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Abstract
OBJECTIVE—Alzheimer’s disease (AD) is found at autopsy in up to one-third of patients with
primary progressive aphasia (PPA), but clinical features that predict AD pathology in PPA are not
well defined. We studied the relationships between language presentation, Aβ amyloidosis and
glucose metabolism in three variants of PPA using [11C]PIB and [18F]FDG-PET.

METHODS—Patients meeting PPA criteria (N=15) were classified as logopenic aphasia (LPA),
progressive non-fluent aphasia (PNFA) or semantic dementia (SD) based on language testing. [11C]
PIB distribution volume ratios were calculated using Logan graphical analysis (cerebellar reference).
[18F]FDG images were normalized to pons. Partial volume correction was applied.

RESULTS—Elevated cortical PIB (by visual inspection) was more common in LPA (4/4 patients)
than in PNFA (1/6) and SD (1/5) (p<0.02). In all PIB-positive cases, PIB uptake was diffuse and
indistinguishable from the pattern in matched AD patients (N=10). FDG patterns were focal and
varied by PPA subtype, with left temporoparietal hypometabolism in LPA, left frontal
hypometabolism in PNFA, and left anterior temporal hypometabolism in SD. FDG patterns in PIB-
positive PNFA and SD were similar to PIB-negative cases. Language regions showed asymmetric
left hypometabolism in PPA (p<0.005) but not in AD.

INTERPRETATION—LPA is associated with Aβ amyloidosis, suggesting that sub-classification
of PPA based on language features can help predict the likelihood of underlying AD pathology.
Language phenotype in PPA is closely related to metabolic changes that are focal and anatomically
distinct between subtypes, but not to amyloid deposition patterns that are diffuse and similar to AD.

Corresponding Author: Gil D. Rabinovici, MD, UCSF Memory & Aging Center, 350 Parnassus Ave., Suite 706, San Francisco, CA
94143, Tel.: (415) 514-9320, Fax: (415) 476-4800, Email: grabinovici@memory.ucsf.edu.
Disclosures: Dr. Jagust has received consulting fees from GE Healthcare, which holds a license agreement with the University of
Pittsburgh based on the PIB compound described in this manuscript. The other authors do not report potential conflicts of interest.

NIH Public Access
Author Manuscript
Ann Neurol. Author manuscript; available in PMC 2009 February 26.

Published in final edited form as:
Ann Neurol. 2008 October ; 64(4): 388–401. doi:10.1002/ana.21451.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

US CytoThesis Systems Medicine Center
Comment on Text
三个变种原发性进行性失语的Aβ淀粉样蛋白及葡萄糖代谢http://oncotherapy.us/pdf/AD_Glucose.pdf http://oncotherapy.us/pdf/AD_PPA_c.pdf淀粉样蛋白http://oncotherapy.us/pdf/Animal-Protein.pdf

Administrator
Highlight

Administrator
Highlight

Administrator
Highlight

Administrator
Underline



Introduction
Primary progressive aphasia (PPA) is a clinical syndrome characterized by progressive loss of
language function (with relative sparing of other cognitive domains) in the setting of focal
degeneration of the dominant-hemisphere language network.1–3 The pathologic causes of PPA
are heterogeneous and include tau-positive and TDP-43-positive variants of frontotemporal
lobar degeneration (FTLD), corticobasal degeneration (CBD) and progressive supranuclear
palsy (PSP).4–8 A significant minority of patients with PPA, estimated at 20% – 37% in recent
pathologic series, are found to have Alzheimer’s disease (AD) on autopsy.4, 5, 8, 9 Identifying
PPA patients with underlying AD during life is increasingly important, as they may be
candidates for emerging therapies directed against beta-amyloid (Aβ).10, 11 However, clinical
features that reliably discriminate between AD and non-AD causes of PPA are not yet well
defined.

Clinical presentations of PPA can be classified into distinct variants based on the language
phenotype.2, 12 These variants are associated with signature patterns of gray matter atrophy
and glucose hypometabolism within the language network, and recent evidence suggests they
are associated with differing underlying histopathologies.5, 9 The two most extensively studied
PPA variants are progressive non-fluent aphasia (PNFA) and semantic dementia (SD).13
PNFA is characterized by effortful speech output, agrammatism, and apraxia of speech, with
relative sparing of single word comprehension,12–15 while SD is distinguished by loss of word
and object meaning, with fluent, grammatically correct speech.12, 14, 16 Anatomically,
patients with PNFA demonstrate atrophy and hypometabolism in left inferior frontal gyrus and
anterior insula,12, 17 while patients with SD show left anterior temporal lesions.12, 18, 19 At
autopsy, PNFA is usually associated with the non-AD tau-inclusion disorders Pick’s disease,
CBD and PSP,4, 5, 7, 20 while SD is more frequently linked to FTLD pathology with tau-
negative, ubiquitin-and TDP-43-positive inclusions.5, 6, 21, 22

A third PPA variant, logopenic aphasia (LPA), is characterized by slow speech output with
word-finding difficulty and deficits in sentence repetition.12, 23–25 LPA patients may seem
non-fluent due to their slow, hesitant speech, but they do not show agrammatism or motor
speech deficits and are thus considered “fluent” in the classic aphasia nosology. Yet, LPA
differs from the fluent aphasia of SD because of the relative sparing of single word
comprehension and semantic memory.12 LPA also differs anatomically from the other PPA
variants, with patients showing maximal atrophy in the left temporoparietal junction.12 This
posterior pattern of atrophy, similar to the pattern reported in AD,26 as well as the high
frequency of the apolipoprotein E4 genotype in patients with LPA,12 has led our group to
hypothesize that LPA may be associated with underlying AD pathology.12 This hypothesis
was strengthened by recent retrospective observations that temporoparietal hypometabolism
and atrophy were characteristic of PPA patients who were found to have AD at autopsy, and
by two recent clinicopathological series that found AD pathology in ten of fourteen patients
whose language deficits were retrospectively classified as LPA-like.27–29

In this prospective study we sought to investigate the association between clinical features,
patterns of glucose metabolism and AD pathology in PPA using the novel PET ligand [11C]-
labeled Pittsburgh compound-B ([11C]PIB).30 PIB binds specifically to fibrillar Aβ amyloid,
30, 31 and PIB-PET signal measured in vivo correlates strongly with in vitro measures of
fibrillar Aβ at autopsy.31, 32 PIB-PET can be useful in distinguishing between AD and non-
AD causes of dementia,33, 34 and may be helpful in distinguishing between AD and other
pathological causes of PPA that do not involve Aβ aggregation. We hypothesized that elevated
cortical PIB indicative of Aβ amyloidosis would be common in patients with LPA, but
uncommon in patients with PNFA and SD. Furthermore, we sought to combine molecular
imaging with PIB with functional imaging with [18F]-labeled fluorodeoxyglucose ([18F]FDG)
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in order to investigate the relationships between language phenotype, glucose metabolism, and
the distribution of Aβ amyloid in PPA.

Methods
Subject Selection and Characterization

Patients were recruited from a PPA research cohort followed at the University of California
San Francisco Memory and Aging Center (UCSF-MAC). All patients underwent a history and
physical examination by a neurologist, a structured caregiver interview by a nurse, and a battery
of neuropsychological tests.35 Patients were eligible for the study if they met research criteria
for PPA.2 Specifically, all major limitations in activities of daily living were attributed to
language impairment for at least two years from estimated symptom onset, and all patients had
a language-predominant syndrome at the time of enrollment.2 Patients with a history of a pre-
existing speech or language disorder were excluded.

All patients meeting PPA criteria underwent a previously-described battery of speech and
language tests in order to determine PPA subtype.12 The battery includes portions of the
Western Aphasia Battery (WAB),36 Boston Diagnostic Aphasia Examination (BDAE),37
Boston Naming Test (BNT),38 Curtiss-Yamada Comprehensive Language Evaluation –
Receptive Subtests (CYCLE-R),39 the Pyramid and Palm Trees Test (PPT),40 the Motor
Speech Evaluation (MSE)41 and portions of the Psycholinguistic Assessments of Language
Processing in Aphasia (PALPA).42 PPA subtypes were determined by consensus between two
clinicians (MGT and JMO), with a third (NFD) recruited when needed. Initial subtype
classification was based solely on language testing (including review of video segments from
the testing sessions) and was blind to additional data (e.g. neurological examination, non-
language neuropsychological testing or neuroimaging results) obtained during the patients’
comprehensive clinical evaluations. Twelve of 15 patients included in the study had more than
one evaluation at the MAC at the time of enrollment (mean follow up 1.9 years, range 0 – 4.7
years). Strict blinding of non-language clinical data could not be maintained for all of these
patients. However, there were no instances in which subtype assignment changed with
longitudinal follow-up. All clinical diagnoses were blind to PIB and FDG-PET results.

Criteria for PPA variants were adapted from previous publications2, 12, 13, 16 and recently
reviewed at a PPA workshop attended by senior investigators in the field. For each syndrome,
patients were required to show the following features: PNFA: (i) motor speech deficits; (ii)
agrammatism in language production; (iii) deficit in comprehension of complex sentences; (iv)
spared single-word comprehension and object knowledge. SD: (i) fluent and grammatically
correct language output; (ii) semantic memory deficit; (iii) confrontation naming deficit; (iv)
surface dyslexia. LPA: (i) word retrieval deficits in spontaneous speech and confrontation
naming; (ii) impaired repetition of sentences; (iii) errors in spontaneous speech and naming
(e.g. phonological errors); (iv) sparing of word and object knowledge and motor speech.

Eligible patients were recruited consecutively between October 2005 and July 2007. The final
cohort consisted of four patients with LPA, six with PNFA and five with SD (Table 1). One
patient in each group was diagnosed based on a single evaluation and the remainder had
longitudinal data. PET data for three patients (two with SD and one with PNFA) have been
previously reported in a study of PIB-PET in AD and FTLD.33 An additional two subjects
with SD reported in our previous series (including one with elevated PIB uptake) were not
included in the present study since they did not meet strict PPA criteria due to early impairment
in non-language cognitive domains. One of the patients in this study (with a diagnosis of SD)
was included in a previous report describing the language and MRI features of the three PPA
variants.12
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Records of neurological examinations were retrospectively reviewed (by GDR) to assess the
presence of limb apraxia, parkinsonism (rigidity, bradykinesia, rest tremor, or postural
instability) or upper-motor-neuron signs (spastic speech or tone, hyper-reflexia, or Babinski
signs) during each patient’s initial and most recent assessment (Table 1).

Structural Imaging
All patients underwent high resolution MRI scans on a 1.5-T Magnetom VISION system
(Siemens Inc., Iselin, NJ) at the San Francisco Veterans Administration Medical Center
according to a previously published protocol.19 In patients with multiple MRIs, the MRI
closest to the date of the PET scan was used for analysis.

PET Radiochemistry and Acquisition
[N-methyl-11C]-2-(4′-methylaminophenyl)-6-hydroxybenzothiazole ([11C]PIB) was
synthesized at the Lawrence Berkeley National Laboratory’s Biomedical Isotope Facility using
a previously published protocol.33 18F-fluorodeoxyglucose ([18F]FDG) was purchased from
a commercial vendor (Eastern Isotopes, Sterling, VA). PET scans were performed at Lawrence
Berkeley National Laboratory using a Siemens ECAT EXACT HR PET scanner in 3D
acquisition mode. 12–15 mCi of [11C]PIB was injected as a bolus into an antecubital vein.
Dynamic acquisition frames were obtained over 90 minutes as previously described.33
Fourteen of 15 patients also underwent [18F]FDG imaging. Patients were injected with 8–10
mCi of [18F]FDG and 30 minutes of emission data were collected at t = 30 – 60 min following
tracer injection with patients quietly resting with eyes and ears unoccluded.33 FDG scanning
was started at a minimum of two hours following [11C]PIB injection (six Carbon-11 half-lives).
Ten minute transmission scans for attenuation correction were obtained either immediately
before or after each [11C]PIB and [18F]FDG scan. PET data were reconstructed using an
ordered subset expectation maximization algorithm with weighted attenuation. Images were
smoothed with a 4mm Gaussian kernel with scatter correction. All images were evaluated prior
to analysis for patient motion and adequacy of statistical counts.

PET Processing and Analysis
All image processing and analysis was performed in SPM2
(http://www.fil.ion.ucl.ac.uk/spm). Reference regions in the pons (for FDG) and whole
cerebellum (for PIB) were created in Montreal Neurological Institute (MNI) space43 and then
warped to each subject’s native space using a previously described “reverse normalization”
procedure.33 Normalization errors (e.g. inclusion of CSF spaces within the warped ROIs) were
manually corrected after superimposing the “reverse normalized” regions on the patient’s
native-space T1-weighted MRI (FSL software, http://www.fmrib.ox.ac.uk/fsl). PET-FDG
frames were summed and normalized to mean activity in the pons for each subject.44 For PIB,
voxel-wise Distribution Volume Ratios (DVRs) were calculated using Logan graphical
analysis,45 with the cerebellum ROI time-activity curve used as a reference tissue input
function.46 Kinetic parameters (t = 35 – 90 min, k2 = 0.15 min−1) were based on previously
reported values.46

In order to correct for the potential confounding effects of atrophy on PET data, we applied a
two-compartmental partial volume correction to all PIB and FDG volumes. The correction
procedure involves convolving a manually touched-up brain mask (composed of the gray and
white matter segmented images from the subject’s T1-weighted MRI) with the point spread
function specific to the PET tomograph along all axes (previously empirically derived47). This
provides a means for calculating the percentage of brain tissue emitting tracer at each voxel.
The PET count for each voxel is then adjusted based on the percentage of brain matter.48,
49 Following partial volume correction, PIB and FDG data were coregistered to the subject’s
T1-weighted MRI. To allow across-subjects comparisons, each subject’s T1-weighted MRI

Rabinovici et al. Page 4

Ann Neurol. Author manuscript; available in PMC 2009 February 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.fil.ion.ucl.ac.uk/spm
http://www.fmrib.ox.ac.uk/fsl


was normalized to MNI space using the SPM T1 template, and the derived normalization
parameters were applied to the subject’s coregistered PIB and FDG volumes.

One patient (with PNFA) requested to terminate the PIB scan at 80 min. PIB DVR values for
this patient were calculated for t = 35 – 80 min. This patient did not undergo an FDG scan. In
another patient (with LPA) it was not possible to create PIB DVR images due to severe motion
artifact. Visual inspection (see below) for this subject was performed on Standardized Uptake
Value images (cerebellar reference, t = 30 – 50 min)46, but this patient was excluded from
quantitative analyses of PIB uptake and lateralization because of the different image analysis
method. Motion artifact was not a problem in analyzing this participant’s FDG scan.

Visual Inspection
Voxel-wise PIB DVR images from all subjects were qualitatively assessed by two investigators
(WJJ and AJF) blind to clinical diagnosis. Scans were visually read as positive or negative for
cortical PIB. A positive scan was defined as a DVR image in which uptake was substantially
greater in cortex and striatum than in white matter. Visual inspection based on these criteria
has been previously validated as a reproducible and reliable estimate of elevated PIB uptake
when compared to quantitative analysis.33, 50 Inter-rater agreement for visual reads was 100%,
and we thus report a single set of interpretations below.

Region of Interest Definition and Analysis
A priori PPA regions of interest (ROIs) were defined based on peak voxels identified in a
previous study comparing MRI gray matter atrophy patterns in the three PPA variants.12 All
ROIs were created in MNI space on the SPM T1 template. A left Frontal ROI was created by
drawing 10mm spheres centered in left inferior frontal gyrus (MNI coordinates x=−48, y=15,
z=25) and left precentral gyrus/sulcus (x=−43, y=4, z=49), peak voxels of atrophy detected in
the PNFA versus controls comparison in the previous study.12 A right Frontal ROI was created
by drawing spheres centered at the analogous coordinates in the right hemisphere (x=48, y=15,
z=25 and x=43, y=4, z=49 respectively). Similarly, left and right Anterior Temporal ROIs
were created surrounding prior peak-atrophy coordinates in SD versus controls (anterior
hippocampus and amygdala (x=±24, y=−6, z=−21) and temporal pole (x=±31, y=−5, z=
−39)). Left and right Temporo-Parietal ROIs were created based on maximum atrophy
coordinates previously found in LPA versus controls (inferior parietal lobule (x=±45, y=−54,
z=49) and posterior middle temporal gyrus/superior temporal sulcus (x=±68, y=−24, z=−3)).
PPA ROIs for a single subject (with PNFA) are shown in the Supplementary Figure. The
Frontal, Anterior Temporal and Temporo-Parietal ROIs were combined to generate a
Cumulative PPA ROI. Finally, the Automated Anatomic Labeling (AAL) Atlas51 was used
to define ROIs in Hippocampus and in “Whole Cortex” (the latter by combining all cortical
AAL regions into a single ROI for each hemisphere).

In order to exclude PET tracer counts from white matter and CSF, all template-based ROIs
were masked by individual subjects’ gray matter images using a two-step procedure.52 First,
each subject’s T1-weighted MRI (already normalized to MNI space) was segmented into gray
matter, white matter and CSF (SPM2 defaults). Next, each ROI was multiplied by the individual
subject’s gray matter image. The resulting subject-specific “masked ROIs” were then used to
extract mean regional values from each subject’s PIB DVR and pons-normalized FDG images
in MNI space.

Lateralization indices (LIs) were calculated to compare left- and right-sided tracer uptake in
ROIs according to the following formula: LI(ROI) = (Left(ROI) -Right(ROI))/(Mean (Left &
Right ROIs)). Thus, positive LIs represent increased tracer uptake in the left ROI compared to
the right, while negative values represent preferential right-sided uptake.

Rabinovici et al. Page 5

Ann Neurol. Author manuscript; available in PMC 2009 February 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AD and Control Comparison Groups
In order to compare PIB and FDG data in PPA to patients with clinical AD, we identified a
comparison group of 10 AD patients with PIB-positive scans, matched to PPA patients for age
(PPA 65.0 ± 7.9, AD 64.7 ± 8.0) and dementia severity, as measured by the Mini-Mental State
Exam (MMSE;53 PPA 21.1 ± 7.7, AD 20.4 ± 7.9) and Clinical Dementia Rating (CDR;54
PPA 0.7 ± 0.5, AD 0.9 ± 0.2). AD patients were recruited from a research cohort followed at
the UCSF-MAC Alzheimer’s Disease Research Center. The diagnosis of AD was made in a
consensus clinical conference based on standard research criteria (NINCDS-ADRDA).55 AD
patients underwent identical clinical evaluations (aside from detailed language testing) and
imaging protocols to those described for PPA.

Twelve cognitively normal volunteers with PIB-negative scans were selected as a control group
(mean age 73.9 ± 6.1, mean MMSE 29.4 ± 0.7). Controls were recruited from the community
by advertisement. All were free of significant medical illnesses and were not taking medications
deemed to affect cognition. Control subjects were judged to be cognitively normal following
an evaluation that included a medical history, functional assessment, neurological examination
and neuropsychological testing with a battery of tests similar to those performed by patients.
Five AD patients and four controls were included in a previously-published series.33

Statistical Analysis
Group differences in continuous variables were examined using Kruskal-Wallis one-way
analysis of variance by ranks or one-way analysis of variance (ANOVA) (for comparisons
involving three groups), and the Mann-Whitney U test or two-tailed independent sample t-tests
(for comparisons involving two groups). Two-tailed one sample t-tests were used to test the
hypothesis that LIs were significantly different than 0 (representing significant lateralization).
Dichotomous variables were analyzed using Fisher’s Exact test. Statistical analyses were
implemented in SPSS 14.0 for Windows (SPSS Inc., Chicago, IL).

The study was approved by the University of California Berkeley, University of California San
Francisco and Lawrence Berkeley National Laboratory institutional review boards for human
research.

Results
Patient Characteristics

Patient characteristics are shown in Table 1. There were no significant group differences in
age (although LPA patients tended to be younger) or disease duration at initial clinical
evaluation or at the time of PET. Functional impairment (as measured by the CDR) was similar
across groups, though patients with PNFA tended to be least impaired while patients with SD
tended to be most impaired. One patient with LPA and one with SD carried the apolipoprotein
E4 allele (both were E3/E4). Patients with LPA were more likely to be treated with
acetylcholinesterase inhibitors. Motor system abnormalities were most common in PNFA, and
upper-motor-neuron (UMN) signs were found exclusively in this group. In contrast, motor
signs of any kind were rarely found in SD. With longitudinal follow-up, patients in the PNFA
group developed limb apraxia, parkinsonism and UMN signs, patients with LPA developed
limb apraxia, while SD patients remained free of motor system involvement.

Language and Neuropsychologic Testing
Results of language testing at first evaluation stratified by PPA subtype are presented in Table
2, and individual test results for all subjects are available online in the Supplementary Table.
WAB fluency scores were surprisingly similar in the three PPA subtypes, perhaps because the
PNFA patients included in this study had relatively mild disease. Motor speech abnormalities
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were exclusively found in PNFA. SD patients had the greatest deficits in confrontation naming,
category fluency and word and object knowledge, while LPA patients had the greatest difficulty
with repetition. Syntactic comprehension was relatively spared in SD in comparison to single
word comprehension. In PNFA, comprehension was impaired only for complex
morphosyntactic structures (CYCLE 9), indicating a deficit in receptive grammar. LPA patients
showed impaired sentence comprehension on both Sequential Commands and CYCLE
(regardless of grammatical complexity), likely due to deficits in auditory working memory.23

Illustrative non-language neuropsychological test scores at first evaluation are also shown in
Table 2 (by subtype) and in the Supplementary Table (individual scores). Performance on many
of these tests can be confounded by aphasia, so results must be interpreted with caution in PPA
patients. Patients with PNFA tended to have higher MMSE scores than patients with LPA or
SD. Patients with SD showed the greatest impairment in verbal memory (California Verbal
Learning Test) while visual memory scores (modified Rey-Osterrieth figure recall) were
similar across groups. Patients with LPA were relatively more impaired on executive function
tests and calculations. Visuospatial function, as measured by copy of the modified Rey-
Osterrieth figure, was spared in all patients. Patients with SD endorsed more depressive
symptoms and had a greater degree of behavioral impairment, as measured by the
Neuropsychiatric Inventory.56

PIB-PET
All four LPA patients had PIB-positive scans by visual read, while only 1/6 PNFA patients
and 1/5 SD patients were PIB-positive (p<0.02). Qualitatively, the pattern of PIB binding in
positive cases was similar to the pattern seen in AD,30, 57 with elevated tracer uptake
throughout frontal, parietal and lateral temporal cortex and striatum (Fig 1). PIB uptake
appeared relatively symmetric between left and right hemispheres, and between language and
non-language regions. The uptake patterns in the PIB-positive PNFA and PIB-positive SD
patients were qualitatively similar to the patterns seen in LPA and AD. The uptake pattern in
PIB-negative PPA mirrored the pattern seen in most normal controls, with mild tracer uptake
in white matter tracts and brainstem and no appreciable cortical binding (Fig 1).30

On quantitative analysis, PPA patients whose PIB images were visually read as positive had
significantly higher Whole Cortical DVRs (2.14 ± 0.19, range 1.93 – 2.37) than PPA patients
whose scans were read as negative (1.27 ± 0.11, range 1.10 – 1.47, p<0.0005), validating the
reliability of the visual reads in estimating PIB uptake. Whole Cortical DVRs in PIB-positive
PPA were similar to those seen in AD (2.01 ± 0.28, p=0.55) while PIB-negative PPA Whole
Cortical DVRs were similar to controls (1.31 ± 0.03, p=0.96).

PIB DVR values and lateralization indices (LI) are shown in Table 3 and Fig 2A. When all
PIB-positive PPA cases were combined, there was a non-significant trend for asymmetric PIB
deposition in favor of the left hemisphere in PIB-positive PPA in Frontal (LI = 0.04 ± 0.04,
p=0.13), Temporo-Parietal (LI = 0.06 ± 0.06, p=0.09) and Cumulative PPA (0.02 ± 0.02,
p=0.16) ROIs. However, this trend was also seen in AD (Fig 2A), where significant left
lateralization was found in Frontal (p<0.05) and Anterior Temporal (p<0.005) ROIs and a
strong trend was seen in the Cumulative PPA region (p=0.06). Overall, LIs in PIB-positive
PPA and AD were significantly different only in the Anterior Temporal ROI, where left
lateralization was seen in AD but not in PIB-positive PPA (p<0.005).

FDG-PET
In contrast to the diffuse pattern of PIB uptake seen in all PIB-positive PPA cases, FDG scans
were more focal and varied qualitatively based on PPA subtype (Fig 3). Patients with PNFA
showed asymmetric left frontal hypometabolism, though this was sometimes subtle. SD
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patients showed prominent anterior temporal hypometabolism, left greater than right, while
patients with LPA showed the greatest metabolic lesions in the left parietal and posterolateral
temporal lobes. Right temporoparietal cortex was spared in LPA, in contrast to typical AD in
which there was bilateral, relatively symmetric temporoparietal hypometabolism (Fig 3).
Patients with PIB-positive PNFA and SD showed FDG uptake patterns that were similar to
their PIB-negative counterparts (Table 3).

Quantitative FDG analysis confirmed that the regions of greatest metabolic asymmetry closely
matched the clinical syndromes (Table 3, Fig 2B). Patients with LPA had the greatest
asymmetry (in favor of left hypometabolism) in the Temporo-Parietal ROI, patients with PNFA
in the Frontal ROI and patients with SD in the Anterior Temporal ROI (Fig 2B). When grouped
together, PPA patients had asymmetric left hypometabolism across Whole Cortex (p<0.01),
Frontal (p<0.01), Anterior Temporal (p<0.05) and Cumulative PPA (p<0.005) ROIs, with a
non-significant trend in the Temporo-Parietal ROI (p=0.08). Left hypometabolism was seen
in AD across Whole Cortex (p<0.05) and the Temporo-Parietal ROI (p<0.05), whereas FDG
uptake in AD in Frontal, Anterior Temporal and Cumulative PPA ROIs was symmetric (Fig
2B).

Two patients in the study were left-handed. One of these patients (with LPA) showed mild left-
predominant PIB uptake (mean PPA LI = 0.03) and asymmetric left hypometabolism
(Cumulative PPA LI = −0.15). The second had PIB-negative SD, with symmetric FDG uptake
(Cumulative PPA LI = 0.00).

PIB-Positive PPA versus AD: Neuropsychological and Hippocampal PET Measures
To investigate cognitive, molecular and metabolic differences between PIB-positive PPA and
AD, we performed post-hoc analyses comparing neuropsychometric test scores and
hippocampal PET measures between the two groups. We expected that, consistent with the
clinical diagnosis, PIB-positive PPA patients would show relative sparing of episodic memory
(as well as other non-language cognitive functions), and that this would also be reflected in
sparing of hippocampal glucose metabolism. In contrast, we anticipated that both PIB-positive
PPA and AD patients would show low levels of hippocampal PIB uptake, as described in
previous studies of PIB in AD,30 and consistent with the relative paucity of fibrillar Aβ in
hippocampus in AD pathologic studies.58

As expected, PIB-positive PPA patients performed better than matched AD patients on tests
of verbal and visual memory as well as on a visual construction task (Table 4). Comparison of
language function was limited to confrontation naming and verbal fluency (since AD patients
did not undergo comprehensive language testing), with non-significant trends for worse
performance in PIB-positive PPA. Test performance in other cognitive domains was
comparable between AD and PIB-positive PPA. The patients with PIB-positive PNFA and SD
had similar language and cognitive profiles to PIB-negative patients with the same PPA subtype
(Supplementary Table).

Mirroring the relative sparing of episodic memory in PIB-positive PPA, mean hippocampal
glucose metabolism was significantly higher in PIB-positive PPA than in AD (p<0.02), and
this difference was even more significant when the comparison was restricted to the LPA
subtype (Table 3, p<0.0005). Hippocampal FDG uptake was significantly lower in AD than
in controls (p<0.0005), but did not differ between PIB-positive PPA and controls (p=0.74) or
between LPA and controls (p=0.99). In contrast, PIB uptake in hippocampus was similar in
AD and PIB-positive PPA (p=0.33) and neither group differed significantly from controls
(Table 3).
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Discussion
In this study we applied PIB and FDG-PET to a clinically well characterized cohort of PPA
patients in order to investigate in vivo the relationships between language phenotype, amyloid
deposition and glucose metabolism in this disorder. The main findings were: 1) elevated PIB
uptake was most frequently found in the logopenic variant of PPA (LPA, 4/4 patients),
suggesting that this variant of progressive aphasia is often associated with underlying AD; 2)
elevated PIB was uncommon in PNFA (1/6) and SD (1/5), suggesting that these PPA variants
are not often associated with AD pathology; 3) patterns of glucose hypometabolism in PPA
were focal and varied by clinical syndrome, while amyloid distribution in PIB-positive cases
was diffuse and similar to AD.

LPA has only recently been introduced as a PPA variant, and patients with this clinical
syndrome may still be misdiagnosed as having PNFA due to their decreased rate of speech.
12, 23 However, the language features of LPA are distinguished from PNFA by the absence
of apraxia of speech and dysarthria, the relative sparing of grammar in spontaneous speech,
and the severe difficulty with repetition, especially of long sentences with unpredictable
content.12 These language features are most similar to vascular “conduction aphasia,” and may
be caused by deficits in auditory working memory.12, 23, 59 Furthermore, the atrophy and
glucose metabolism patterns in PNFA and LPA are distinct, with left temporoparietal lesions
in LPA and left fronto-insular lesions in PNFA.12 While FTLD-related pathology has most
often been implicated in PNFA,5, 6 ten of fourteen patients retrospectively classified as LPA
in recent clinicopathological series were found to have AD pathology on autopsy,9, 27
consistent with our finding that this language phenotype is predictive of underlying Aβ
amyloidosis. Thus, accurately differentiating between LPA and PNFA has important
implications for predicting underlying histopathology, and recognizing LPA as a unique variant
of PPA may help identify PPA patients who are potential candidates for emerging anti-Aβ
therapies.

We also found evidence of elevated PIB in one of six patients classified as PNFA and one of
five subjects classified as SD. A retrospective review of these patients’ clinical data did not
reveal atypical features (Supplementary Table). Furthermore, their FDG uptake patterns
conformed to their clinical syndromes, and did not show the temporoparietal hypometabolism
found in LPA or AD (Table 3). While PIB appears to be highly specific for Aβ,30, 60 elevated
PIB on PET does not exclude the presence of non-Aβ co-pathology. It is therefore possible
that in addition to fibrillar Aβ, the PIB-positive PNFA and SD patients have co-morbid FTLD
as the main pathology driving their aphasia syndrome, while Aβ pathology in these patients
may be “clinically silent” or “age-related” (in the form of amyloid plaques, cerebral amyloid
angiopathy, or both).31, 61 Alternatively, these patients may truly have AD pathology
presenting with a PNFA or SD clinical and anatomic phenotype, as described in previous series.
9, 62 Though we did not find PIB-negative cases of LPA in this study, it is likely that this
syndrome can also be caused by FTLD-spectrum pathologies that asymmetrically affect
temporoparietal cortex. As in all neurodegenerative diseases, deducing histopathology based
on clinical phenotype in PPA relies on probabilistic relationships between clinical syndromes,
anatomic patterns and underlying pathology. These relationships hold true at a group level, but
are not always predictive at an individual level. Ultimately, biological markers such as PIB-
PET may be needed to guide disease-specific treatment in individual patients presenting with
PPA. Given the specificity of PIB for fibrillar Aβ60, 63 and the strong correlations between
in vivo PIB-PET signal and in vitro measures of Aβ found on autopsy,31, 32 PIB-PET may be
a useful clinical tool for excluding AD pathology in patients presenting with any of the PPA
variants.
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Clarifying the relationships between the distribution of amyloid plaques, clinical symptoms
and neuronal dysfunction is of utmost importance given the effort to develop treatments
targeting Aβ plaques in AD.10 The ability to image Aβ pathology in vivo with PIB in patients
with “focal” neurodegeneration such as PPA provides a unique opportunity to study these
relationships and to compare them to the those found in AD. The pathology literature has been
equivocal in this regard, with some investigators reporting a disproportionately high burden of
plaques and tangles in left temporal and inferior parietal cortex in AD presenting as PPA,5,
64, 65 and others reporting a diffuse, “typical” pattern of AD pathology.6, 64 In a single case,
Ng and colleagues found a higher burden of left hemisphere amyloid in a PIB-positive patient
with PPA compared to patients with typical AD.66 In contrast, we found that amyloid
deposition in PPA was diffuse, involved language and non-language areas alike, and was
qualitatively indistinguishable from the pattern seen in matched AD patients (Fig 1). Because
most of our patients were imaged 5–6 years after the onset of their symptoms, we cannot
exclude the possibility that amyloid deposition was more focal earlier in their disease course.
However, at the time of imaging all patients with PIB-positive PPA in our study had a language-
predominant syndrome in spite of the diffuse distribution of amyloid.

In contrast to the global pattern of PIB binding, FDG patterns in PPA were distinct and closely
followed the clinical syndromes (Figs 2B, 3). In comparison to AD, hippocampal glucose
metabolism was spared in PI B-positive PPA (Table 3), mirroring the clinical sparing of
episodic memory (Table 4). FDG uptake in language-related areas was more asymmetric (in
favor of left hemisphere hypometabolism) in PPA than in AD (Fig 2B), and the region of
greatest hypometabolism in each PPA subtype closely followed the language phenotype,
regardless of PIB-positivity (Fig 2B, Table 3).

The dissociation between PIB uptake and glucose metabolism found in our study is consistent
with previous post-mortem and PIB studies in AD that have not found strong correlations
between Aβ plaque distribution and clinical presentation, plaque load and disease severity, or
plaque load and glucose metabolism in many brain regions (most notably frontal cortex and
striatum).62, 67–72 There are many potential explanations for why patients with essentially
identical Aβ plaque distribution patterns can have such discrepant clinical presentations and
patterns of glucose metabolism. Patients may have discrete patterns of neurofibrillary tangles
or soluble Aβ species (neither of which are imaged with PIB) that more closely match their
clinical symptoms and metabolic patterns. Indeed, Mesulam and colleagues reported increased
left hemisphere tangle pathology in AD presenting as PPA, while Aβ pathology was symmetric
between hemispheres.27 Alternatively, the incongruity between amyloid deposition and
clinical phenotype may be caused by differential vulnerability of specific neural networks to
a similar burden of Aβ pathology in different patients. While in most patients the hippocampal-
medial temporal-posterior cingulate network may be most vulnerable to Aβ pathology,73
resulting in the classical amnestic presentation of AD, in selected patients the language network
may be most vulnerable, resulting in the clinical presentation of PPA. Differential vulnerability
may be due to a combination of genetic, developmental and environmental factors that lead to
decreased reserve or increased susceptibility to the neurotoxicity of Aβ. Further studies are
needed to better elucidate the biological mechanisms of atypical presentations of AD.

Our study has a number of limitations. Histopathological confirmation is not available in any
of our subjects (PPA or AD). While preliminary studies suggest strong correlations between
in vivo PIB-PET signal and in vitro measures of Aβ found on autopsy,31, 32 further work is
needed to validate the accuracy of PIB-PET in predicting underlying AD. As discussed above,
we cannot exclude FTLD co-pathology in patients found to be PIB-positive, although the
relatively young ages of our patients, particularly in the LPA group (Table 1), decreases the
probability of “age-related” amyloid to some degree. The relatively small number of patients
studied in each PPA subgroup limits our precision in estimating the prevalence of Aβ
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amyloidosis in each variant, and limits our power to detect subtle differences in PIB and FDG
uptake between PPA variants and between PPA and AD. Furthermore, the PIB data for one
LPA patient was excluded from quantitative analyses for technical reasons, and the significance
of tracer lateralization in another LPA patient who is left-handed is difficult to interpret due to
the ambiguity of hemisphere dominance. Despite these limitations, our study demonstrates that
PIB-PET is a promising diagnostic tool for excluding Aβ amyloidosis in PPA, and a useful
research tool for studying the relationships between Aβ amyloid, clinical presentation, and
neuronal structure and function.

In summary, using PIB-PET we have demonstrated an association between the logopenic
variant of PPA and Aβ amyloidosis. Furthermore, we found that language phenotype in PPA
is closely related to metabolic changes that are focal and anatomically distinct between PPA
subtypes, but not to amyloid deposition patterns that are diffuse and similar to AD. Combining
PIB-PET with careful clinical characterization and structural and functional imaging may
improve in vivo predictions of underlying pathology in PPA, and help elucidate the
relationships between amyloid deposition, clinical presentation and functional and structural
changes in focal cortical presentations of AD. Further studies with larger numbers of patients
followed to autopsy are needed to confirm our findings.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Distribution of PIB in PPA. Axial slices (z = 9, z = 27, z = 41) of normalized, atrophy-corrected
PIB DVR images from single PIB-positive (left column) and PIB-negative (right column) PPA
patients are presented. Identical slices from mean atrophy-corrected PIB DVR images from
patients with AD (N = 10, top left) and normal controls (N = 12, top right) are shown for
comparison. Images are in neurological orientation.
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Fig 2.
Mean lateralization indices (LI) for (A) PIB and (B) FDG. Bar graphs represent mean ±
standard error for each PPA subtype and for AD in frontal (Front), anterior temporal
(AntTemp), temporoparietal (TempPar) and Cumulative PPA (Mean PPA) regions of interest.
Asterisks mark values significantly different than 0 indicating lateralization (p<0.05, one
sample two-tailed t-test).

Rabinovici et al. Page 16

Ann Neurol. Author manuscript; available in PMC 2009 February 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
FDG patterns by clinical syndrome. Axial (z = 9, z = 27) and coronal (y = 64) slices of mean
atrophy-corrected FDG images from (top to bottom) normal controls (N = 12), PNFA (N = 5),
SD (N = 5), LPA (N = 4) and AD (N = 10). Images are in neurological orientation. PNFA is
characterized by left frontal hypometabolism (red arrow), SD by left greater than right anterior
temporal hypometabolism (yellow arrows), and LPA by asymmetric left temporoparietal
hypometabolism (light blue arrows).
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Table 1
Patient Characteristics

LPA N=4 PNFA N=6 SD N=5 P

Age at PET (yrs) 60.1 (56.6 – 63.4) 68.1 (54.8 – 79.5) 62.2 (58.3 – 81.0) 0.24

Age at Onset (yrs) 54.0 (50.7 – 55.9) 63.5 (50.4 – 72.8) 56.8 (53.3 – 77.6) 0.19

Sex (M : F) 1 : 3 0 : 6 2 : 3 0.25

Hand (R : L) 3 : 1 6 : 0 4 : 1 0.45

Disease duration at PET (yrs) 6.1 (5.9 – 7.5) 6.2 (2.0 – 7.2) 5.4 (3.4 – 6.6) 0.45

Disease duration at first
evaluation (yrs)

3.2 (3.0 – 7.4) 3.1 (1.6 – 6.3) 3.6 (1.9 – 5.8) 0.75

First evaluation to PET (yrs) 2.8 (0.1 – 3.1) 1.8 (0.1 – 4.1) 1.3 (0.3 – 3.5) 0.93

MMSE at PET 19.0 (12 – 23) 27.5 (4 – 28) 21.0 (8 – 26) 0.11

CDR at PET- Total 0.5 (0.5 – 1.0) 0.5 (0.0 – 1.0) 1.0 (0.5 – 2.0) 0.36

 -SOB 4.0 (1 – 6) 1.8 (0 – 6) 5.0 (2 – 10) 0.29

Apo E4 pos/neg 1/4 0/6 1/5 0.45

Medications

  ChE-I 4/4 0/6 1/5 0.03

  Memantine 3/4 3/6 4/5 0.53

  SSRI/SNRI 1/4 4/6 3/5 0.41

Motor signs

 First visit

  Limb apraxia 2/4 2/6 0/5 0.22

  Parkinsonism 2/4 3/6 1/5 0.54

  UMN 0/4 3/6 0/5 0.06

 Recent visit

  Limb apraxia 3/4 4/6 0/5 0.02

  Parkinsonism 1/4 5/6 1/5 0.07

  UMN 0/4 4/6 0/5 0.02

Values are presented as medians (range). LPA = logopenic aphasia; PNFA = progressive non-fluent aphasia; SD = semantic dementia; CDR = Clinical
Dementia Rating; SOB = sum of boxes; Apo E4 = apolipoprotein E4; ChE-I = acetylcholinesterase inhibitor; SSRI = selective serotonin reuptake inhibitor;
SNRI = serotonin norepinephrine reuptake inhibitor; UMN = upper motor neuron signs.
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Table 2
Cognitive Testing at First Evaluation

LPA N=4 PNFA N=6 SD N=5 P

MMSE (30) 22.0 (17 – 25) 27.0 (23 – 30) 21.0 (15 – 29) 0.052

Language

 WAB Fluency (10) 9.0 (5 – 9) 9.0 (2 – 9) 9.0 (8 – 10) 0.30

 Motor Speech Evaluation

  Apraxia of Speech (0=none – 7=severe) 0.0 (0 – 0) 1.5 (0 – 6) 0.0 (0 – 0) 0.03

  Dysarthria (0=none – 7=severe) 0.0 (0 – 0) 2.0 (0 – 4) 0.0 (0 – 0) 0.03

 Boston Naming Test (15) 13.0 (11 – 14) 13.5 (6 – 15) 2.0 (2 – 3) 0.01

 Verbal Fluency

  Animals/min 10.5 (8 – 16) 10.0 (0 – 22) 4.0 (1 – 7) 0.05

  ‘D’ words/min 7.0 (5 – 18) 4.0 (3 – 13) 6.0 (1 – 9) 0.31

 Word and object knowledge

  WAB Auditory Word Recognition (60) 57.0 (52 – 60) 60.0 (59 – 60) 51.0 (36 – 59) 0.02

  PPT Pictures (52) 51.0 (47 – 52) 49.0 (40 – 52)* 35.0 (31 – 48) 0.03

 WAB Repetition (100) 75.0 (74 – 80) 97.0 (74 – 100) 90.5 (73 – 99)* 0.17

 Syntactic Comprehension

  WAB Sequential Commands (80) 63.0 (37 – 68) 76.0 (63 – 80) 69.0 (66 – 80)* 0.10

  CYCLE (2=simplest, 9=most complex)

   CYCLE 2, 3 (10) 10.0 (8 – 10) 10.0 (10 – 10) 10.0 (9 – 10) 0.46

   CYCLE 4 (15) 14.5 (6 – 15) 15.0 (10 – 15) 15.0 (14 – 15) 0.56

   CYCLE 5, 7 (10) 6.5 (3 – 9) 9.5 (4 – 10) 10.0 (5 – 10) 0.15

   CYCLE 8 (10) 6.0 (4 – 9) 10.0 (5 – 10) 10.0 (9 – 10) 0.04

   CYCLE 9 (10) 4.0 (2 – 7) 7.5 (3 – 10) 9.0 (6 – 10) 0.15

Memory

 CVLT-SF Total Learning (36) 22.0 (9 – 22)* 26.0 (14 – 29)* 9.0 (2 – 19) 0.054

 CVLT-SF 10 minute Recall (9) 5.0 (0 – 5)* 8.0 (1 – 8)* 1.0 (0 – 5) 0.06

 CVLT-SF Recognition (9) 9.0 (8 – 9)* 9.0 (8 – 9)* 7.0 (0 – 8) 0.02

 Modified Rey Figure Recall (17) 6.5 (3 – 15) 6.5 (0 – 13) 7.0 (0 – 13) 0.83

Executive Function

 Modified Trails Time (120) 120.0 (73 – 120) 97.0 (21 – 120) 53.0 (36 – 120) 0.48

 Modified Trails # of Correct Lines (14) 10.5 (0 – 14) 11.0 (3 – 14) 14.0 (3 – 14) 0.36

Calculations (5) 3.0 (1 – 5) 5.0 (2 – 5) 5.0 (0 – 5) 0.38

Modified Rey Figure Copy (17) 15.5 (13 – 17) 16.0 (14 – 17) 16.0 (12 – 17) 0.83

Mood & Personality

 Geriatric Depression Scale (30) 4.0 (2 – 12) 5.0 (2 – 28) 10.0 (6 – 20) 0.24

 Neuropsychiatric Inventory Total 8.0 (2 – 23) 8.0 (0 – 24)* 16.0 (4 – 32) 0.61

*
- One observation missing. Values are presented as medians (range). Highest possible test scores are shown in parentheses. LPA = logopenic aphasia;

PNFA = progressive non-fluent aphasia; SD = semantic dementia; MMSE = Mini Mental State Exam; WAB = Western Aphasia Battery; PPT = pyramids
and palm trees test; CYCLE = Curtiss-Yamada Comprehensive Language Evaluation; CVLT-SF = California Verbal Learning Test San Francisco.
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Table 4
Cognitive Profiles in PIB-Positive PPA and AD

PIB-Pos PPA N = 6 AD N=10 P

Age at PET 61.2 (56.6 – 70.7) 65.2 (52.5 – 78.3) 0.26

MMSE (30) 23.5 (17 – 29) 25.0 (10 – 28) 0.79

Language

 Boston Naming Test 11.5 (3 – 14) 13.0 (2 – 15) 0.37

 Animals/min 7.0 (4 – 18) 10.5 (2 – 18) 0.18

 ‘D’ words/min 9.5 (5 – 16) 10.0 (2 – 22) 0.71

Memory

 CVLT-SF Total Learning (36)* 21.0 (9 – 22)* 18.5 (6 – 25)** 0.52

 CVLT-SF 10 minute Recall (9)** 5.0 (0 – 7)* 0.0 (0 – 5)* 0.06

 CVLT-SF Recognition (9)** 9.0 (8 – 9)* 8.0 (5 – 9)* 0.24

 Modified Rey Figure Recall (17) 6.0 (3 – 15) 1.0 (0 – 5) 0.01

Executive Function

 Modified Trails Time (120) 97.0 (53 – 120) 120.0 (59 – 120)* 0.61

 Modified Trails # of Correct Lines (14) 12.5 (0 – 14) 13.0 (2 – 14)* 0.69

Calculations (5) 3.5 (1 – 5) 4.0 (0 – 5) 0.96

Modified Rey Figure Copy (17) 16.5 (13 – 17) 14.0 (10 – 16) 0.03

Geriatric Depression Scale (30) 8.0 (0 – 23) 6.0 (2 – 24) 0.88

*
- One observation missing.

**
- Two observations missing. Values are presented as medians (range). Highest possible test scores are shown in parentheses. MMSE = Mini Mental

State Exam; CVLT-SF = California Verbal Learning Test San Francisco.
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