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Abstract Risks associated with brain biopsy limit avail-

ability of tissues and the role of brain biopsy in diagnosing

neurodegeneration is unclear. We developed a simulated

brain biopsy paradigm to comprehensively evaluate

potential accuracy of detecting neurodegeneration in

biopsies. Postmortem tissue from the frontal, temporal and

parietal cortices and basal ganglia from 73 cases including

Alzheimer’s disease (AD), Lewy body disease (LBD),

frontotemporal lobar degeneration-TDP43 (FTLD-TDP),

multiple system atrophy (MSA), Pick’s disease (PiD),

corticobasal degeneration (CBD) and progressive supra-

nuclear palsy (PSP) were evaluated using H&E and

immunostains. Brain biopsy was simulated in a blinded

manner by masking each slide with opaque tape except for

an area measuring 10 mm in diameter. Diagnoses obtained

from frontal cortex only or all 4-brain regions were then

compared with autopsy diagnoses. Diagnostic sensitivity in

frontal cortex was highest in FTLD-TDP (88%), AD (80%)

and LBD (79%); intermediate for MSA (71%), CBD (66%)

and PiD (66%) and lowest for PSP (0%) (average 64%).

Specificity was 43%. Sensitivities were enhanced with all

4-brain regions: FTLD-TDP (100%), AD (80%), LBD

(100%), MSA (100%), CBD (83%), PiD (100%) and PSP

(88%) (average 92%). Specificity was 71%. Simulated

brain biopsy addressed limitations of standard brain biop-

sies such as tissue availability and lack of autopsy

confirmation of diagnoses. These data could inform efforts

to establish criteria for biopsy diagnosis of neurodegener-

ative disorders to guide care of individuals who undergo

biopsy for enigmatic causes of cognitive impairment or

when evidence of an underlying neurodegenerative disease

may influence future therapy.

Keywords Neurodegeneration � Biopsy � Diagnosis �
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Introduction

Definitive diagnosis of neurodegenerative disorders during

life is frequently challenging. Currently, histopathologic

analysis of postmortem brains remains the gold standard

for definitively diagnosing neurodegenerative diseases. As

new therapies emerge, early, accurate diagnosis of neuro-

degenerative diseases is of paramount importance.

Recently, a working group organized by the National

Institute on Aging and the Alzheimer’s associations have

revised criteria for the diagnosis of Alzheimer’s disease
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and mild cognitive impairment to include advanced

imaging modalities and biomarkers with the goal of early

clinical recognition [2, 13, 22, 34]. As newer diagnostic

modalities continue to emerge, diagnostic criteria for AD

as well as other neurodegenerative disorders will continue

to evolve. However, the role of brain biopsy in these

evolving diagnostic paradigms is unclear.

Limited data are available regarding brain biopsy in neu-

rodegenerative disorders. This is largely because most brain

biopsies are performed in younger patients where clinical and

laboratory findings point towards a likelihood of a reversible

process (such as vasculitis or an inflammatory process) where

biopsy can potentially alter clinical management [33, 36, 37].

The invasive nature and complications associated with the

biopsy procedure are also significant issues to be considered

before a biopsy is obtained, especially in the elderly [36].

Several studies have examined the utility of brain biopsy in

enigmatic neurological diseases including neurodegeneration

with diagnostic yields ranging from 20 to 84% [4, 14, 15, 30,

32, 33, 36, 37]. However, once a patient is biopsied, it is often

challenging to follow up these patients to autopsy to determine

the cause of dementia [18, 33, 36]. Thus definitive autopsy

confirmation of biopsy diagnosis of the specific neurodegen-

erative disease is often not possible and no clear data are

available with respect to diagnosing neurodegenerative dis-

orders on biopsy. The ability to accurately diagnose a

neurodegenerative disease may become increasingly impor-

tant as newer therapies emerge targeting specific disease

processes and with the growing prevalence of dementia in an

increasingly ageing population who may undergo brain

biopsy for diverse neurological disorders to guide treatment

that could be altered by the detection of an additional con-

comitant neurodegenerative disorder. Moreover, current

advances in imaging and biomarkers have focused on relative

more common neurodegenerative diseases like AD, Parkin-

son’s disease (PD) and FTLD [12, 38]. Thus, brain biopsy to

diagnose neurodegenerative disorders may have more clinical

value in coming years, but it requires further evaluation, and

the current study is an effort to set parameters for how this can

be accomplished.

To address these gaps in our knowledge and overcome

limitations inherent in current brain biopsy diagnostic prac-

tice, we developed a simulated paradigm of brain biopsy using

postmortem tissue. This approach overcomes issues of tissue

availability, complications associated with brain biopsy and

the lack of autopsy confirmation of brain biopsy diagnosis.

This paradigm was designed to assist neuropathologists and

clinicians involved in the care of patients with neurological

disorders requiring brain biopsy to establish specific diag-

nostic criteria in the future for evaluating biopsy specimens

from patients with a neurological disorder the treatment of

which may be influenced by the detection of an additional

concomitant neurodegenerative disease.

Methods

Cases and simulated biopsy

Archival formalin-fixed brain tissues were obtained from

the University of Pennsylvania Center for Neurodegener-

ative Diseases brain bank and included 10 AD, 9 dementia

with Lewy bodies (DLB), 10 PD, 6 CBD, 9 PSP, 6 PiD, 9

FTLD-TDP (Tar DNA binding protein 43), 7 MSA and 7

age-matched control cases (total n = 73). The clinical

characteristics of these cases are detailed in Table 1. From

each of these cases sections from the mid-frontal cortex,

parietal cortex (angular gyrus), superior temporal gyrus and

lentiform nucleus were studied.

An ideal brain biopsy specimen was simulated on each

glass slide by covering the slide with opaque tape to mask

the entire slide except for an area of brain tissue measuring

10 mm in diameter. Further, this area of visible tissue

contained a portion of cortex and white matter as is usual in

brain biopsy specimens, except in the case of basal ganglia,

where a random area was selected. For any given brain

region the visible area was identical in the H&E slide and

corresponding immunostains and thioflavin-stained sec-

tions. The amyloid binding dye thioflavin-S was used to

stain sections for evaluating the burden of thioflavin-S

positive plaques [23, 24]. All identifying characteristics of

the cases were masked and were known only to the person

involved in the masking procedure. H&E, phosphorylated

tau, a-synuclein, ubiquitin, TDP-43 immunostains and

thioflavin-S stains were evaluated for each brain region in

all cases. The slides were then sorted into groups con-

taining the H&E and corresponding immunohistochemical

and fluorescent sections. Each such group was randomly

assigned to three neuropathologists blinded to the diagno-

ses. Each pathologist assessed a portion of the cases. The

neuropathologists then evaluated the specimens in a blin-

ded manner based on previously established criteria used in

the diagnoses of neurodegenerative disorders [1, 3, 5, 8, 9,

11, 19–21, 26].

Briefly, these included identification of specific disease

characteristics such as thioflavin-S positive plaques and

tau-positive tangles in AD; tau-positive Pick bodies in PiD;

tau-positive white matter threads, astrocytic plaques and

balloon cells in CBD; a-synuclein-positive glial cell

inclusions in MSA, TDP43-positive inclusions in FTLD-

TDP and globose tangles and tufted astrocytes in PSP.

These histopathologic features and an algorithmic

approach to diagnosis modified from previously published

guidelines are illustrated in Figs. 1 and 2 [16, 29, 33].

Since the distinction between DLB and PD is not based on

histopathology and is largely clinical, both these entities

were grouped together under Lewy body disease (LBD) [7,

27]. A diagnosis was established using either the frontal
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cortex only, which is commonly the site of biopsy for

enigmatic causes of cognitive impairment, or all 4-brain

regions. Once the diagnoses were established, cases were

re-assorted into each known gold standard autopsy-diag-

nosed disease category.

Immunohistochemistry

Sections were subjected to immunohistochemistry using

the avidin–biotin complex detection method (VECTA-

STAIN ABC kit; Vector Laboratories, Burlingame, CA)

with ImmPACT DAB peroxidase substrate (Vector Labo-

ratories, Burlingame, CA) as the chromogen using

antibodies to phosphorylated tau, a-synuclein, and TDP-43

as previously described [25, 35].

Data analysis and statistical methods

All statistical analyses were performed using SAS software

(version 9.2, SAS Institute Inc., Cary, NC). All statistical

tests were two-sided. Statistical significance was set at the

0.05 level. Agreement between the gold standard autopsy

diagnosis and the 4-brain regions or frontal cortex only

diagnoses was assessed with the kappa coefficient [6]. Point

estimates and their 95% confidence intervals (CI) were

obtained for the Kappa coefficient. Kappa values were

interpreted using guidelines proposed by Landis and Koch

[17]; kappa values below 0 indicate ‘‘poor’’ agreement,

0–0.20 ‘‘slight’’ agreement, 0.21–0.40 ‘‘fair’’ agreement,

0.41–0.60 ‘‘moderate’’ agreement, 0.61–0.80 ‘‘substantial

agreement’’, and 0.81–1.00 ‘‘almost perfect’’ agreement.

Table 1 Case demographics

Disease Control

AD CBD FTLD–TDP LBD MSA PSP PiD

Number (n) 10 6 9 19 7 9 6 7

Sex (M:F) 2:8 2:4 7:2 13:6 4:3 6:3 3:3 2:5

Age, mean (SD) 81.4 (8.7) 66.7 (9.6) 65.0 (11.9) 77.8 (7.8) 68.7 (5.9) 73.7 (7.4) 65.5 (8.2) 78.0 (9.4)

Brain weight, mean (SD) 1,055 (140) 1,093 (90) 1,117 (166) 1,293 (178) 1,363 (188) 1,205 (106) 1,046 (194) 1,261 (107)

Braak stage

0 – 4 3 5 2 3 3 1

I–II – 2 5 8 4 6 3 5

III–IV 1 – 1 6 1 – – 1

V–VI 9 – – – – – – –

Median V–VI 0 I–II I–II I–II I–II I–II I–II

Ventricular enlargement

None 1 1 – 9 4 1 – 3

Mild 3 – 3 6 2 5 – 3

Mod 2 3 2 4 1 3 3 1

Severe 4 2 4 – – – 3 –

Median Mod Mod Mod Mild None Mild Mod Mild

Atherosclerosis

None 1 3 3 4 3 2 5 4

Mild 6 3 3 4 1 5 1 1

Mod 3 – 3 8 2 1 – 2

Severe 0 – – 3 1 1 – –

Median Mild Mild Mild Mod Mild Mild None None

Brain atrophy

None 2 – – 13 3 1 – 4

Mild 1 2 2 2 2 5 – 3

Mod 3 2 2 4 1 3 1 –

Severe 4 2 5 – 1 – 5 –

Median Mod Mod Severe None Mild Mild Severe None

SD standard deviation, M:F male:female, Mod moderate, AD Alzheimer’s disease, LBD Lewy body disease, FTLD-TDP frontotemporal

dementia-Tar DNA binding protein 43, MSA multiple system atrophy, PiD Pick’s disease, CBD corticobasal degeneration, PSP progressive

supranuclear palsy
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Point estimates and 95% confidence intervals for diag-

nostic performance measures, including sensitivity,

specificity, and positive and negative likelihood ratios,

were calculated [28]. Within each disease group, sensitivity

is defined as the probability of a positive test result given

that the subject has the disease. Specificity is defined as the

probability of a negative (normal) test result given that the

subject is normal. The positive and negative likelihood

ratios (PLR and NLR, respectively) are functions of sen-

sitivity and specificity. The PLR and NLR can be thought

of as the ratio of the post-test odds of being diseased or not/

pre-test odds of being diseased given a positive or negative

test result, respectively [28].

Positive and negative predictive values (PPV and NPV,

respectively) are diagnostic performance measures that

depend upon the prevalence of disease. Further, estimates

of PPV and NPV using true and false positives and nega-

tives are valid only when the ratio of the number of patients

in each disease group and the number of patients in the

non-diseased control group used to establish the NPV and

PPV are equivalent to the prevalence of the diseases in the

studied population. As accurate prevalence for some neu-

rodegenerative diseases such as PSP, CBD, PiD and FTLD-

TDP in this study are not well established due to challenges

with disease ascertainment, we were unable to determine

their PPV and NPV.

Fig. 1 Simulated biopsy and

diagnostic algorithm. An ideal

brain biopsy specimen was

simulated on each glass slide in

a blinded manner by covering

the slide with opaque tape to

mask the entire slide except for

an area of brain tissue

measuring 10 mm in diameter

containing a portion of cortex

and white matter (except in the

case of basal ganglia). The

illustrated algorithm was used in

the diagnoses of various

neurodegenerative disorders in

simulated brain biopsies. H&E,

phosphorylated tau, a-

synuclein, ubiquitin, TDP43

immunostains and thioflavin-S

stains were evaluated for each

brain region in all cases. Cases

positive for a-synuclein were

classified as multiple system

atrophy (MSA) when glial cell

inclusions (GCI) were detected

and as Lewy body disease

(LBD) when Lewy bodies were

identified. Diagnosis of

frontotemporal dementia-Tar

DNA binding protein 43

(FTLD-TDP) was made when

TDP43-positive inclusions were

identified. Tau-positive cases

were sub-classified based on the

presence of characteristic tau-

positive features: Pick bodies in

Pick’s disease (PiD), white

matter threads, astrocytic

plaques and balloon cells in

corticobasal degeneration

(CBD) and globose tangles and

tufted astrocytes in progressive

supranuclear palsy (PSP).

Thioflavin-S positive plaques

and tau-positive tangles were

used in diagnosing Alzheimer’s

disease (AD)
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Results

Simulated biopsy versus autopsy diagnoses

The kappa values for the frontal cortex diagnoses indicated

moderate to substantial agreement with the gold standard

autopsy diagnosis (kappa = 0.602, 95% CI = 0.489–0.715,

p \ 0.0001). Agreement in diagnoses was observed in 8/10

AD, 4/6 CBD, 8/9 FTLD-TDP, 15/19 LBD, 5/7 MSA, 4/6

PiD and 3/7 aged-matched control cases. We were unable

to diagnose PSP (0/9) in the frontal cortex biopsies. Sub-

stantial improvement in diagnoses was observed when all

4-brain regions were considered (kappa = 0.904, 95%

CI = 0.845–0.986, p \ 0.0001). With all 4-brain regions,

agreement in diagnoses was observed in 8/10 AD, 5/6

CBD, 9/9 FTLD-TDP, 19/19 LBD, 7/7 MSA, 6/6 PiD, 5/7

aged-matched control cases and 8/9 PSP (Table 2).

When the correct diagnosis was not reached for the four-

region biopsies, we classified these cases as follows: 1/9

PSP cases was classified as tauopathy-insufficient for

Fig. 2 Histological features of

various neurodegenerative

disorders on simulated biopsy.

a, b Alzheimer’s disease (AD)

showing tau (a) positive tangles

and thioflavin-S (b) positive

neuritic plaques. c Corticobasal

degeneration (CBD) showing

tau-positive white matter

threads. d Tar DNA binding

protein 43 (TDP43) positive

inclusions in frontotemporal

dementia-TDP43 (FTLD-TDP).

e Lewy body disease (LBD)

showing a-synuclein-positive

Lewy bodies. f Glial cell

inclusions (GCI) positive for a-

synuclein in multiple system

atrophy (MSA). g Tau-positive

globose tangles in progressive

supranuclear palsy (PSP).

h Tau-positive Pick bodies in

Pick’s disease (PiD). Images

show 209 and 409 (inset)
magnifications
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diagnosis, 1/10 AD cases was misdiagnosed as no signifi-

cant pathology and no definitive diagnosis was made in

1/10 AD, 1/6 CBD and 2/7 control cases. Similarly, for the

frontal cortex biopsies: 8/9 PSP were classified as tauop-

athy-insufficient for diagnosis; 1/9 PSP cases was

misclassified as AD; 1/6 CBD cases was classified as tau-

opathy-insufficient for diagnosis; 1/6 CBD cases was

misdiagnosed as AD and 2/6 PiD cases were classified as

tauopathy-insufficient for diagnosis. No definitive diagno-

sis was made in 2/10 AD, 1/9 FTDP-TDP, 4/19 LB, 2/7

MSA and 4/7 control cases.

Frontal cortex versus 4-brain region diagnoses

Diagnoses from the frontal cortex simulated biopsies

showed average sensitivity of 64% and a specificity of

43%. Sensitivities were highest for FTLD-TDP (88%) and

AD (80%) and lowest for PSP (0%). Intermediate values

were observed for LBD (79%), MSA (71%) and CBD and

PiD (both 66%). Diagnostic sensitivities were enhanced

when all 4-brain regions were considered with average

sensitivity of 92% and a specificity of 71%. Sensitivities

for FTLD-TDP, LBD, MSA and PiD were all 100%, 80%

for AD, 88% for PSP and 83% for CBD (Table 2).

The average PLRs and NLRs for frontal cortex were 1.1

and 0.8, respectively. PLRs for diagnosis using the frontal

cortex were 1.5 (FTLD-TDP), 1.4 (AD and LBD), 1.2

(CBD, MSA and PiD) and 0 (PSP). NLRs for diagnosis

using the frontal cortex ranged between 2.3 (PSP) and 0.2

(FTLD-TDP). Similar to the kappa results, improvements

in overall PLRs and NLRs were observed for diagnosis

using all 4-brain regions and they were 3.2 and 0.1,

respectively. PLRs using all 4-brain regions for diagnosis

ranged between 3.5 (FTLD-TDP, LBD, MSA and PiD) and

2.8 (AD). NLRs ranged between 0.3 (AD) and 0.1 (PSP)

(Table 2).

Discussion

We examined simulated biopsies from various brain

regions in cases with a confirmed autopsy diagnosis of AD,

Table 2 Diagnostic measures in simulated brain biopsy

Disease AD CBD FTLD-TDP LBD MSA PSP PiD Control Overall

Number of subjects 10 6 9 19 7 9 6 7 73

Correct diagnosis (n)

Frontal 8 4 8 15 5 0 4 3 47

4 region 8 5 9 19 7 8 6 5 67

Sensitivity (%)

Frontal 80 66 88 79 71 0 66 NA 64

Lower CI 55 29 68 61 38 0 28 NA 40

Upper CI 100 100 100 97 100 0 100 NA 85

4 region 80 83 100 100 100 88 100 NA 92

Lower CI 55 53 100 100 100 68 100 NA 82

Upper CI 100 100 100 100 100 100 100 NA 100

Specificity (%)

Frontal NA NA NA NA NA NA NA 43 43

Lower CI NA NA NA NA NA NA NA 6 6

Upper CI NA NA NA NA NA NA NA 79 79

4 region NA NA NA NA NA NA NA 71 71

Lower CI NA NA NA NA NA NA NA 38 38

Upper CI NA NA NA NA NA NA NA 100 100

PLR

Frontal 1.4 1.2 1.5 1.4 1.2 0 1.2 NA 1.1

4 region 2.8 2.9 3.5 3.5 3.5 3.1 3.5 NA 3.2

NLR

Frontal 0.5 0.7 0.2 0.5 0.6 2.3 0.7 NA 0.8

4 region 0.3 0.2 0 0 0 0.1 0 NA 0.1

CI confidence interval, Lower CI Lower Limit of CI, Upper CI upper Limit of CI, PLR positive diagnostic likelihood ratio, NLR negative

diagnostic likelihood ratio, NA not applicable, AD Alzheimer’s disease, LBD Lewy body disease, FTLD-TDP frontotemporal dementia-Tar DNA

binding protein 43, MSA multiple system atrophy, PiD Pick’s disease, CBD corticobasal degeneration, PSP progressive supranuclear palsy
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PD, DLB, MSA, PiD, FTLD-TDP, CBD and PSP using

current histologic and histochemical techniques. Since the

non-dominant frontal cortex represents the most biopsied

brain region for enigmatic causes of cognitive impairment

[36], we chose to evaluate the frontal cortex and compare

these results with those obtained using 4-brain regions

including the frontal, parietal and temporal cortices and the

basal ganglia.

Moderate to substantial agreement was observed

between the gold standard autopsy diagnosis and frontal

cortex diagnosis (kappa = 0.602) while almost perfect

agreement was observed between the gold standard autopsy

diagnosis and 4-brain regions diagnosis (kappa = 0.904).

Similarly, enhanced average sensitivity and specificity of

diagnosis were observed when all 4-brain regions were

considered compared to the frontal cortex (Table 2).

However, this difference was mainly due to the inability to

make a diagnosis of PSP in all frontal cortex biopsies. The

sensitivity and PLR for PSP were both 0 using the frontal

cortex diagnosis but increased to 88% and 3.1, respec-

tively, when all four regions were considered (Table 2).

Similarly, the sensitivity in diagnosing PiD increased from

66 to 100% and that of CBD from 66 to 88% on comparing

frontal cortex with 4-brain regions. In contrast, the sensi-

tivity remained 80% for AD in both categories of simulated

biopsy. FTLD-TDP, AD and LBD with sensitivities of 88,

80 and 79%, respectively, had the highest diagnostic yield

in the frontal cortex category. MSA and PiD showed

intermediate sensitivities and PLR values in the frontal

cortex, but showed improvement on considering all 4-brain

regions (Table 2). These observations reflect the pathologic

distribution of disease burden such as PSP involving sub-

cortical regions like the basal ganglia, which showed the

highest diagnostic yield. Thus, frontal cortical biopsy may

be of more utility in the diagnoses of disease with more

cortical distribution such as FTLD-TDP, AD and LBD but

of limited value in the diagnosis of PSP. Given the prev-

alence of AD and LBD in individuals 60 years of age and

older, the results of this study may have practical value in

guiding treatment decisions for diverse neurological con-

ditions such as brain tumors that commonly require brain

biopsy for diagnosis in elderly subjects who are at

increased risk for having a concomitant neurodegenerative

disease in addition to the one that prompted a diagnostic

brain biopsy.

The caveats in this study include potential differences

between biopsy material and postmortem tissue and the

retrospective nature of our analysis. Moreover, the simu-

lated brain biopsies in this study represent ideal brain

biopsies with relatively abundant tissue including both gray

and white matter in comparison with more variable brain

biopsies encountered in daily practice. The non-dominant

frontal cortex is the most frequently biopsied area and

hence was our main choice of analysis. Biopsy of four

different brain regions, especially the basal ganglia is not

realistic in day-to-day clinical practice, but reflects the

importance of sampling different brain regions in estab-

lishing a definitive diagnosis. However, the clinical

scenario will be the ultimate determinant of the choice of

brain regions for biopsy. The sample size in this study is

limited resulting in wide confidence intervals, future

studies with larger sample sizes will address this concern.

Further, it will be important to extend these studies in the

future to smaller simulated biopsy specimens (such as

punch biopsies) to compare diagnostic yields. Our study

also does not include other commonly biopsied diseases

such as inflammatory, metabolic, prion, infectious, demy-

elinating and paraneoplastic disorders and may not be

reflective of the cases that are frequently encountered in

regular brain biopsies [32, 33, 37]. Since our goal was to

detect evidence of a neurodegenerative disorders in a

simulated brain biopsy using archival neurodegenerative

disease cases, these conditions were not included. Finally,

this study focuses on histopathologic diagnostic aspects

involving postmortem tissues with pathologists blinded to

the clinical scenario. This is often not the case in regular

practice wherein clinical aspects weigh heavily in formu-

lating a diagnosis. Indeed, we were unable to histologically

differentiate between PD and DLB where the distinction is

more clinical [7, 27].

Despite these caveats our study highlights the impor-

tance and need for establishing guidelines and

standardization in brain biopsy diagnoses of neurodegen-

erative disorders. The potential importance of brain biopsy

in evaluating neurodegeneration is highlighted from recent

studies in normal pressure hydrocephalus (NPH). In a ret-

rospective study in 433 patients, the presence of Ab and

hyperphosphorylated tau in frontal lobe biopsies from NPH

patients strongly correlated with clinical AD in 22% of

patients [18]. Similarly a prospective study in 37 NPH

patients showed severe cognitive baseline impairment as

well as poor postoperative cognitive improvement in

patients with moderate to severe distribution of Ab, neu-

rofibrillary tangles and neuritic plaques in frontal cortical

biopsies [10]. It remains to be seen if similar observations

can be made in other neurodegenerative disorders.

Despite potential complications, risk and invasiveness,

brain biopsy targeted by advanced imaged techniques may

pose a valuable modality in diagnosing various neurode-

generative diseases [31]. In this study we used a simulated

biopsy paradigm to comprehensively evaluate various

neurodegenerative diseases. This method enabled us

overcome limitations of regular brain biopsies and has the

potential to be adapted for the standardization of biopsy

criteria in diagnosing neurodegenerative disorders. In the

idealized situation, in frontal cortical biopsies, we found
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the highest sensitivities and positive likelihood ratios in

diagnosing FTLD-TDP, AD and LBD. CBD and MSA

showed intermediate values but were unable to diagnose

PSP. When simulated biopsies from the parietal and tem-

poral cortex and basal ganglia were considered along with

the frontal cortex, sensitivities and positive likelihood

ratios were significantly enhanced.

Our data illustrate the varying ability to diagnose vari-

ous neurodegenerative disorders in frontal cortical biopsy

specimens. Further, multiple brain regions reflecting path-

ologic distribution of disease such as the basal ganglia in

PSP may provide enhanced diagnostic abilities, although

we appreciate that the basal ganglia are an unlikely target

for biopsy in most diagnostically challenging cases.

Moreover, sensitivity of biomarkers is increasing as newer

diagnostic tests emerge. However, a tissue-based diagnosis

is currently the diagnostic gold standard and may be of

utility in evaluating, validating and establishing these novel

diagnostic modalities. The main purpose of this study was

to evaluate the potential of brain biopsy in establishing a

diagnosis in neurodegeneration using existing archival

brain tissues. Indeed, it was prompted in part by our recent

study examining biopsies done at the time of shunt inser-

tion for normal pressure hydrocephalus which suggested

that the presence of AD pathology predicts a poor outcome

for shunt treatment [10]. Thus, in special circumstances

like this, our findings from this simulated biopsy study may

be used to establish guidelines for the biopsy diagnosis of

AD and possibly other neurodegenerative diseases. Finally,

if a newer therapy or diagnostic modality needs to be

compared with the gold standard in the living patient, these

guidelines may be of significant importance in reaching a

diagnosis. Future studies focused on developing specific

criteria to guide the neuropathologist and the attending

physician in diagnosing neurodegenerative disorders in

biopsy material may be of immense value as newer ther-

apies emerge to combat these devastating diseases. Finally,

the ability to diagnose a neurodegenerative disease in a

brain biopsy may acquire greater relevance in an increas-

ingly older population who may undergo brain biopsy for

diverse neurological disorders, For example, the detection

of a neurodegenerative disease in patients who require

brain biopsy for brain tumors and other conditions to guide

treatment could be altered by the recognition that the

patient has an additional concomitant neurodegenerative

disorder. Indeed, a meaningful follow-up to this study

would be to screen biopsies of individual 60 years of age or

older using the methods described here to determine if the

presence of neurodegenerative disease pathology influ-

ences the outcome of therapeutic interventions for diverse

neurological disease as was demonstrated for NPH in a

recent report [10].
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