14/19 [74%]) did not meet published lvPPA
criteria. A logopenic spectrum phenotype was found
in 16/19 (84%) AD cases. AD neuropathology
occurred in 5/6 (83%) with baseline lvPPA (using
strict published criteria), 8/10 (80%) with baseline
lvPPA1, and 3/6 (50%) with baseline lvPPA2. A
total of 4/18 (22%) with AD neuropathology devel-
oped severe memory impairment with visuospatial

dysfunction consistent with amnestic AD on follow-
up, as opposed to no patient with non-AD pathology
(table e-1). One patient had primary AD and second-
ary FTLD-TDP pathologies (table e-2); we repeated
our main analyses below after removing this case and
found similar results (data not shown).

Non-AD pathologies included 13/15 (87%) with
primary FTLD (n 5 6 FTLD-TDP, n 5 7 FTLD-
tau) and 2/15 (13%) with primary dementia with
Lewy bodies (DLB) pathology. At baseline, naPPA
criteria were associated with FTLD-tau (5/6, 83%)
and svPPA criteria with FTLD-TDP (2/2, 100%).

Table 2 Demographic and clinical characterization of the patient cohort (n 5 34)

AD Non-AD (total) FTLD-tau FTLD-TDP DLB

No. (% of total cohort) 19 (55.9) 15 (44.1) 7 (20.6) 6 (17.6) 2 (5.9)

Within-group characteristics

Male 11 (57.9) 9 (60.0) 3 (42.9) 4 (67.7) 2 (100.0)

Handedness

Right-handed 17 (89.5) 15 (100.0) 7 (100.0) 6 (100.0) 2 (100.0)

Left-handed 1 (5.3) 0 (0) 0 (0) 0 (0) 0 (0)

Ambidextrous 1 (5.3) 0 (0) 0 (0) 0 (0) 0 (0)

GRN mutation — 3 (20.0) — 3 (50.0) —

Age at onset, y 62.0 6 8.7 62.5 6 8.3 64.5 6 9.0 57.9 6 6.1 69.2 6 6.7

Age at first visit, y 66.0 6 9.3 65.4 6 8.2 67.7 6 8.5 60.6 6 6.6 71.8 6 6.1

Age at death, y 73.1 6 9.2 71.1 6 9.3 72.3 6 9.2 67.8 6 9.9 76.2 6 9.6

Disease duration, y 11.1 6 3.2 8.5 6 4.1 7.8 6 1.7 9.9 6 6.2 7.0 6 2.9

Clinical phenotypes: baseline classification
and follow-up change (when applicable)

naPPAa 1 5 5 0 0

svPPAa 0 2 0 2 0

Logopenic spectrum 16 6 1 3 2

lvPPA 5 1 0 1 0

Follow-up changeb 3 (lvPPA1) 0 0 0 0

lvPPA1, n 8 2 1 1 0

Follow-up changeb 0 0 0 0 0

lvPPA2 3 3 0 1 2

Follow-up changeb 2 (lvPPA) 2 0 1 (svPPA) 1 (lvPPA)

Unclas 2 2 1 1 0

Follow-up changeb 1 (lvPPA) 1 1 (lvPPA1) 0 0

Total baseline 19 15 7 6 2

Total follow-upc 16 13 7 4 2

Abbreviations: AD 5 Alzheimer disease; DLB 5 dementia with Lewy bodies; FTLD 5 frontotemporal lobar degeneration;
FTLD-tau 5 frontotemporal lobar degeneration with tau inclusions (tauopathy); FTLD-TDP 5 frontotemporal lobar degen-
eration with TDP inclusions; GRN 5 progranulin gene; lvPPA 5 logopenic variant of primary progressive aphasia; naPPA 5

nonfluent/agrammatic variant of primary progressive aphasia; svPPA 5 semantic variant of primary progressive aphasia;
Unclas 5 unclassifiable.
Values are n (%) or mean6 SD in the upper section, and absolute patient numbers in the lower section (for clinical phenotypes).
aNone of the patients with a baseline classification of naPPA or svPPA underwent phenotype change on follow-up.
b Follow-up changes refer to baseline classification groups listed in the row above and follow-up phenotypes are mentioned
in the table between parentheses.
c Follow-up data were not available for 3 patients with AD pathology (1 lvPPA, 1 lvPPA1, 1 unclassifiable) and 2 patients
with non-AD pathology (1 lvPPA with FTLD-TDP, 1 unclassifiable with FTLD-tau).
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Table 3 Frequency of clinical features by pathology group at baseline and follow-up

AD Non-AD Significance

Baseline clinical features

Onset to first visit, y 4.0 6 2.1, n 5 19 2.9 6 1.6, n 5 15 0.09

lvPPA features

Impaired single-word retrieval 19/19 (100.0) 15/15 (100.0) —

Impaired sentence/NOS repetitiona 13/19 (68.4) 5/15 (33.3) 0.08

Impaired DF (£4 digits) 16/18 (88.9) 5/15 (33.3) ,0.01

Impaired DB (£2 digits) 12/18 (66.7) 4/14 (28.6) 0.07

Phonemic paraphasias 16/19 (84.2) 9/15 (60.0) 0.14

Paragrammatic errors 4/19 (21.1) 3/15 (20.0) 1.00

svPPA features

Impaired single-word comprehension 8/15 (53.3) 5/14 (35.7) 0.46

Impaired object knowledge 1/14 (7.1) 5/14 (35.7) 0.17

naPPA features

Effortful speech 4/19 (21.1) 9/15 (60.0) 0.03

Apraxia of speech 1/19 (5.3) 1/15 (6.7) 1.00

Agrammatism 9/19 (47.4) 8/15 (53.3) 1.00

AD features

Impaired verbal recognition memoryb 3/17 (17.6) 2/13 (15.4) 1.00

Impaired visuospatial functioning 3/19 (15.8) 0/15 (13.3) 0.24

Follow-up clinical features

lvPPA features

Impaired single-word retrieval 16/16 (100.0) 13/13 (100.0) —

Impaired sentence/NOS repetitiona 16/16 (100.0) 11/13 (84.6) 0.19

Impaired DF (£4 digits) 16/16 (100.0) 6/10 (60.0) 0.01

Impaired DB (£2 digits) 14/15 (93.3) 5/9 (55.6) 0.05

Phonemic paraphasias 15/16 (93.8) 11/13 (84.6) 0.57

Paragrammatic errors 6/16 (37.5) 3/13 (23.1) 0.45

svPPA features

Imp single-word comprehension 15/16 (93.8) 9/12 (75.0) 0.29

Impaired object knowledge 5/8 (62.5) 5/9 (55.6) 1.00

naPPA features

Effortful speech 6/16 (37.5) 9/13 (69.2) 0.14

Apraxia of speech 1/16 (6.3) 2/13 (15.4) 0.57

Agrammatism 10/16 (62.5) 8/13 (61.5) 1.00

AD features

Impaired verbal recognition memory 10/16 (62.5) 4/7 (57.1) 1.00

Impaired visuospatial functioning 9/16 (56.3) 3/13 (23.1) 0.13

Abbreviations: AD 5 Alzheimer disease; DB 5 backward digit span; DF 5 forward digit span; lvPPA 5 logopenic variant of
primary progressive aphasia; naPPA5 nonfluent/agrammatic variant of primary progressive aphasia; NOS5 not otherwise
specified; svPPA 5 semantic variant of primary progressive aphasia.
Values are n (%) or mean 6 SD.
aSome charts specifically indicated that repetition was impaired at the sentence level (11/13 AD and 3/5 non-AD with
impaired baseline repetition; 13/16 AD and 9/11 non-AD with impaired follow-up repetition).
b Five patients with impaired recognition memory at baseline (3 AD, 2 non-AD) did not meet our exclusionary criterion for
memory; they either had late onset of episodic memory impairment or relative sparing of visual memory.
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The 2 DLB cases had an lvPPA2 phenotype. FTLD-
TDP patients with a GRNmutation were classified as
lvPPA (n 5 1), lvPPA1 (n 5 1), or unclassifiable
(n 5 1). AD had longer survival (11.1 6 3.2 years)
than non-AD (8.1 6 4.1, p 5 0.04).

Clinical features in neuropathologic groups. Pathology
groups did not differ in age, sex, or time from onset
to first visit (p . 0.05). At baseline, the AD group
was more often impaired in DF (#4 digits, p, 0.01)
and sentence comprehension (p5 0.01), whereas the
non-AD group had higher frequency of effortful
speech (p 5 0.03). All patients had impaired lexical
retrieval. Groups did not differ in sentence repetition.
At follow-up, the group difference of impaired DF
persisted (p 5 0.01) and impaired backward digit
span emerged (p5 0.04). Table 3 summarizes clinical
features; supplementary data are available in tables e-3
and e-4 (AD/non-AD comparison) and figure e-1
(AD-associated phenotype).

Neuropsychological data. A subset of patients (n5 29)
had neuropsychological data available (table e-5).
Both pathology groups had mild baseline global
impairment (MMSE: AD 20.1 6 5.7, non-AD
23.3 6 4.8). Patients with AD were more impaired

in forward (p5 0.01) and backward (p5 0.02) digit
span than were patients with non-AD, confirming
our dichotomous observations from clinical data.

Neuropathologic data. Postmortem pathology scores
were compared between groups (AD n 5 19, non-
AD n 5 15 in MFC/CING and n 5 14 in STC/
ANG). We observed more pathology burden in STC
and ANG measured as composite pathology score,
neuronal loss, and gliosis in the AD group compared
to the non-AD group (p , 0.05; figure 2, A and B,
and table e-6). To account for relative differences in
overall severity of inclusion burden between diseases,
we obtained a within-subject ratio of STC and ANG
composite pathology scores to control region (CING)
scores, and found again greater pathology in the AD
group compared to the non-AD group (p , 0.01).
We found that low DF (from neuropsychological
testing) correlated with increased composite pathol-
ogy in STC and ANG (r 5 20.4, p # 0.03 both)
but not in CING (r520.3, p5 0.09). Preliminary
neuroimaging findings of lower GMD in STC and
ANG in the AD group were consistent with our
postmortem data (tables e-6 and e-7 and figure e-2).

Diagnostic accuracy for AD neuropathology. Published
lvPPA criteria were specific (93%) but not sensitive
(26%) for AD neuropathology (area under the
ROC curve [AUC] 0.60), whereas logopenic spec-
trum diagnosis (including lvPPA, lvPPA1, and
lvPPA2) had improved sensitivity (84%) with mod-
est specificity (60%, AUC 0.72). The combination of
impaired DF and logopenic spectrum diagnosis
yielded 78% sensitivity and 80% specificity (AUC
0.79). Other ascertained variables (word retrieval,
sentence repetition, effortful speech) did not improve
diagnostic accuracy (data not shown). At follow-up,
lvPPA criteria had 25% sensitivity and 92% speci-
ficity (AUC 0.59); logopenic spectrum criteria had
94% sensitivity and 62% specificity (AUC 0.78);
impaired DF with logopenic spectrum diagnosis had
94% sensitivity and 67% specificity (AUC 0.80).

DISCUSSION This study aimed to characterize the
clinical PPA spectrum associated with AD neuropa-
thology. We hypothesized that quantitative assess-
ment of phonologic loop function would help
identify AD neuropathology due to the neuroana-
tomic distribution of disease, while lexical retrieval
deficits are too ubiquitous to be informative. We
found AD neuropathology in 83% of patients meet-
ing strict published lvPPA criteria, though few pa-
tients with PPA in this study met these criteria.
Within the broader logopenic spectrum (lvPPA,
lvPPA1, or lvPPA2), we found AD pathology in
73% of patients. lvPPA criteria achieved some spec-
ificity for AD neuropathology but poor sensitivity.

Figure 2 Postmortem burden of pathology in Alzheimer disease (AD) and non-
AD groups

(A) Postmortem pathology burden measured as ordinal score of primary proteinopathy.
(B) Postmortem scores of neuronal loss.
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Evidence from postmortem pathology and prelimi-
nary antemortem findings5,8,28 are consistent with
the observation that DF performance correlates with
disease burden in posterior–superior temporal and
inferior parietal regions. Our findings thus suggest
that DF assessment, combined with a broadened,
clinical logopenic spectrum diagnosis, improves
identification of AD pathology with acceptable sen-
sitivity and specificity (;80%).

We found that 14/34 (41%) patients met strict
criteria for one PPA variant at baseline. There was
a high degree of association between naPPA and
svPPA and the neuropathologic substrates of
FTLD-tau and FTLD-TDP, respectively. Recent
autopsy studies reported FTLD-tau in 50%–80%
of naPPA and FTLD-TDP in 70%–80% of
svPPA.10,11,29 lvPPA criteria were relatively specific
for AD neuropathology, as 83% of patients with
lvPPA had underlying AD, but only a small number
of patients fulfilled published criteria. This frequency
is comparable to previous autopsy (55%–77%)10,11

and AD biomarker studies (60%–100%).9,30–34

Several patients (59%) could not be classified
using consensus criteria,3 65% of whom had AD
neuropathology. Previous series reported that
10%–40% of patients with PPA did not meet cri-
teria for any PPA variant10,11,35–37; AD neuropathol-
ogy accounted for 40%–60% of these unclassifiable
patients.10,11,36 Moreover, we observed that 74% of
patients with AD did not meet published lvPPA
criteria. Prior studies found that 20%–50% of
AD-associated PPA did not meet published lvPPA
criteria.10,11 It should be noted that we excluded
PPA cases with behavioral or movement disorders
at onset that rarely occur in lvPPA, which may have
inflated the proportion of AD cases in this report.
Nevertheless, our observations suggest that strict
published lvPPA criteria are not sensitive enough
for AD neuropathology.

Published lvPPA criteria are unreliable.37 We at-
tempted to stratify cases within the logopenic spec-
trum (lvPPA, lvPPA1, lvPPA2) to help identify
PPA with likely AD pathology. Others have also
found exceptions to current lvPPA criteria because
of spared repetition.10 The same study reported pa-
tients meeting criteria for lvPPA and naPPA simul-
taneously.10 While this was not a finding in our
cohort, the co-occurrence of logopenic and nonflu-
ent/agrammatic features was observed in our
lvPPA1 group. In another autopsy study,11 1 of 5
unclassified patients had AD pathology with similar
features to our lvPPA2 phenotype, and a second
patient with primary AD and vascular pathologic
findings had impaired lexical retrieval and repetition
with additional semantic deficits resembling our
lvPPA1 group.

Difficulty identifying lvPPA may be related to our
observation that impaired lexical retrieval in conversa-
tional speech, 1 of 2 core features of lvPPA, occurs in
all PPA variants. Therefore, we focused on phono-
logic loop impairment in lvPPA, including repetition
and DF. Impaired sentence repetition was less accu-
rate in distinguishing cases with AD pathology than
impaired DF, which may be partly due to the absence
of a standardized repetition battery in our retrospec-
tive cohort. DF is a favorable measure of phonologic
loop dysfunction, including cross-language compari-
sons, because of the ease of scoring DF performance
compared to ambiguities in qualitative sentence repe-
tition assessment. Impairment of sentence repetition
may be related to word or syllable length, speech
sound errors and omissions, and grammatical com-
plexity. Additional work is needed to establish a brief,
reliable assessment of repetition.

Logopenic spectrum patients without impaired
repetition (lvPPA2) form a heterogeneous group in
terms of progression and neuropathology. However,
phonologic loop dysfunction may point to underlying
AD. In our study, lvPPA2 patients with underlying
AD were likely to have impaired DF and to progress
to lvPPA. Both lvPPA2 patients with baseline DF
impairment had AD neuropathology; only 1 lvPPA2
case with non-AD (DLB) pathology progressed to
lvPPA and did not have baseline DF impairment.
In the largest previous study, 2 lvPPA2 cases with
AD pathology and 2 with FTLD-tau progressed to
naPPA, 1 with AD pathology progressed to lvPPA,
and 1 with Pick disease did not progress.10 Another
patient with lvPPA2 phenotype and AD pathology
progressed to lvPPA.11 This heterogeneity in clinical
progression underscores the importance of finding
measures such as phonologic loop dysfunction that
predict clinical progression and underlying
neuropathology.

We found a high frequency of DF impairment in
AD-associated PPA both at baseline and follow-up.
Impaired performance in span tasks has been consis-
tently associated with lvPPA.7,38 However, digit span
may be impaired in other PPA groups37,39 because it is
a complex task involving multiple cognitive, linguis-
tic, and motoric demands.38 Difficulty with DF nev-
ertheless helped predict AD neuropathology across
the whole cohort. Further, we found evidence of neu-
ropathologic burden consistent with phonologic loop
dysfunction that helps discriminate AD neuropathol-
ogy. Postmortem measures showed that patients with
AD neuropathology have more severe disease in ANG
and STC, and elevated postmortem pathology bur-
den correlated with reduced DF performance. We
found regional specificity as DF did not correlate with
our control region (CING). In addition, we had the
opportunity to study antemortem disease distribution
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in brain regions corresponding to our postmortem
analysis. Although underpowered, our preliminary
neuroimaging findings were suggestive of more dis-
ease burden in phonologic loop regions in AD. Con-
verging antemortem evidence in previous reports
implicated inferior parietal MRI atrophy in phono-
logic loop functioning in nonautopsied lvPPA.4,7,28

When we tested the diagnostic accuracy of clinical
features for AD neuropathology, we found the best
sensitivity and specificity combining logopenic spec-
trum diagnosis with baseline DF impairment. This
suggests that clinical lvPPA criteria may benefit from
the addition of a more reliable measure of phonologic
loop impairment combined with modified clinical
assessment (table 1). At follow-up, we found
increased sensitivity but lower specificity for these
features. These findings match our longitudinal anal-
ysis where patients with baseline lvPPA2 progressed
to lvPPA, while patients meeting lvPPA criteria at
baseline developed additional language features
(lvPPA1). Only 4 (22%) with AD neuropathology
(3 baseline lvPPA1, 1 baseline lvPPA2) developed
severe memory/visuospatial impairment, suggesting
that lvPPA does not necessarily progress to typical
amnestic AD.

While most patients had longitudinal visits with
structured clinical evaluations, the main limitations
of our report are inherent to retrospective case-
control studies. The lack of a standardized repetition
task in our retrospective cohort, customary in clinical
practice, limited our ability to compare repetition to
DF as a phonologic loop measure. Our sample size
was limited due to the strict requirement of pure
PPA with sufficient clinical data to apply modern cri-
teria, and recruitment from a tertiary center may have
introduced bias for uncommon disease variants.
Therefore, absolute frequencies of clinical findings
and diagnostic accuracy may not reflect a popula-
tion-based cohort, and larger, prospective studies are
needed. We implemented modern neuropathologic
criteria using the density and topographic locus of dis-
ease to identify the primary neuropathology underly-
ing the clinical syndrome,20 but further work in larger
autopsy series is needed for more detailed studies of
pathologic burden and dual pathology. Composite
scores compared pathology-specific inclusions across
groups, and should be interpreted as relative rather
than absolute pathology burden. Neuropathologic
burden may be lateralized to the left hemisphere in
PPA,10 yet random sampling involved left hemisphere
neuropathology in only 62% of our autopsy series.
The small neuroimaging sample provided rare pre-
liminary antemortem evidence in an autopsy-
confirmed cohort consistent with our postmortem
findings but requires replication in a larger sample.
The relatively small number of patients without AD

in our cohort limited our ability to compare DF per-
formance between clinical syndromes, e.g., naPPA
compared to lvPPA, within neuropathologic groups
as well as across the entire cohort. With these limi-
tations in mind, our findings suggest that future
lvPPA criteria consider a quantitative metric of pho-
nologic loop function along with a broader clinical
phenotype to identify AD-associated PPA.
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