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Abstract

The Brain and Body Donation Program (BBDP) at Banner Sun Health Research Institute (http://

www.brainandbodydonationprogram.org) started in 1987 with brain-only donations and currently 

has banked more than 1600 brains. More than 430 whole-body donations have been received since 

this service was commenced in 2005. The collective academic output of the BBDP is now 

described as the Arizona Study of Aging and Neurodegenerative Disorders (AZSAND). Most 

BBDP subjects are enrolled as cognitively normal volunteers residing in the retirement 

communities of metropolitan Phoenix, Arizona. Specific recruitment efforts are also directed at 

subjects with Alzheimer’s disease, Parkinson’s disease and cancer. The median age at death is 82. 

Subjects receive standardized general medical, neurological, neuropsychological and movement 

disorders assessments during life and more than 90% receive full pathological examinations by 

medically licensed pathologists after death. The Program has been funded through a combination 

of internal, federal and state of Arizona grants as well as user fees and pharmaceutical industry 

collaborations. Subsets of the Program are utilized by the US National Institute on Aging Arizona 

Alzheimer’s Disease Core Center and the US National Institute of Neurological Disorders and 

Stroke National Brain and Tissue Resource for Parkinson’s Disease and Related Disorders. 

Substantial funding has also been received from the Michael J. Fox Foundation for Parkinson’s 

Research. The Program has made rapid autopsy a priority, with a 3.0-hour median postmortem 
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interval for the entire collection. The median RNA Integrity Number (RIN) for frozen brain and 

body tissue is 8.9 and 7.4, respectively. More than 2500 tissue requests have been served and 

currently about 200 are served annually. These requests have been made by more than 400 

investigators located in 32 US states and 15 countries. Tissue from the BBDP has contributed to 

more than 350 publications and more than 200 grant-funded projects.

Keywords

aging; Alzheimer’s disease; autopsy; biobank; biospecimen; brain bank; cancer; freeze-thaw; 
Parkinson’s disease; pathology; post-mortem interval; RNA

INTRODUCTION

Purpose and mission

The purpose of brain banks, and tissue, biospecimen or biobanks in general, is at least 

twofold. First, autopsy and neuropathological examination allow an accurate diagnosis and 

hence accurate clinicopathological correlation studies. As clinical syndromes generated by 

most diseases are not sufficiently specific regarding the underlying pathological processes, 

pathological examination of diseased tissue is often the only means by which a definite 

diagnosis can be attained. For neurodegenerative diseases, as biopsies are generally not 

done, neuropathological examination after death has an even more critical role. Accurate 

diagnoses ensure that clinical data acquired during life may be appropriately matched to a 

particular diagnostic condition, providing, over time and with sufficient numbers of studied 

subjects, a reliable categorization that may be used to collect and enhance knowledge 

regarding etiology, pathogenesis, epidemiology, biomarkers, clinical characteristics, clinical 

diagnosis, prognosis and treatment effects.

The second major purpose of biobanks is to provide pathologically characterized control and 

diseased tissue to basic scientists, enabling them to discover the underlying molecular 

mechanisms specific to each disease and to design appropriate therapeutic interventions. A 

detailed understanding of the genetic and molecular processes of disease pathogenesis, 

obtained by comparative study of diseased and non-diseased tissue, remains the major 

approach to finding such interventions. It is noteworthy that for both Alzheimer’s and 

Parkinson’s diseases, the existing approved pharmacotherapies are all based on molecular 

alterations identified wholly or partially from study of post-mortem brains more than 30 

years ago.1

The study population and research site

The primary population under study consists of the retirement communities of northwest 

greater Phoenix, especially Sun City, Sun City West and Sun City Grand. A profile of these 

communities has been constructed using data from the US Census Bureau (2010) and from 

the files of the Sun Cities Area Historical Society. The combined population of Sun City, 

Sun City West and Sun City Grand is approximately 80 000, with a median age of about 70 

years. Sun City, established in 1960, was the first large, planned retirement community in 

the United States. Sun City West and Sun City Grand followed, in 1978 and 1996, 
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respectively. Due to a lack of densification and new land availability, the populations of all 

three communities have stopped increasing. The population of Sun City has been maintained 

at about 40 000 for more than 4 decades, suggesting that a continued influx of new retirees 

will maintain the populations of all of the communities. However, multiple new retirement 

communities have been developed in the immediate vicinity and throughout the 

metropolitan Phoenix area and many Brain and Body Donation Program (BBDP) study 

subjects now reside in these areas as well. Additionally, a subset of subjects is recruited 

from both metropolitan Phoenix and metropolitan Tucson through neurologists associated 

with the Arizona Alzheimer’s Disease Core Center.

Although migration of retirees to the region occurred initially in three major waves, 

coinciding with the establishment and marketing of housing developments in Sun City, Sun 

City West and Sun City Grand, the residents are all very similar, being composed 

overwhelmingly of elderly, well-educated, Caucasian (greater than 90%), middle and upper 

income individuals originating most commonly from Midwestern US states but with 

considerable influx from Northeast and Western states as well. The average residency time 

in Sun City is 12.6 years. As there is very little outmigration, the turnover is mostly due to 

deaths. Of the original Sun City population, 90% were replaced by a second generation of 

retirees by 1990.

Banner Sun Health Research Institute

Banner Sun Health Research Institute (BSHRI) is an affiliate of Banner Health, a non-profit, 

regional healthcare provider. Originally named the Institute for Biogerontology Research 

and then Sun Health Research Institute, BSHRI was conceived and initiated by Sun Health, 

a community owned and operated healthcare provider that began in 1965 to serve the needs 

of Sun City. Sun Health grew to provide healthcare to not only the original Sun City but also 

Sun City West and Sun City Grand as well as northwest greater Phoenix in general, all of 

which have experienced rapid growth of both retirement and non-retirement populations. 

Services provided by Sun Health included medical insurance, two acute care hospitals, 

extended and hospice care, outpatient clinics and Alzheimer care residences. Due to the 

increasing economic difficulties associated with providing healthcare to a predominantly 

elderly, Medicare-dependent population, Sun Health merged with Banner Health (http://

www.bannerhealth.com) in 2008. Banner Health is larger and serves a more age-diversified 

population with 36 000 employees and 25 hospitals.

Sun Health Research Institute was established in 1986 with funds from Sun Health 

operations revenue and charitable contributions to the Sun Health Foundation. The focus of 

the Institute’s scientific work has been, since its inception, Alzheimer’s disease, with 

substantial Parkinson’s disease research beginning in 1996. Since 1998, the Institute has 

been part of the Arizona Alzheimer’s Consortium, a state-funded alliance that also includes 

Banner Alzheimer’s Institute, the University of Arizona, Barrow Neurological Institute, the 

Mayo Clinic Arizona, Arizona State University and Midwestern University. The Consortium 

was awarded a US National Institute on Aging (NIA) Alzheimer’s Disease Core Center 

(ADCC) in 2001 and a state-funded Arizona Parkinson’s Disease Consortium (APDC) was 

initiated in 2002. Mayo Clinic and BSHRI together were funded in 2011 by the US National 
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Institute of Neurological Disorders and Stroke (NINDS) to form the National Brain and 

Tissue Resource for Parkinson’s Disease and Related Disorders.

Origin and evolution of the program

The BBDP has been in existence since 1987 and has enrolled more than 3100 subjects over 

that time, which constitutes more than 2% of the current combined populations of the 

surrounding retirement communities. Of these, more than 1600 subjects have expired and 

their brains have been collected and stored. Whole-body donation was started in 2005, with 

more than 430 subjects currently accrued. Presently there are about 900 living subjects 

enrolled. All subjects have volunteered specifically for the Program and are highly 

motivated, with an annual drop-out rate of less than 3%. Recruitment relied initially on 

hospital staff, who obtained consents from family members of individuals who died while 

admitted. Recruitment gradually became entirely done on a prospective basis, primarily 

through public speaking events and tours of the Institute given by Institute staff to 

community groups and the general public, although interactions of the population with 

physicians and nursing staff belonging to the Sun Health and Banner Health provider 

networks, and relatively frequent local media releases, also contribute. Eligibility criteria for 

the Program stipulate that subjects must reside in the greater Phoenix metropolitan region 

(except for about 8% of subjects that have been enrolled for the Arizona NIA ADCC 

through the University of Arizona in Tucson). Recruitment is directed at subjects with a 

clinical diagnosis of Alzheimer’s disease (AD), Parkinson’s disease (PD) or cancer or who 

are free of other major neurological conditions. Subjects must be free of hazardous 

infectious diseases and must consent to annual clinical assessments. Additionally, 

applicants’ private medical records are reviewed to exclude confounding diseases and 

hazardous infectious disease conditions including HIV, hepatitis B or C, Creutzfeldt-Jakob 

disease and other infectious encephalopathies. In the absence of private medical records 

review, the enrolling physician must complete a questionnaire responding to the presence or 

absence of a history of these conditions. All enrolled subjects or legal representatives sign an 

Institutional Review Board-approved informed consent form allowing both clinical 

assessments during life, several options for brain and/or bodily organ donation after death, 

and usage of donated biospecimens for approved future research. A separate section requests 

the subject to allow or disallow DNA isolation and storage as well as genetic testing.

Between 1987 and 1995 brain donors did not receive formal neuropsychological testing. 

Their mental status was determined by requisitioning medical records from their primary 

care physicians, neurologists, psychologists and psychiatrists, and through telephone 

interviews with family members and caregivers, both at the time of enrollment and in the 

immediate post-mortem period. In 1996 a clinical psychologist was hired and from then 

onward, a standardized neuropsychological assessment has been administered to more than 

75% of enrolled subjects (more than 90% of subjects since 2005). Also since 1996, most 

donors have received a standardized neurological evaluation tailored to detect overt and 

incipient movement disorders. A neuropathologist (TGB) was hired in 1997; prior to this 

time post-mortem diagnosis was performed by a retired general pathologist. In 2000, the 

clinical operations of the Program were greatly expanded, with the hiring of a cognitive 

neurologist, another neuropsychologist and associated support staff, while currently 
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participating personnel include multiple professional staff including neurologists, 

neuropsychologists, psychiatrists, psychometrists, coordinators, nurses and schedulers. The 

collective academic output of the BBDP is now described as the Arizona Study of Aging 

and Neurodegenerative Disorders (AZSAND).

Consideration of sampling issues

Subjects enrolled in the BBDP are not an accurate representative sample of the entire US 

elderly population, in that they lack racial diversity and are more highly educated, have 

higher incomes and live longer than the average US citizen. Although the study population 

lacks the diversity of the general US population, there are advantages of using a more 

homogeneous group. The use of homogeneous populations with minimal genetic and 

environmental variability decreases the subject number required to attain adequate statistical 

power. This has been recognized by many researchers and has been used, for example, by 

groups utilizing isolated populations to study inheritance.2–6 However, studying a more 

homogeneous group allows the possibility of missing disease characteristics resulting from 

alleles that may be enriched in some ethnic groups but not in others.

Autopsy studies, because of the requirement for subjects to volunteer for something that 

many people will not consider due to personal or religious feelings, cannot ever be 

considered to constitute a truly randomized population sample. At the very least, then, 

autopsy studies will be composed of a subset of the population that is more likely to 

volunteer for altruistic causes. This “volunteer bias” has been studied, and it is suggested, 

for example, that volunteers generally come from a higher socioeconomic background than 

non-volunteers.7–9 Volunteer bias may apply differentially to normal and diseased subjects, 

as normal subjects are almost always true volunteers while diseased subjects are often 

enrolled by family members after they have lost independent decision-making capacity. 

Despite these considerations, one study has shown that autopsied subjects do not differ 

appreciably from those that are not autopsied10 but this may differ with locale and methods 

of subject selection.

The BBDP is a longitudinal clinicopathological study of AD, PD and normal aging. The 

normal subjects are volunteers that are recruited from and reside in the surrounding 

community while the AD and PD subjects are recruited both from the community and from 

neurologists’ offices. While AD is so common that a population-based study of elderly 

subjects will obtain sufficient AD cases, PD is much less common, affecting only about 1% 

of the population over age 65, and so tens of thousands of normal older subjects would have 

to be autopsied in order to obtain an adequate number for clinical or post-mortem tissue 

studies. Other neurodegenerative diseases are even less common and for these, population-

based sampling would yield negligible case numbers. Although the BBDP is not primarily 

concerned with studying conditions other than AD or PD, it is necessary to have adequate 

numbers of subjects with other neurodegenerative diseases so that a “disease control” group 

is available. For this reason, directed recruitment is necessary, and the study design of the 

BBDP is necessarily case-control in nature.
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Governmental regulation of tissue donation after death

In the United States, as in much of the world, all medical research on human subjects is 

ethically and legally guided by the Declaration of Helskinki (http://www.wma.net/en/

30publications/10policies/b3/). Other documents of historical importance include the 

Nuremburg Code and Declaration of Geneva. The principles of the Declaration of Helsinki 

are honored in the US legal system within the Code of Federal Regulations (CFR),11 where 

they are summarized as the Common Rule. The Common Rule is administered by the US 

Office of Human Research Protection, which exists to ensure that all human subject research 

will adhere to the written standards. The health information of human subjects is protected 

by the Health Insurance Portability and Accountability Act of 1996 (HIPAA). The BBDP 

performs annual standardized clinical assessments and has obtained the approval of our 

Institutional Review Board for these and all other aspects of the Program, including the 

informed consent and protocol. However, the Common Rule applies only to living human 

subjects and therefore the US federal government does not directly regulate research 

performed on deceased human subjects but rather places responsibility for such regulation 

on individual US states.12 Each US state has their own unique set of laws applicable to 

research usage of tissue from deceased subjects but there is commonality in that 48 states 

have adopted the most recent form of the Uniform Anatomical Gift Act (UAGA). The 

original UAGA, enacted in 1968, was directed at increasing the availability of donor organs 

for transplantation, but the 2006 revision (http://www.uniformlaws.org/ActSummary.aspx?

title=Anatomical%20Gift%20Act%20(2006) expressly states that tissue donation may be 

made for the purposes of transplantation, therapy, research or education.13 An individual 

may sign an informed consent for post-mortem tissue donation while still alive, or this 

consent may be given after death by the spouse, adult children, parents, adult siblings, 

grandparents or legal representative, in hierarchical order. As rapid autopsy is a major 

objective for the BBDP, consent for autopsy and tissue donation is always obtained well 

prior to the subject’s death and subjects who are not able to come into our clinic for 

assessments are not accepted for enrollment. An important part of the UAGA is that a 

consent given during life does not need to be confirmed or re-acquired after death, as it 

would be almost impossible to rapidly obtain written consents from family members in these 

circumstances. Also, the UAGA prevents others, even family members, from revoking 

permission for tissue donation after death when the deceased individual had given their 

informed consent while alive. A summary of the UAGA on the official website (see above) 

states,“. . . there is no reason to seek consent from the donor’s family because the family has 

no legal right to revoke the gift. The practice of procurement organizations seeking 

affirmation even when the donor has clearly made a gift results in unnecessary delays in 

procuring organs and the occasional reversal of the donor’s wishes.” While the UAGA has 

cleared up many of the uncertainties and state-to-state variability that previously existed, US 

domestic law still does not provide explicit guidance on the handling or ownership of post-

mortem human tissue.13

Clinical assessment

Standardized general medical, neurological and movement examinations as well as cognitive 

assessments and sleep and autonomic symptom questionnaires are administered annually to 
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most subjects. Olfactory testing is performed every third year (Table 1). Standardized 

neuropsychological exams began in 1996, movement exams in 1997 and general 

neurological and extended cognitive exams in 2001. It is the objective to give all these 

assessments to all subjects regardless of whether they are considered normal controls or 

have dementia or parkinsonism. In the most recent 5-year period, at BSHRI alone there have 

been 2543 general neurological exams on 887 subjects, 2646 movement exams on 904 

subjects, 2694 neuropsychological tests on 930 subjects, 2410 sleep questionnaires on 882 

subjects, 2408 autonomic questionnaires on 881 subjects and 1120 (University of 

Pennsylvania Smell Identification Test (UPSIT) on 945 subjects. Clinical diagnostic 

classification is performed after each annual assessment, at a consensus conference attended 

by neurologists, psychiatrists and neuropsychologists. A final clinicopathological diagnosis 

is assigned after death, after review of all standardized clinical data, the most recent private 

medical records and neuropathological examination findings.

Although it is a requirement of the Program that donors consent to annual standardized 

clinical assessments, and considerable efforts are expended to have every subject assessed, 

some die without a standardized assessment. There are various reasons why not all subjects 

are assessed. Some subjects are in a terminal phase of illness when they register with the 

Program and die or become incapacitated before an assessment can be done, while others 

have difficulty scheduling an appointment for various reasons. A common impediment is a 

lack of someone to bring them in if they are not able to drive themselves. Home visits are 

done to help rectify this but these are limited as they add significant cost due to travel time. 

Some donors had enrolled in the Program prior to the time that standardized clinical 

assessments became mandatory (about 1997) and are therefore allowed to remain as brain-

only donors. For normal control cases that die without a standardized BBDP clinical 

assessment, or whose last BBDP assessment was more than 18 months prior to death, an 

effort is made to obtain detailed information through telephone interviews with informants. 

These are standardized interviews that cover basic and instrumental activities of daily living, 

symptoms of cognitive impairment, movement abnormalities, and questions relating to sleep 

and autonomic functions. Questions are drawn from published scales such as the Clinical 

Dementia Rating Scale, Neuropsychiatric Inventory and Functional Activities 

Questionnaire.

Private medical records are obtained for all subjects and these are reviewed in a standardized 

manner. Generally the records from the two most recent years are obtained at initial 

enrollment and again after death. Of 1188 subjects with completed neuropathological 

examinations since 1997 (medically-licensed neuropathological examinations began in 

1997), only 16 have no private medical records available. The median time span covered, 

from earliest to latest record date, is 70 months (5.8 years). After an initial “training period” 

in which all medical diagnoses were recorded, a total of 498 separate diagnoses were 

retained and a translation query written to condense all known synonyms for a given 

condition to a single “approved health condition”. We have found that review of private 

medical records is essential to gaining a full understanding of the subject’s overall medical 

history. The records receive multiple reviews by support staff, a neuropsychologist, a 

psychiatrist, a neurologist and the neuropathologist to ensure accuracy. Subjects also fill out 

medical history questionnaires at BBDP visits, and by comparing these to information 
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obtained from review of private medical records, it is evident that self-report of medical 

conditions consistently under-reports health conditions, as compared to private medical 

records review.

A narrative summary of the clinical history is written after the subject’s death and is 

included in the neuropathology report, using all available clinical information, including 

results of BBDP standardized assessments, subject health questionnaires and private medical 

records.

Flow of subjects through the BBDP

The flow of subjects through the BBDP over the most recent 5-year period is illustrated in 

Figure 1. On August 1, 2009 there were 1009 living subjects enrolled in the BBDP. This 

initial input of subjects was supplemented by 511 new subjects recruited over the following 

5 years, giving a total of 1520 subjects that were enrolled in the BBDP over this time period 

(“total subject input” in Fig. 1). Five years later, 896 subjects were still living and still 

enrolled while 199 had dropped out of the Program and 425 had died. Of those who died, 

four were not autopsied because the BBDP was not notified at the time of death. Of those 

autopsied, 357 (84%) had had one or more standardized BBDP clinical assessments during 

life.

Post-mortem operations

Dedication to short post-mortem interval (PMI)—Since the inception of the 

Program, the overriding organizing principle has been that the organ must be removed and 

processed as rapidly as possible. The median PMI, defined as the time elapsing between 

death and the start of organ removal, for all 1611 of our autopsied subjects, is 3.0 hours. 

There is a moderately extensive literature on the relationship between PMI and organ tissue 

quality, which will not be exhaustively summarized here, but it is apparent that deterioration 

of molecular entities after death varies widely depending on what is being measured. Highly 

volatile energy storage molecules such as ATP disappear within minutes,20 catecholamines 

drop precipitously14,15,21,22 and phosphorylated protein concentrations 

(“phosphoproteome”) fluctuate widely16 within the first few hours while high-molecular-

weight DNA may be stable for up to 20 days after death.17 Previous research draws 

conflicting conclusions about the postmortem stability of RNA in organ tissue. Many report 

that post-mortem RNA is stable, using measures of global RNA integrity.18,19,23–32 Studies 

of various individual RNA species report mixed results with some indicating stability post-

mortem30,33–39 while others have found associations between PMI and expression of various 

individual RNA transcripts.32,40–51 Variability in post-mortem preservation of different 

mRNA transcripts may be due to differing tertiary structures or normal physiological half-

lives, which range from minutes to days. For example, c-fos mRNA has a half-life of 15 min 

while that for globin mRNA is 50 h.21

We analyzed52 total RNA extracted from frozen cerebellar cortex from 79 deceased BBDP 

subjects (see Fig. 2). The PMI was significantly correlated with overall RNA quality 

measures including RNA Integrity Number (RIN) (r = −0.34, P = 0.002) and RNA 

quantitative yield (r = −0.25, P = 0.02). Additionally, we determined the expression of 89 
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genes using a PCR-based gene expression array. A greater proportion of genes had 

decreased rather than increased expression with increasing PMI (65/89 vs 20/89; P < 

0.0001). Of these, transcripts from the genes ADAM9, LPL, PRKCG and SERPINA3 had 

significantly decreased expression with increasing PMI (P < 0.01). No individual gene 

transcripts had significantly increased expression with increasing PMI. Broniscer et al.,53 

using a RIN of 7.5 as a definition of “minimally acceptable RNA”, found that, of samples 

with a PMI of less than 5 h, 70% had acceptable RNA quality, as compared with only 21% 

of the samples from longer PMI autopsies. From a systematic sample of more than 865 

BBDP subjects, the median RIN for organ tissue is 8.9, while for 329 samples from a variety 

of bodily organs and tissues, the median RIN is 7.4. For organ samples, more than 85% have 

a RIN greater than 7.5.

These results and the brief literature review presented here indicate that a short PMI clearly 

allows optimal use of the resource but it is evident that all post-mortem studies must 

evaluate the influence of PMI as it is dependent on the specific molecular forms under 

investigation.

On-call autopsy teams

The maintenance of a rapid autopsy program requires sufficient staffing to prevent 

“burnout”. We are not aware of any other autopsy program that has had a similarly 

consistently short PMI. Most rapid autopsy programs fail because of understaffing that leads 

to burnout and resignation. Our experience has led to the conclusion that it is advisable to 

limit on-call periods for any one individual to no more than 4 months per year. The 

minimum number of persons required for each callout is two, for both safety and efficiency 

reasons. At present, we have four rotating on-call teams, each team consisting of two trained 

dissectors (one each for the brain and body, working in parallel) and two assistants. The 

trained dissectors are all BBDP employees and are on call every third month, while the 

assistants, derived from volunteers amongst the entire BSHRI scientific, technical and 

administrative staff, generally serve for 1–3 months per year. Trained dissectors and 

assistants are paid a bonus for each callout. As another strategy to avoid on-call team 

burnout, we continually optimize procedures to minimize tissue processing time. Generally 

we complete all procedures in 3–4 h and the total time a team member spends on a call, 

including transportation to and from their home, is between 3 and 5 h. To expedite organ 

processing, we always have made preparations for 2–3 autopsies into the future, prelabeling 

all containers and bags. Having a permanent dedicated autopsy suite enables all tools and 

equipment to be laid out ready for use.

Time-of-death telephone protocol and cadaver transport—When subjects 

registered into the Brain Donation Program die, their caregivers or family members, whether 

they are living at their own home (most subjects who die at home are registered in an 

approved hospice program) or at a care institution, follow the instructions given to them at 

the time of acceptance into the Program. The instructions are simple and require only that 

the caregiver telephone the Institute as soon as possible after death. If the call is after-hours, 

it is transferred to the operator at one of Banner Health’s acute care hospitals. The on-call 

autopsy team leader is then paged by the hospital operator and calls in to receive the contact 

Beach et al. Page 9

Neuropathology. Author manuscript; available in PMC 2015 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



information. The team leader then calls the contact, usually an employee of the care 

institution or hospice program, and conducts a short interview to ascertain the subject’s 

identity, confirm that they are registered in the Program, and record the subject’s current 

charted medical history conditions. The team leader also asks whether the subject has 

specific hazardous infectious diseases (see later section on safety for details). Subjects are 

transported to the BBDP morgue by a contracted commercial cadaver transport company. 

These transportation companies normally serve funeral homes on a 24-h basis and therefore 

are ideally suited for serving a rapid autopsy program. All charges are borne by the 

Program; donors and their families are not charged for any aspect relating to their clinical 

assessments or autopsy.

Blood and CSF draw, scalp and temporalis muscle sampling

Prior to removing the brain, CSF is drawn from the lateral ventricles and heart blood is 

drawn from the left ventricle by transthoracic puncture, using 30 mL disposable 

polyethylene syringes fitted with 8 cm long, 18 gauge needles. The CSF is ejected into 15 

mL disposable polyethylene tubes for centrifugation while the blood is converted to serum 

by introduction into standard serum separator vacuum tubes (7 mL) prior to centrifugation. 

Although a small fraction of blood is also taken into EDTA vacuum tubes (4 mL each) for 

preparation of plasma, this is not directly comparable to plasma from living subjects as 

extensive post-mortem coagulation removes many clotting factors and other proteins. About 

20–30 mL of CSF, 5–10 mL of serum and 4 mL of EDTA-treated serum are generally 

obtained. A 2–3 mL sample of blood serum is sent to a commercial clinical pathology 

laboratory for syphilis, HIV and hepatitis A, B and C serology. Remaining blood serum as 

well as CSF is centrifuged and supernatants from both blood serum and CSF are aliquotted 

into 0.5 mL polyethylene microcentrifuge tubes and stored frozen at −80°C.

Analysis of post-mortem CSF has been criticized but offers considerable potential for 

identifying predictive and diagnostic biomarkers. Cerebrospinal fluid is contiguous with the 

brain interstitial fluid and thus reflects brain chemistry.54 Therefore, it is likely that 

neurodegenerative abnormalities in the brain will ultimately produce a characteristic 

biochemical signature that will be most evident in the CSF. However, a critical deficiency 

with most CSF tests is that they have rarely been evaluated against the gold standard for 

diagnosis, which is neuropathological examination of the brain at autopsy. Evaluation of 

new biomarkers using, as a gold standard, a clinical neurological diagnosis, cannot, by 

definition, be shown to improve on this. Therefore the numerous CSF studies that claim 80–

90% sensitivity and specificity as compared to the clinical diagnosis of AD are misleading 

in that they actually represent only at most 70% accuracy with respect to the true 

neuropathological diagnosis.55 The usage of post-mortem CSF in conjunction with 

neuropathological diagnosis is therefore a valuable and unique approach to biomarker 

evaluation.

However, it is recognized that post-mortem CSF changes56–59 must be distinguished from 

changes due to disease. We have conducted extensive studies on postmortem CSF60–66 

using Western blot, ELISA, proteomic and metabolomic methodologies and have generally 

obtained results similar to those published by other groups who have used CSF drawn from 
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living subjects who later died, were autopsied and neuropathologically diagnosed. Perhaps 

because our CSF studies have been from subjects with very short PMI, we have not found a 

correlation between measured CSF biomarkers and PMI,61 although we have found that 

phosphorylated tau protein appears to be depleted in the post-mortem period, suggesting that 

phosphorylated proteins in the CSF, as in the brain,16 may be especially vulnerable to post-

mortem changes. It has often been stated that lumbar CSF has significant differences from 

ventricular CSF but a relatively recent comprehensive proteomics study found significant 

concentration differences in only two proteins.67 In our opinion, the benefits obtained by 

having precise neuropathological diagnoses for subjects greatly outweighs the disadvantages 

conferred by the presence of any minor post-mortem changes, and post-mortem CSF is thus 

an ideal medium for biomarker discovery. As with any post-mortem tissue study, all results 

must be correlated with PMI and possibly confounding peri-mortem factors as biochemical 

entities are heterogeneous in their behavior with respect to these. Our post-mortem CSF is 

stored in polypropylene tubes, as recommended by recent studies and organizations.68

Also prior to brain removal, and prior to CSF draw, samples are taken of temporalis muscle 

and scalp. Many neurological diseases can be diagnosed or studied in muscle or skin and 

therefore we fix and/or freeze these samples along with the brain tissue. We have published 

results for Aβ concentrations in temporalis muscle samples69 and have used scalp samples to 

look for both AD changes (unpublished negative results to date) and Lewy-type 

synucleinopathy (also negative findings to date).70

Brain removal, gross dissection and initial tissue processing

Brain removal is accomplished in the standard fashion with an oscillating electric saw. As 

some of our investigators regularly culture glial and vascular cells from the postmortem 

brain tissue,71–76 when this is being done, extra steps may be taken to minimize bacterial 

contamination of brain tissue, including washing of the scalp with an antibacterial solution, 

using sterile gloves and wiping down the cutting board with 70% ethanol. The brain is 

removed with as much cervical spinal cord as possible. Following brain removal, the 

pituitary gland is dissected from the sella turcica.

Gross neuropathologic examinations on brain external surfaces, coronal cerebral slices and 

parasagittal cerebellar slices may be performed by the neuropathologist during working 

hours but as most autopsies occur outside of working hours, all brains are photographed at 

the time of removal, whole and after slicing, with a digital camera and dedicated software 

that transmits the images directly to a computer hard-drive. By reviewing the digital images, 

the neuropathologist is then able to perform a gross description on brains removed and 

processed after-hours.

The details of the brain dissection are as follows. The olfactory bulbs and tracts as well as 

the pineal and pituitary glands are removed and the cerebellum and brainstem are severed 

from the cerebrum by a transverse cut across the rostral pons, keeping the entire substantia 

nigra (SN) with the coronally sectioned cerebral slices. The leptomeninges are stripped from 

both cerebrum and cerebellum for storage as research material.77 The cerebellum is 

separated from the brainstem by severing the cerebellar peduncles. Each hemicerebellum is 

sliced into 4–5 segments in the parasagittal plane. The brainstem is sliced into left and right 
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halves. The cerebrum is sliced into 1 cm segments in the coronal plane. The left side slices 

are used for immersion fixation while the right side slices are rapidly frozen between sheets 

of dry ice (20 × 20 × 3 cm).

This method of brain processing differs from the conventional neuropathological 

examination, in which the whole or half of the brain is immersed in formaldehyde for 7–14 

days before slicing. Although it has been argued that fresh-slicing detracts from the 

neuropathological gross exam, we feel that it is essential to slice the brain fresh, to enable 

both rapid freezing and optimum fixation. Freezing an intact hemisphere slowly on dry ice 

or by simply placing it in an ultralow-temperature freezer may result in severe ice-crystal 

artifact,78 rendering the tissue unsuitable for cryostat-section histological examination, 

which has become increasingly important as a method for molecular studies, especially 

those utilizing confocal laser-capture microscopic analysis. Also, the long-entrenched idea 

that rapid freezing in liquid nitrogen or similar fluids is essential for molecular biological 

studies is simplistic and incorrect. In fact, ultra-rapid freezing may cause membrane damage 

while slow freezing in iso-osmotic cyroprotectant is optimal for synaptosomal 

preparations.21 Our experience has shown that freezing rapidly between sheets of dry ice 

gives morphologically intact tissue suitable for a wide range of molecular biological 

procedures, including Western blot, ELISA, Northern blot, in situ hybridization, gene 

microarray, proteomics and RT-PCR.

Similarly, fixing the brain whole or as an intact hemisphere is not optimal as this results in 

extreme fixation gradients across the tissue, with brain surfaces becoming over-fixed while 

interior regions are under-fixed. These fixation gradients make even semi-quantitative 

immunohistochemical (IHC) evaluation very difficult, although a minority of epitopes are 

tolerant to this. While perfusion-fixation of the post-mortem brain through the circle of 

Willis (the entire cerebrum or one hemisphere can be fixed this way) is the optimal fixation 

method,79 this is time-consuming and we have found that fixation of 1 cm-thick slices for 

24–48 h at 4°C is a reasonable compromise, although still subject to a fixation gradient.

To aid in the production of uniformly thick fresh brain slices for freezing and fixation, we 

have developed a brain slicing apparatus (jig) that holds the brain together while being 

sliced. With the assistance of a retired engineer living in Sun City and a contracted 

fabrication company (AvTek, Inc, Phoenix, AZ, USA), we have enabled its semiautomated 

duplication by entering the 3-dimensional plans for the apparatus onto a computer.

Fixation is carried out for 2 days at 4°C with a commercial formalin preparation containing 

4% formaldehyde. Following fixation, diagnostic tissue blocks are taken from 28 brain 

regions (Table 2) for embedding in paraffin wax; additionally, eight large (about 3.5 × 5 cm) 

tissue blocks, representing all cerebral lobes as well as cerebellum, following cryoprotection 

in 2% dimethyl sulfoxide/20% glycerol, are sectioned at 40 μm and 80 μm on a sledge-type 

freezing microtome. These thick sections are superior to standard autopsy brain paraffin-

embedded sections for both silver stains and immunohistochemistry, due to their relatively 

light fixation,79,80 thickness (allowing full visualization of 3-D structure), structural integrity 

(allowing processing as free-floating sections, which improves antibody access and 

washing) and lack of exposure to hot paraffin wax.81 These large-format sections also offer 
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the opportunity for grading of cerebral white matter rarefaction and an extensive survey for 

microscopic infarctions. Pre-cut free-floating 40 μm and 80 μm sections, as well as 

unsectioned fixed wet brain blocks, are stored in 0.1 mol/L phosphate buffer with 0.1% 

sodium azide, in a refrigerator at 4°C (sections) or at room temperature (fixed wet brain 

blocks). Sections and tissue stored in this manner are excellent for IHC studies even after 

years of storage.

Diagnostic stains

Sections from paraffin blocks are cut at 6 μm and stained with HE. A standard set of brain 

sections is immunohistochemically stained for phosphorylated α-synuclein70,82 to identify 

Lewy bodies and Lewy-related neurites (see Fig. 3). Sections from the large frozen blocks 

are stained with Campbell-Switzer, Gallyas83 and Thioflavine S methods for plaques, 

tangles and other inclusions (see Fig. 3). While some investigators have criticized the usage 

of any stains other than molecularly specific IHC stains,84 we continue to use this set of 

stains to maintain consistency and standardization over many years of operation. The Braak 

neurofibrillary staging method was initially described using the Gallyas stain85 while the 

Thal amyloid staging method was initially described with the Campbell-Switzer stain.86 

Both Braak and Thal have shown that the Campbell-Switzer silver stain very closely 

corresponds with IHC methods for Aβ.87–90 Previous and subsequent studies have also 

supported that IHC is not always or necessarily more sensitive than all other methods.91–95 

We have demonstrated the equivalency of Campbell-Switzer and IHC methods for Aβ in an 

imaging-to-autopsy study of an amyloid imaging agent, F18 florbetapir,96,97 where cortical 

amyloid standardized uptake value ratio correlated with similar strength to plaque densities 

estimated with both Campbell-Switzer (Spearman rho = 0.76; P < 0.0001) and Aβ IHC 

(Spearman rho = 0.71; P < 0.001). Additionally, the validity and accuracy of the Campbell-

Switzer method has also been established through strong correlations with autoradiographic 

binding of F18 florbetapir98 in post-mortem human brain sections (Spearman rho = 0.95; P 

< 0.0001).

The 80 μm sections are stained with HE to detect and grade periventricular cerebral white 

matter rarefaction (leukoaraiosis)77,99 and microinfarctions (see Fig. 4). With these large, 

thick sections, we have found that HE is superior to Luxol Fast Blue for detection of white 

matter changes. Additional IHC procedures are used as needed, including those for 

phosphorylated tau protein to detect atypical tauopathies,100,101 ubiquitin and 

phosphorylated TDP-43102 to detect intraneuronal inclusions of fronto-temporolobar 

dementia (see Fig. 3).

Semi-quantitative assessment of histopathological lesions

Histopathological scoring is performed blinded to clinical and neuropathological diagnosis. 

Amyloid plaque and neurofibrillary tangle density are graded and staged at standard sites in 

frontal, temporal, parietal and occipital cortices as well as hippocampus and entorhinal 

cortex, based on the aggregate impression from the 80 μm sections stained with thioflavin S, 

Campbell-Switzer and Gallyas methods. The total plaque score, considering all types of 

plaques (cored, neuritic and diffuse) together, is predominantly derived from the Campbell-

Switzer stain while the Gallyas and thioflavine S stains are especially useful for estimating 
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neuritic plaque densities. All three stains show neurofibrillary changes and therefore this 

score is estimated after viewing slides stained with all three. Both total and neuritic plaque 

densities are rated as none, sparse, moderate and frequent, using the published CERAD 

(Consortium to Establish a Registry for Alzheimer Disease) templates.103 Conversion of the 

descriptive terms to numerical values give scores of 0–3 for each area, with a maximum 

score of 15 for all five areas combined. Neurofibrillary tangle abundance and distribution is 

also graded in these thick sections, again using the CERAD templates for this, while the 

original Braak protocol83 is used for estimating the topographical distribution of 

neurofibrillary change. We are currently engaged in retrospectively rating a subset of past 

cases for Thal amyloid phase,86 and re-classifying the same subset according to NIA-AA 

(National Institute on Aging-Alzheimer’s Association) criteria for AD.104,105

Paraffin sections stained with IHC for phosphorylated α-synuclein70,82 are graded for 

density of Lewy-type synucleinopathy, considering together both neuronal perikaryal 

inclusions and neuropil fibers (0–4) according to templates published by the Dementia with 

Lewy Bodies Consortium.106 Ten standard brain regions are assessed, including olfactory 

bulb, anterior medulla, anterior and mid-pons, midbrain with SN, amgydala, anterior 

cingulate gyrus and three neocortical regions (middle frontal gyrus, middle temporal gyrus, 

inferior parietal lobule). A summary brain score of all 10 regions is recorded to give an 

overall brain load estimate, with the highest possible score being 40. The topographical 

distribution of Lewy-type synucleinopathy is classified using the Unified Staging System for 

Lewy Body Disorders.70

Assessment of the nigrostriatal dopaminergic system

Accurate counting of neurons within defined brain regions requires the methods of unbiased 

morphometry107,108 and a complete sampling of the brain region of interest. For cases with 

clinical parkinsonism, as well as many control cases, we have serially sectioned the SN in a 

subset of subjects, to allow researchers to perform unbiased estimates of neuron numbers. 

The entire left side of the SN was serially sectioned at 40 μm on a sliding freezing 

microtome, with all sections collected and stored appropriately. There are 146 cases that 

have been serially sectioned in this manner. These include 36 controls, 10 with incidental 

Lewy body disease (ILBD), 58 with PD, nine with dementia with Lewy bodies (DLB), 10 

with AD with Lewy bodies (ADLB) and 19 with progressive supranuclear palsy (PSP). 

However, serial sectioning is very time-consuming and there has been very little demand for 

sets of these serial sections. To allow correlations of nigrostriatal depletion with clinical and 

tissue measures, we have semi-quantitative estimates (none, mild, moderate, severe) of SN 

pigmented neuron loss, at a standard level, available for virtually all cases. We also have 

measured striatal tyrosine hydroxylase (TH) concentrations by ELISA in 205 cases and the 

objective is to have this biochemical data available for all the relevant cases (e.g. all Lewy 

body disorders, normal controls and a selection of non-Lewy body neurodegenerative cases). 

We have also used this ELISA data to validate our semi-quantitative SN pigmented neuron 

loss scores; the correlation, in 205 cases, between the neuron loss scores and the striatal TH 

concentrations is very strong and highly significant (Spearman rho = 0.90; P < 0.0001). The 

correlation of striatal TH with SN Lewy-type synucleinopathy density score is also strong 
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and significant (Spearman rho = 0.94; P < 0.0001). Our TH ELISA method has been 

previously published.109

Assessment of vascular lesions

Circle of Willis atherosclerosis is graded by gross visual external inspection, as previously 

published.110,111 The extent of atheromatous involvement is rated as none, mild, moderate 

or severe, using a schematic template. The method was validated by comparison with 

detailed computerized cross-sectional measurements of arterial lumen narrowing, performed 

on 54 cases in a separately published study. The correlation coefficient between the two 

methods was highly significant (Spearman rho = 0.64; P < 0.0001), indicating that the gross 

visual grading method corresponds reasonably well to the degree of atherosclerotic 

narrowing of the arterial lumen. The inter-rater reliability of the method was assessed in a 

separate subset of 50 cases, by grading each specimen on two separate occasions. With 40 of 

the cases, the same grade was assigned by both observers, while in 10 cases, the score 

differed by one grading unit. The Spearman correlation coefficient between the two 

observations was 0.92 (P < 0.0001).

Cerebral white matter rarefaction77,97,112–116 is graded in frontal, temporal, parietal and 

occipital lobes on the large 40 or 80 μm sections stained with HE. The method is analogous 

to that used by neuroradiologists to grade leukoaraiosis or “small vessel disease” in the 

cerebral white matter with MRI. Rarefaction restricted to the immediate periventricular 

region, occupying 25% or less of the centrum semi-ovale, is termed “mild”, while 

“moderate” is used when this extends to between 25% and 50%, with “severe” being 

reserved for rarefaction involving more than 50%. A summary score is obtained by adding 

the scores from all lobes, with a maximum score of 12.

Cerebral amyloid angiopathy (CAA) is graded on the same thick sections, primarily with the 

thioflavin S stain, and is a semi-quantitative estimate of the density of involved blood 

vessels, again by analogy with the CERAD templates. The extent of vascular circumferential 

amyloid deposition is not recorded. Each region receives a score of 0–3, with a maximum 

total score of 12.

Brain infarcts are classified by estimated age (acute, subacute, old or chronic), location and 

size (see Table 3). Centrum ovale infarcts are defined as those that are restricted to the 

centrum ovale; if the infarct involves both cerebral cortex and centrum ovale, it is classified 

as a cerebral cortex infarct. Deep nuclei infarcts include those of the basal ganglia, thalamus, 

subthalamic regions and hypothalamus. Infratentorial infarcts are those involving the 

brainstem and/or cerebellum. A volume is estimated for each infarct, and summary figures 

are recorded for brain subdivisions as well as for the entire brain. Foci of cerebellar cortical 

sclerosis are recorded as infarcts and are generally microscopic in size class. Acute ischemic 

changes are not counted as infarcts but are separately noted. It is recognized that the actual 

numbers of microscopic infarcts in a brain are likely to be up to 1000 times higher than what 

is found with standard brain sampling.117 Infarcts are very common in the BBDP 

population, with 43% of all subjects having one or more autopsy-confirmed infarcts. 

Prevalences for several subtypes of infarct are given in Table 3.
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Correlation of neurodegenerative and vascular lesions with cognition

Cognitive impairment in the elderly is usually multifactorial. All of the significant causes 

have not yet been identified, although neuritic plaque density, Braak tangle stage and Lewy-

type synucleinopathy load have all been found to be independently significant factors in 

most studies.118 A brief analysis of several possible influences in the BBDP population is 

presented in Table 4. The analysis includes 693 subjects aged 70 or over, for whom Mini 

Mental State Examination (MMSE) score, total white matter rarefaction (WMR) score, 

CERAD neuritic plaque density, Braak stage, CAA total score, number of cortical 

microinfarcts and total brain load for Lewy-type synucleinopathy are all available. All tissue 

measures had a significant inverse correlation with MMSE score except the number of 

cortical microinfarcts. Using logistic regression analysis and including age as a covariable, 

only neuritic plaque density, Braak stage, Lewy-type synucleinopathy brain summary score 

and total white matter rarefaction score were significant independent predictors of a lower 

MMSE score. However, it is recognized that the presence of multicolinearity between these 

variables, and the overwhelming influence of neurofibrillary change, may obscure 

significant relationships without the employment of more sophisticated analysis methods. In 

particular, others have reported that the number of microscopic infarcts is associated with a 

greater risk of dementia.119,120

Diagnosis of neurodegenerative disorders

Diagnostic criteria have been amply discussed in the literature and will not be reviewed 

here. Published clinicopathological consensus criteria105,106,121–126 are used when available, 

incorporating clinical determinations of cognitive status and the presence or absence of other 

neurological signs as well as pertinent medical history. The diagnoses of cases coming to 

autopsy in the BBDP since 1997, when full neuropathological examinations first became a 

standard feature, are given in Table 5. The frequency of different conditions reflects both 

local prevalence and recruiting priorities, which have been focused on normal elderly 

controls, AD and PD. However, noteworthy are the relatively high frequencies of non-

Alzheimer’s dementias, particularly DLB, vascular dementia (VaD), PSP and hippocampal 

sclerosis, all of which have often come to autopsy as clinically diagnosed undifferentiated 

dementia or AD. A recent publication is more indicative of the true incidence of these 

conditions in the BBDP population, as it is based on the conversion rates of BBDP subjects 

that were initially normal at their BBDP clinical assessments.127 Also notable is the frequent 

co-existence of more than one major neuropathological condition in the same 

subject,97,102,114,127,128 in agreement with such findings at other centers.129

Genotyping and DNA banking—Since the discovery of the molecular genetic cause of 

Huntington’s disease,130 technological advances in DNA sequencing have led to the 

identification of multiple genetic risk factors for neurodegenerative diseases. DNA has been 

routinely prepared from lightly fixed cerebellar cortex from more than 95% of autopsied 

subject since 1997.131,132 We have found this method more convenient than using fresh-

frozen tissue although the method is generally unsuitable for brain tissue fixed in formalin 

for the standard interval of 10 days to 2 weeks; in these cases we use fresh-frozen 

cerebellum. The apolipoprotein E (apoE) genotype has been determined for more than 95% 

of subjects since 1997. Quality control studies are periodically done, consisting of having a 
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series of apoE-genotyped cases repeated by another laboratory. Isolated DNA remaining 

after apoE genotyping is stored for future studies. Screening for other mutations or 

polymorphisms (Table 6) is performed when family history, clinical features and/or 

histopathology indicate increased risk for a particular condition, or when a particular study 

is funded. For highly penetrant mutations causing early-onset neurological dysfunction, 

disclosure of test results is offered, through a certified genetic counselor.133–136

Tissue quality assessment

Post-mortem tissue quality is affected by PMI, pre-mortem (agonal) conditions and post-

mortem (pre-analytical) factors. Agonal status impacts tissue quality, as fever, ischemia-

hypoxia and acidosis are deleterious to many molecules of interest.14,21,28,36,47,137,138 

However, agonal status is difficult to determine in elderly subjects, who usually die in a 

nursing home without close medical supervision. The pH of CSF and/or brain tissue has 

been used as a surrogate marker for tissue quality.20 Some studies have reported that when 

the agonal state, as inferred from clinical data, is expected to have been detrimental, for 

example in cases of prolonged mechanical ventilation, the pH is low (e.g. pH 5.5–6.0), while 

in cases of sudden death it is higher, closer to normal (e.g. 7.0–7.4).137,139 Some enzyme 

activities and measures of RNA integrity have correlated with post-mortem pH, but not in all 

studies or for all subtypes of these molecules.14,28,35,140,141 Two comprehensive studies 

may have resolved the variability in prior reports, as it was found that only pH values under 

about 6.5–6.8 were associated with decreased RNA integrity.28,140 We have found that 

postmortem CSF pH did not correlate with viable cell yield in post-mortem glial cultures.142 

A surprising result was that PMI was significantly correlated (inversely) with CSF pH (R = 

−0.37, P = 0.01), in agreement with one other group143 but in disagreement with several 

other reports.35,140,144 As CSF or brain pH is only an indirect marker of tissue quality, we 

have chosen instead to measure RNA integrity as a direct marker of tissue quality. Currently 

we have measured RNA RIN on frozen cerebellar samples of 848 cases. As mentioned, the 

median RIN for brain tissue is 8.9, while for 329 samples from a variety of bodily organs 

and tissues, the median RIN is 7.4. We also measure RNA quantitative yield; the mean for 

863 cases in cerebellar cortex is 124.2 ng/μL. This effort is continuing, as the objective is to 

have RIN and RNA yield estimates from every brain collected since 1997.

Study of freeze-thaw effects and CSF pH on tissue RNA integrity—We have long 

suspected that most of the molecular degradation that occurs in banked tissue is due to 

repeated freeze-thaw cycles, which occur due to improper handling during dissection for 

tissue retrieval or due to freezer malfunctions. Previous research has indicated that thawing 

and refreezing of frozen brain tissue may be injurious to RNA because of damage to cellular 

membranes, including those of lysosomes containing ribonuclease.25,43,44 However, these 

investigations did not provide a quantitative estimate of RNA loss. An extensive literature 

search revealed only a single study that systematically addressed quantitative RNA changes 

due to repeated thaw-refreeze effects. This study was performed on surgically removed 

tonsillar tissue.145

We have systematically investigated the effects of thawing and refreezing on RNA integrity, 

by deliberately thawing and freezing small samples of brain tissue over varying time 
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intervals and temperatures. Multiple frozen cerebellar samples (25–30 mg) from a single 

subject with initially high RIN were taken from an ultralow temperature freezer (−80 C), 

placed in chilled polyethylene microcentrifuge tubes and subjected to 1–6 thaw-refreeze 

cycles. For each cycle of thawing and subsequent refreezing, the tubes were removed from 

the freezer and placed in a tube rack on the lab bench at room temperature (20°C). After 30 

min, the tubes were refrozen by placing back in the ultralow temperature freezer. Correlation 

of RIN and RNA quantitative yield with number of freeze-thaw cycles (Fig. 2) showed a 

trend for decreasing RIN with increasing number of freeze-thaw events but this did not 

reach the significance level (r = −0.67; P = 0.14). In contrast, increasing number of freeze-

thaw cycles resulted in a significant decline in RNA yield (r = 0.93, P < 0.008). The 

expression of 89 genes was determined using a PCR-based array (RT2 ProfilerTM PCR 

Array: Human Alzheimer’s Disease, SABiosciencesTM, Frederick, MD, USA) containing 

genes pertinent to AD. A greater proportion of genes had decreased rather than increased 

transcript concentrations with increasing cycle number (80/89 vs 5/89; chi square P < 

0.0001). Significantly decreased transcript concentrations occurred for 21 individual genes 

with increasing cycle number even after correction for total RNA concentration (unpaired, 

two-tailed t-tests, P < 0.001). In conclusion, we determined that RNA degrades 

progressively with increasing number of thaw-refreeze cycles and that RIN does not appear 

to be as sensitive as RNA yield as a marker of RNA degradation related to repeated thaw-

refreeze cycles.

When dissecting frozen tissue samples for use by researchers, the tissue must not be allowed 

to thaw. We dissect on dry ice with heavy razor blades (Thompson tissue slicers), letting the 

tissue warm slightly (to about –20°C) to avoid shattering.

To avoid loss of tissue due to freezer malfunction, multiply-redundant protective systems are 

required. Our freezers are currently protected by two separate temperature-sensitive alarm 

systems that communicate temperature range perturbations by online access, email, text and 

telephone. Additionally, a diesel generator provides power in the event of electrical failure, 

and banks of CO2 tanks are connected to allow backup, automatic cooling when triggered by 

out-of-range freezer temperatures. A disaster plan is evolving to meet challenges posed by 

local or regional environmental, geological or other exigencies.

Cryostat sections for biochemical study of small, important brain regions

One of the limitations of brain banking is that some of the most important brain regions are 

very small and just one or two studies requiring frozen tissue may entirely deplete the frozen 

tissue from that region. Examples of these small yet vital regions are the entorhinal cortex, 

hippocampus and SN. To overcome this limitation and distribute tissue from these regions to 

greater numbers of researchers, we have been sectioning these brain areas on a cryostat and 

providing researchers with samples of 10–20 cryostat sections per case. This has been found 

sufficient to allow five or six Western blot analyses for proteins of interest and/or numerous 

RNA analyses for studies of gene expression. Conservatively, we estimate that this increases 

utilization of these small brain regions by five-fold or greater, while preserving large subject 

sample sizes with available tissue from these critical areas.
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Whole-body autopsies and tissue collection

Between 1987 and 2004, the Program limited autopsies and tissue collection to the brain, 

cervical spinal cord, occipital scalp and temporalis muscle. In 2005 whole-body donation 

was offered to all enrolled subjects and to newly recruited subjects. Many brain donors 

chose to become whole-body donors and whole-body donation has become the option of 

choice, making up 67% of all autopsies over the most recent 5-year period. We have had 

more than 430 whole-body donations, with a median PMI of 3.1 h and a median RIN of 7.4. 

A list of the 42 tissue sites collected is given in Table 7. Although this expansion was 

undertaken primarily in the interest of pursuing research in diseases of other organ systems, 

it has been increasingly recognized that medically significant interactions exist between the 

brain and the body, and studies of our banked bodily tissue have made significant 

contributions to the understanding of neurodegenerative disease.

Several established risk factors for atherosclerosis, including hypertension, 

hypercholesterolemia, diabetes, cigarette smoking and the apoE-ε4 allele have also been 

found to be risk factors for the development of dementia.146–148 However, the relationship 

between dementia, AD, non-AD dementias and atherosclerotic vascular disease (AVD) is 

complex and not completely understood. Also, while elevated midlife AVD risk factors 

appear to increase the probability of dementia that begins in late life,149–151 once dementia 

begins, these same AVD risk factors appear to diminish, perhaps due to molecular or 

cellular changes associated with specific dementing diseases, to decreased caloric intake 

and/or increased caloric expenditure, or to reduced survival of those with high AVD risk 

factors.152–158 Studies using BBDP data and tissue have contributed to this still-evolving 

body of knowledge, as we have found that elderly AD subjects have increased measures of 

intracranial atherosclerosis77,99,110,159–164 but decreased atherosclerosis of the coronary 

arteries.165 Additionally, another finding of the latter study was that mean heart weights 

were significantly lower in AD subjects as was the prevalence of clinically diagnosed 

cardiovascular disorders.165 Clinical alterations of intracardiac flow parameters have also 

been found to be altered in BBDP subjects.166

The divergent results for intracranial and coronary atherosclerosis are perhaps not so 

surprising considering that the natural history, severity and risk factors differ, in many ways, 

for coronary, carotid and intracranial atherosclerosis. Severe coronary artery disease may 

exist in the relative absence of intracranial atherosclerosis, and vice versa.167,168 Serum 

cholesterol is a significant risk factor for coronary and carotid atherosclerosis but has been 

reported to be less significant or even not significant for intracranial atherosclerosis.168–172 

Similarly, the apoE-ε4 allele has been more strongly linked with coronary and carotid 

atherosclerosis than with intracranial atherosclerosis, where our own studies110,111 as well 

as three independent studies173–175 have found no link. Hypertension is more strongly 

associated with cerebral than with coronary atherosclerosis. Aging is the strongest risk factor 

and is common to all three sites.167 Autopsy studies have indicated that the earliest affected 

site in a US population was the carotid arteries, followed by the coronary and intracranial 

arteries. The typical age of onset of clinical cerebrovascular disease is 10–15 years later than 

that of clinically manifest coronary artery disease.167 The site-specific variability of AVD is 

probably due to both genetic and environmental factors, as there are considerable geographic 
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and racial influences.167 There are multiple longitudinal studies176–180 indicating that there 

is progressive weight loss in people with dementia, and that this probably begins even prior 

to dementia diagnosis. Therefore, it seems likely that weight loss plays a major role in the 

apparent reversal of AVD risk factors, as well as clinically manifest cardiovascular disease, 

in elderly dementia subjects.

Over the last few years we have collected body mass index (BMI) measures on most BBDP 

subjects. Of 468 AD subjects and 196 non-demented elderly controls, both the means of 

repeated BMI measures and the means for final BMI are significantly lower in AD subjects, 

by about 1 point (mean of all BMIs for AD subjects = 24.2; for control = 25.1; P = 0.008). 

The final recorded BMI during life is about 1 point lower, for both AD and control subjects, 

than the mean of all recorded BMIs, supporting a downward trend during the final years of 

life. The generally lower BMI in AD subjects is a potential explanation and answer to the 

question posed more than 25 years ago by Wolf-Klein,157 “Are Alzheimer’s patients 

healthier?” The overwhelming importance of BMI to human health in general needs no 

review here and it is expected that many future studies will examine BMI in relation to 

many other clinical and pathological measures in the BBDP population.

In 2006, the Michael J. Fox Foundation for Parkinson’s Research (MJFF) funded the 

Arizona Parkinson’s Disease Consortium and the BBDP, expressly for the purpose of 

simultaneously mapping the presence of Lewy-type synucleinopathy in both the central and 

peripheral nervous systems (PNS). The project resulted in a new staging system applicable 

to all Lewy body disorders, the Unified Staging System for Lewy Body Disorders,70 and a 

published PNS survey181 that provided anatomic pathology data for use in 

clinicopathological correlations of non-motor signs and symptoms of PD and other Lewy 

body disorders. Additional focused projects have extended this initial anatomic survey with 

much more detail, especially in the pharynx,182–184 gastrointestinal tract185 and retina.186 

Currently, collaborating investigators are conducting extended studies of synucleinopathy in 

skin.

Of potentially direct importance to neurodegenerative disease clinical management, 

peripheral tissue sites and organs could be biopsied to improve clinical diagnostic accuracy. 

For both AD and PD, the clinical diagnostic accuracy is much lower than what most 

clinicians have assumed it to be.55,187 This has probably been a factor in the high failure rate 

of phase 2 and 3 clinical trials.188 The sponsorship of the MJFF also enabled a search for a 

peripheral diagnostic biopsy site. The lower esophagus and submandibular gland were 

identified as the peripheral sites with the highest Lewy-type synucleinopathy prevalence and 

a subsequent autopsy study indicated that needle biopsy of the submandibular gland would 

probably be feasible, sensitive and specific.189 The MJFF funded a small clinical trial in 

which 9/12 long-duration, clinically diagnosed PD subjects were found to be positive for 

Lewy-type synucleinopathy on needle biopsy.190 We are currently near the end of a second 

MJFF-sponsored trial, involving 25 early (signs and symptoms of less than 5 years duration) 

PD subjects as well as 10 age-similar control subjects. This should indicate whether 

submandibular needle gland biopsy will be useful for identifying early-stage PD subjects. If 

so, the selection of early PD subjects for clinical trials could be significantly improved, 
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allowing lower subject numbers, lower trial costs, more trials and a higher probability of 

trial success, should an effective agent be tested.

For BBDP bodily tissue, just as for brain, medically licensed pathologists perform a 

microscopic diagnostic examination so that all tissue is confidently classified as normal or 

abnormal, and the type of abnormality is recorded in a standardized manner. We are 

currently preparing a manuscript comparing bodily autopsy diagnoses in AD and control 

subjects. The most common clinical and autopsy diagnoses are those expected of this age 

group (Table 8). Of autopsy diagnoses, aortic atherosclerosis is virtually universal in elderly 

BBDP individuals, and is often severe, with endothelial ulcerations and focal calcifications. 

About 85% of all BBDP subjects aged 65 or over have coronary atherosclerosis. Other very 

common diagnoses are cardiomegaly (66%), calcification of the mitral (35%) and aortic 

(67%) valves, myocardial infarction (50%), acute bronchopneumonia (30%), hepatic 

atrophy (19%), hepatic steatosis (13%) and renal atrophy and/or nephrosclerosis (63%).

A major objective since the expansion to whole-body donation has been to assemble a 

unique and powerful tissue bank for cancer research and so we have expended additional 

effort to recruit donors with cancer. In 2002, the National Dialogue on Cancer, convened to 

understand why the “war on cancer” was falling short of expectations, concluded that of the 

10 most important roadblocks to finding cures for cancer, the single most critical one was 

inadequate availability of “high-quality, highly characterized human tissues for translational 

research” (US National Cancer Institute Office of Biorepositories and Biospecimen 

Research). The need for better access to high-quality tissue has been widely cited by other 

documents, including the Genomics and Personalized Medicine Act of 2007, the Department 

of Health and Human Services’ Personalized Health Care Report (2007) and the President’s 

Council of Advisors on Science and Technology: Priorities for Personalized Medicine 

(2008). This theme has been repeatedly emphasized in subsequent years.191–193

There are several reasons for poor availability of cancer tissue.192 Cancer tissue is collected 

at the time of therapeutic surgical interventions, such as biopsy, or at the time of death, by 

autopsy. Biopsy is only done on individuals with disease and therefore normal control 

tissues are generally not obtained. A major objective of cancer research is to understand the 

molecular causes of metastasis, but meta-static deposits are rarely biopsied. Additionally, 

biopsy tissue is often completely used for diagnostic purposes or is insufficient in quantity to 

constitute a shared resource.

Both diseased and normal control tissue could potentially be obtained at autopsy. Usually, 

autopsy tissue is not suitable for high-quality molecular research due to autolytic changes 

resulting from a long PMI. The BBDP therefore is capable of fulfilling this critical need, as 

the PMI from our rapid autopsies is comparable to the elapsed time between surgical 

removal and processing, and the RNA quality is also similar.194 Although our efforts toward 

cancer biobanking are still relatively new, we have made a significant contribution to 

prostate cancer research. We served a US National Cancer Institute-funded multi-

institutional project by providing non-cancerous prostate tissue from more than 50 BBDP 

subjects for use as controls in gene expression studies of prostate cancer diagnostic and 

prognostic indicators.195 Other projects have demonstrated the value of our metastatic 

Beach et al. Page 21

Neuropathology. Author manuscript; available in PMC 2015 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cancer sample availability, through the genomic analysis of a primary site as well as several 

different metastatic sites in samples from the same patient.196 Additional studies have 

included genomic analysis of a BBDP case of cholangiocarcinoma197 and comparison of the 

molecular genetics of lung adenocarcinoma with normal lung tissue samples from more than 

50 BBDP subjects.198 Figure 5 shows our current availability of cancer tissue samples.

BBDP website and database

Since 1998, the Institute has developed a sophisticated database and database management 

protocols, engineered by a contracted professional industrial database consultant. The 

clinical and pathology components of the BBDP database were designed together and are 

completely integrated. The database is a customized elaboration of Microsoft Access and 

My Sequel programs, takes up more than 775 MB and is composed of 135 tables or matrices 

with more than 6800 separate data elements or fields. These collectively contain data 

pertaining to basic demographic information, medical history, results of standardized 

clinical assessments and, for deceased subjects, data obtained from gross and microscopic 

examinations, tissue inventory and records of tissue requests and shipments. The database 

contains multiple forms to facilitate data entry and to generate more than 100 different 

standing data reports. The database is also used to ensure that scheduling of clinical 

assessments is done at appropriate intervals. The US National Alzheimer’s Coordinating 

Center (NACC) Uniform Data Set and the Neuropathology Data Set are subsets and we are 

currently devising export queries to allow deposition of selected data in the NINDS 

Parkinson’s Disease Biomarker Project Data Management Resource. Numerous additional 

fields include in-house grading methods for plaques, tangles, Lewy-type synucleinopathy, 

infarcts and white matter rarefaction, as well as fixed tissue quality, RIN and RNA yield, 

and current inventory, with more than 400 fields for fixed tissue, frozen tissue, CSF and 

blood serum.

The database is backed up automatically every day on two servers administered by Banner 

Health Information Services, located at two sites about 5 miles apart. Storage of data in both 

locations ensures that structural damage to one server (e.g. fire) does not result in 

irretrievable loss. Both servers store daily copies of databases for the preceding 30 days; 

older copies are sent to a commercial server contracted for this purpose. Storage of older 

database copies allows the recovery of an intact database in the event of inadvertent errors in 

database operation, hardware malfunction or software malfunction.

The BBDP database has been managed by informal groups that have included the database 

designer, a statistician, the directors of the clinical and neuropathology cores and the major 

database operators. This arrangement has worked very well as it includes the individuals 

who use the database day-to-day, the physician-scientists that collect the data, and the 

database designer, who can make changes to the database as necessary.

Confidentiality of human subject data in the database is compliant with US HIPAA statutes 

and is assured by multiple safeguards which restrict access to personal identifying 

information such as name, date of birth, place of birth, place of residence, date of death, 

address, email address and phone number. Data entry is restricted to as few personnel as 

possible. Access to the database requires a unique user name and password, and all 
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transactions are tracked and stored in an electronic log, allowing identification of 

inappropriate or incorrect usage by any individual.

Access to the Banner Health local area network is protected by a firewall maintained by 

Banner Health Information Services. Paper copies of subject records are kept in locked 

filing cabinets in the offices of the major database operators. Banner Sun Health Research 

Institute has been issued a Certificate of Confidentiality by the US Secretary of Health and 

Human Services, protecting human subjects’ data from court subpoena.

The BBDP has a website (http://www.brainandbodydonationprogram.org) with a public 

section and a private section. The private section is secure (https://

www.brainandbodydonationprogram.org) and is accessible only after a user registers and is 

approved. Potential users are encouraged to read the information on the public side, to gain 

an overall understanding of the Program and a general idea of the tissue inventory. Media 

items featuring the BBDP, as well as a list of publications that have used BBDP tissue, are 

posted on the public side. Once approved as a user, restricted documents may be obtained, 

including a table of user fee charges and a special subset of the BBDP database designed to 

be user-friendly with the aid of a detailed database dictionary. Researchers may use the 

website database to help them select cases for tissue studies, or may use it solely for data 

studies, subject to the conditions on the posted data usage agreement. Tissue requests may 

be made on the website, and customized email support is available and recommended so that 

BBDP personnel may match the project needs with the most appropriate tissue and subject 

types.

Biospecimen allocation procedure

Requests for biological materials are granted on the basis of scientific merit. Requests for 

Lewy body disorder-focused projects are reviewed by an NINDS-appointed committee, as 

part of our NINDS-funded National Brain and Tissue Resource for Parkinson’s Disease and 

Related Disorders. Investigators must first establish appropriate scientific credentials 

through the website by providing a recent biosketch or curriculum vitae. Requests for 

biosamples funded through the NIA ADCC are compliant with the NIA Biospecimens Best 

Practices policy. Small, pilot tissue requests by researchers from not-for-profit organizations 

are granted free of charge, while larger requests and all requests from for-profit 

organizations, are assessed a user fee, from tables posted on the BBDP website. The user fee 

is to recover unfunded BBDP costs, including those related to subject recruitment, 

longitudinal clinical assessment, autopsy, neuropathological and anatomical pathology tissue 

characterization, BBDP personnel time assisting with study design, case selection, database 

searches, retrieval and/or dissection, packaging, shipping, continuing correspondence and 

institutional overhead charges. Banner Sun Health Research Institute is a not-for-profit 

organization and fees are used only to meet the costs of operating the BBDP.

We believe that, since governments world-wide often do not provide sufficient funding for 

comprehensive brain banking, brain banks need to seek non-governmental funding. Most US 

National Institutes of Health tissue resources use cost recovery or user fees to supplement 

their funding and our experience shows that reasonable cost recovery fees do not impair 

usage of the resource. Diversification of funding sources will help protect brain banks from 
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the periodic funding cuts that are common to all government-supported science. Our 

Program generally receives less than 10% of its operating costs from user fees, as the 

majority of the funding has come from a combination of federal grants, state of Arizona 

grants, grants from disease-specific private organizations, including the MJFF, internal 

institutional overhead support and philanthropic donations from individuals in the 

surrounding communities.

Distribution of biospecimens to researchers and type of projects served

Over the most recent 5 year period (07/01/2009–06/30/2014), 1035 separate tissue 

distributions were made. Currently, more than 200 requests are served each year. Since the 

Program began, more than 2500 requests have been served, coming from more than 400 

investigators located in 32 US states and 15 countries. Tissue and/or data from the BBDP 

has contributed to more than 350 publications and more than 200 grant-funded projects.

The following are types of projects served in the past and likely to be served in the future. 

Examples of publications are given for each category. For a full list of publications 

supported by BBDP tissue, please visit our website, http://

www.brainandbodydonationprogram.org.

Global gene expression and genome-wide association studies (GWAS)—This 

technology has gone through several iterations and will likely continue to do so as the 

technology advances. The studies are increasingly done by large government-funded 

consortia as well as large pharmaceutical companies. Genome-wide association studies use 

DNA and do not generally require high-quality tissue, but they are increasingly being paired 

with global gene expression profiling, which does require a minimum RNA quality. Initially, 

GWAS were done mostly with clinically diagnosed subjects but there is an increasing trend 

to use subjects that have had neuropathological diagnoses due to the increased diagnostic 

accuracy that allows a smaller subject number and lower study cost. The technology is 

continually advancing, with “deep sequencing” having recently become economically 

viable. BBDP tissue has been shared with multiple global gene expression and GWAS 

projects that have provided critical information relating to AD, PD, PSP, pancreatitis and 

prostate cancer.199–235

MicroRNA profiling—MicroRNA profiling is a relatively new field but the BBDP has 

supported several such projects recently, some of which have published results.60,236,237

Profiling of gene-specific DNA methylation—Epigenetic changes are increasingly 

being scrutinized and, of several studies supported, a few have now published their 

results.238,239

Studies using proteomic technology—Proteins vary widely in their post-mortem 

stability and therefore short PMI material is crucial for proteomics. As mentioned, BSHRI 

scientists and collaborators have published several articles61–65 on the CSF proteomics of 

AD and PD, as well as proteomic analyses of AD white matter112,113 and a 

“synucleinomics” profile of PD cortex.240 Proteomic studies of cerebral cortex, other brain 

Beach et al. Page 24

Neuropathology. Author manuscript; available in PMC 2015 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.brainandbodydonationprogram.org
http://www.brainandbodydonationprogram.org


regions and even laser-captured single cells will probably become more common and will be 

complementary to global gene expression and GWAS.

Studies using metabolomic technology—This technology is also still relatively new, 

but a recent publication supported by the BBDP has investigated the metabolomic profile of 

PD CSF.66 As many small molecules are very volatile, short PMI material will be 

advantageous to these types of studies.

Preclinical development of diagnostics and therapeutics—The BBDP has 

collaborated with multiple pharmaceutical industry investigators, supplying tissue or CSF 

from diseased and control subjects that has been used to aid the development of diagnostic 

and therapeutic agents. In particular, we have done extensive collaborative work toward 

tissue-based verification of amyloid binding imaging agents97,98,241–246 and the biochemical 

effects of anti-amyloid therapy in human brain.247–251

Independent investigator-initiated studies—Many of the study types listed above 

involve multi-center, technology-driven collaborations, but the great majority of projects 

that have used BBDP tissue have been single-investigator, hypothesis-driven studies, and we 

expect that these will continue to be the most frequent users. Some areas of concentration 

are as follows: studies using living cells cultured from rapidly autopsied 

donors;73–75,223,252–260 molecular analysis of α-synuclein;261–264 the nigrostriatal 

dopaminergic system;109,265–268 the basal forebrain cholinergic system;269–272 

neuroinflammation;229,255,273–290 and molecular changes relating to Aβ in AD.69,116,291–310

Clinicopathological correlation studies—The clinical data generated by the BBDP 

offers excellent opportunities for clinicopathological correlation studies, which have been 

the foundation upon which our knowledge of disease has been based. These investigations 

are essential if we are to learn more about disease progression, subtypes of disease, 

improvement of diagnostic accuracy and selection of subjects for clinical trials. Work by 

BBDP investigators has led to numerous publications about clinical and neuropathological 

features of essential tremor, restless legs syndrome and rapid eye movement sleep behavior 

disorder,311–320 electrophysiological investigations of Lewy body disorders,321–330 mild 

cognitive impairment and functional decline in AD and PD,331–336 clinical and 

neuropathological findings associated with ILBD109,321,337 and other Lewy body 

disorders70,114,115,127,224,242,267,269,338,339 and diagnostic methods.187,189,190 Our clinical 

data is now available for collaborative studies to investigators world-wide; see our website 

for details (http://www.brainandbodydonationprogram.org).

Protection of autopsy personnel and tissue users—Health risks to individuals 

exposed to human tissue are minimized by the use of a number of precautionary measures. 

The process begins with screening of medical records at the time of enrollment and repeated 

screens with each clinical visit and at the time of death, the latter by a standardized 

telephone questionnaire. Those individuals with a medical history of a serious infectious 

pathogen are excluded from enrollment or autopsy. This includes individuals with active or 

carrier status for hepatitis B, hepatitis C, HIV, syphilis, tuberculosis, Creutzfeldt-Jakob 

disease and acute or chronic active CNS infections of any type. As BSHRI is a private 
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research organization, not a diagnostic autopsy service, it is our option to refuse to perform 

an autopsy, and ethical considerations support the exclusion of serious infectious conditions 

to protect autopsy and research personnel. Only seven BBDP subjects have been rejected for 

the discovery of a probable or confirmed hazardous infectious disease at the time of death, 

reflecting the efficacy of our earlier screening procedures and the low rate of these 

infectious diseases in our study population. Three of these rejections were for high risk of 

Creutzfeldt-Jakob disease, determined through the peri-mortem telephone interview, and one 

of the three was later confirmed by the National Prion Disease Surveillance Laboratory at 

Case Reserve University in Cleveland. A fourth rejection was for sepsis with methicillin-

resistant Staphylococcus aureus, while an additional three subjects were found after 

postmortem blood testing to be carrying hepatitis C, despite negative clinical ante-mortem 

medical records screening. The frozen tissue from these subjects was destroyed.

Staff involved in brain removal and tissue processing are encouraged to have hepatitis A and 

B vaccination; during procedures involving exposure to fresh or frozen human tissue, staff 

wear protective clothing including hoods or caps, eye protection, masks, gowns, gloves and 

boots. If potentially infectious contamination of an individual occurs, such as splashing of 

fresh tissue fluids into the eyes or into a wound, the individual receives appropriate first aid 

measures at the scene and then is taken to a nearby Emergency Room. All Institute staff 

must complete, upon first hiring and annually afterwards, a formal training program in 

laboratory safety, including biohazard safety precautions.

The future of autopsy and brain banking

The usage of autopsies has been in decline throughout the world over the last 50 years. In 

Japan, post-mortem imaging has become a common substitute for autopsy,340 and it has 

been stated in some recent publications that biomarkers measured in living subjects “. . . 

could replace autopsy confirmation of AD plaque and tangle pathology as the ‘gold 

standard’ for the diagnosis of AD in the near future”.68 We believe that this prediction may 

indeed come true, as amyloid imaging has been shown, through autopsy-confirmed studies, 

to have a high level of accuracy for the diagnosis of neuropathologically significant AD, at 

least in the setting of demented subjects.341 Imaging agents for tau or synuclein pathology 

have not yet been autopsy-confirmed but there are multiple groups working on these. 

However, amyloid imaging ligands are still insensitive to sparse cortical amyloid loads and 

it is likely that any tau or synuclein ligands will also lack the sensitivity and specificity of an 

autopsy with comprehensive neuropathological examination. In our opinion, autopsy and 

brain banks will become more important, rather than less important, in the future, as new 

biomarkers will continue to require autopsy validation, as has been done for amyloid 

imaging agents,96,342 although it is possible that brain biopsy may also help meet this 

need.343,344 Due to the complexity of brain disease in the elderly, with resultant 

heterogeneity and co-existence of major pathologies,97,114,243,345 the expansion of our 

understanding of these conditions will depend almost entirely on the careful study of the 

post-mortem human brain, in conjunction with increasing attention to the detailed collection 

of ante-mortem health information and genomic studies. Finally, human brain tissue will 

continue to serve, as it has in the past, as the most important resource for discovery of new 

molecularly based therapies.1
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Fig 1. 
Autopsied subjects of the Brain and Body Donation Program (BBDP) 08/01/2009–

07/30/2014. Percentages are calculated with respect to total subject input. Of autopsied 

subjects, 84% had one or more standardized clinical assessments.
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Fig 2. 
Correlation between the number of thawing cycles and (A) RNA Integrity Number (RIN) 

and (B) RNA yield, measured as the concentration (ng/μL) per tissue weight (g). Dashed 

lines show outlines of 95% confidence intervals.
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Fig. 3. 
Photomicrographs illustrating the histological methods used for investigating 

neurodegenerative diseases. Frames A–D are 40 μm large format sections stained with 

Campbell-Switzer silver stain to show all types of senile plaques. Frames E–H are 40 μm 

large format sections stained with Gallyas silver stain, showing both neurofibrillary changes 

(neurofibrillary tangles, dystrophic neurites and neuropil threads) and neuritic plaques. 

Frames I–M show, in 40 μm large format sections, changes of progressive supranuclear 

palsy, including neurofibrillary tangles in the substantia nigra (I), pontine nuclei (K) and 

dentate nucleus (L, M), and tufted astrocytes (J). Frame J was obtained from a section 

stained with the Gallyas method while I and K–M were from sections stained with an 

immunoperoxidase method for phosphorylated tau protein (AT8 antibody). Frames N and O 

show, in 40 μm large format sections, astrocytic plaques in a subject with corticobasal 

degeneration. Frames P–R show changes of Pick’s disease, including a chromatolytic “Pick 

cell” (P, H, E paraffin section), Pick bodies in the dentate granule cell layer (Q, 40 μm large 

format section stained with the Campbell-Switzer method) and oligodendroglial coiled 

bodies (R, 40 μm large format section stained with the Gallyas method). Frame S shows 

argyrophilic grains in a 40 μm large format section stained with the Gallyas method. Section 

T is a low-magnification image of the amgydala and adjacent temporal lobe, in a subject 

with dementia with Lewy bodies, from a 40 μm large format section stained with an 

immunoperoxidase method for phosphorylated α-synuclein. Frames U–Y are from subjects 
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with Parkinson’s disease (PD) or dementia with Lewy bodies (DLB), stained with an 

immunoperoxidase method for phosphorylated α-synuclein. Frames U, V and X are from 

paraffin sections (U – olfactory bulb; V – locus ceruleus; X – submandibular gland). Frame 

W is from an 80 μm large format tangential section of the lower esophagus. Frame Y is from 

a retinal whole-mount from a PD subject. Frame Z is from a 40 μm large format section, 

from a subject with frontotemporal lobar dementia, stained with an immunoperoxidase 

method for phosphorylated TDP-43.

Beach et al. Page 48

Neuropathology. Author manuscript; available in PMC 2015 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 4. 
Photographs and photomicrographs illustrating vascular lesions. Frame A shows cross-

sections of the circle of Willis from cognitively normal subjects with relatively normal 

arteries (above) as compared to late-onset Alzheimer’s disease subjects with relatively 

severe atherosclerotic stenosis (below). Frames B–F are from 40 μm large format sections. 

Frame B shows periventricular white matter rarefaction in an HE-stained section of the 

frontal lobe. Frame C shows a microinfarct in the cerebral cortex while frame D shows a 

microscopic focus of cerebellar cortical sclerosis, both from HE-stained sections. Frame E 

shows amyloidotic capillaries in the primary visual cortex, stained with the Campbell-

Switzer silver stain. Frame F shows a larger amyloidotic blood vessel with dyshoric diffuse 

perivascular amyloid, stained with the thioflavin S method.
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Fig 5. 
Frozen cancer tissue types available. All have detailed clinical and pathological data. Many 

have both primary site and metastatic tissue samples.
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Table 1

Clinical assessment batteries

Neurological and functional battery Neuropsychological battery Movement disorders battery

General medical history, general medical examination Rey Auditory Verbal Learning Test UPDRS parts I–IV

Medication history Stroop Hoehn and Yahr scale

Substance usage (tobacco, ethanol) Trails A and B Timed tapping test14,15

General neurological examination Controlled Oral Word Association Purdue Pegboard Test15,16

MMSE Judgment of Orientation Tremor rating

GDS Clock drawing Restless legs syndrome score

FAST Digits Forward and Backward Mayo Clinic sleep questionnaire17

Montreal Cognitive Assessment Geriatric and Hamilton Depression Scales SCOPA autonomic questionnaire18

Mattis Dementia Scale UPSIT smell test19

GDS, Global Deterioration Scale; FAST, Functional Assessment Testing; CDR, Clinical Dementia Rating Scale; MMSE, Mini Mental State 
Examination; UPDRS, Unified Parkinson’s Disease Rating Scale.
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Table 2

Brain and spinal cord regions sampled for diagnostic histopathology and inventory

Brain Region Paraffin6 μm sections Frozen 40 and 80 μm sections

Superior frontal gyrus No Yes

Middle frontal gyrus Yes Yes

Precentral gyrus Yes No

Postcentral gyrus Yes No

Superior parietal lobule No Yes

Inferior parietal lobule Yes No

Anterior cingulate gyrus Yes Yes

Superior temporal gyrus No Yes

Middle temporal gyrus Yes Yes

Inferior temporal gyrus No Yes

Fusiform gyrus Yes Yes

Parahippocampal gyrus at amygdala Yes Yes

Parahippocampal gyrus at head hip. No Yes

Parahippocampal gyrus at lat.genic. Yes Yes

Hippocampus at head No Yes

Hippocampus at body Yes Yes

Occipital cortex: primary Yes Yes

Occipital cortex: association Yes Yes

Cerebral white matter: all lobes No Yes

Caudate nucleus: head No Yes

Caudate nucleus: body Yes Yes

Putamen: head No Yes

Globus pallidus Yes Yes

Substantia innominata Yes Yes

Thalamus: anterior Yes Yes

Thalamus: midpoint Yes Yes

Hypothalamus Yes Yes

Mammillary body Yes No

Subthalamic nucleus Yes Yes

Substantia nigra No Yes

Midbrain tegmentum No Yes

Pons:anterior Yes No

Pons: midpoint Yes Yes

Cerebellum: vermis Yes No

Cerebellum: dentate nucleus Yes Yes

Cerebellum: hemispheric cortex Yes Yes

Medulla: anterior Yes No

Medulla: posterior Yes No

Olfactory bulb and tract Yes No
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Brain Region Paraffin6 μm sections Frozen 40 and 80 μm sections

Spinal cord: cervical Yes No

Spinal cord: thoracic† Yes No

Spinal cord; lumbar† Yes No

Spinal cord: sacral† Yes No

†
Only from whole-body autopsies.
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Table 3

Categorization and prevalence of brain infarctions by estimated time of occurrence prior to death, brain 

location and size

Age of infarct Brain location of infarct Size class of cortical infarct

Acute (n = 101; 12%) Any location (n = 521; 43%) Microinfarct (n = 213; 18%)

Subacute or chronic (n = 430; 36%) Cerebral cortex (n = 314; 26%) Lacunar (1 cc or less) (n = 49; 4%)

Centrum ovale (n = 92; 8%) Small (1–27 cc) (n = 97; 8%)

Deep nuclei (n = 282; 23%) Large (more than 27 cc) (n = 58; 5%)

Infratentorial (n = 235; 20%)

Infarcts are also each assigned an estimated volume. Infarcts within the hippocampal formation and amygdala are classified with cerebral cortex 
infarcts. Centrum ovale infarcts are defined as those that are restricted to the centrum ovale; if the infarct involves both cerebral cortex and centrum 
ovale, it is classified as a cerebral cortex infarct. Deep nuclei infarcts include those of the basal ganglia, thalamus, subthalamic regions and 
hypothalamus. Infratentorial infarcts are those involving the brainstem and/or cerebellum. Number and percentage of subjects with each infarct 
type are indicated in parentheses. Microscopic infarcts are those not identified grossly and generally average about 0.1 cc in volume.
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Table 4

Relationship of some neurodegenerative and vascular measures with MMSE score, from 693 BBDP subjects

Measurement Mean (SD) Correlation with MMSE OR for lower MMSE

Age 84.9 (6.7) — —

MMSE 18.6 (9.5) — —

Neuritic plaque density 2.1 (1.2) −0.47 (P < 0.0001) 1.3 (P = 0.002)

Braak stage 4.1 (1.3) −0.56 (P < 0.0001) 2.1 (P < 0.0001)

Lewy type synucleinopathy brain summary score 7.8 (11.2) −0.18 (P < 0.0001) 1.02 (P = 0.02)

White matter rarefaction score 4.2 (3.4) −0.19 (P < 0.0001) 1.08 (P = 0.02)

Amyloid angiopathy score 3.4 (3.5) −0.31 (P < 0.0001) 1.00 (P = 0.88)

Number of cortical microinfarcts 0.84 (2.9) −0.04 (P = 0.25) 0.99 (P = 0.87)

Correlations were performed with the Spearman method. Logistic regression analysis provided odds ratios (OR) for each factor’s association with a 
lower MMSE score (<24), corrected for the influence of all other factors. MMSE, Mini Mental State Examination.
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Table 5

Neuropathological diagnoses, 1997–2014, from 1173 autopsies

Neuropathological diagnosis n %

Normal† 238 20

Alzheimer’s disease 665 57

Dementia with Lewy bodies 107 9

Parkinson’s disease 170 14

Vascular dementia 110 9

Progressive supranuclear palsy 80 6.8

Hippocampal sclerosis 64 5

Dementia lacking distinctive histology 13 1.1

Multiple system atrophy 8 0.7

Frontotemporal lobar degeneration with TDP-43 18 1.5

Motor neuron disease 12 1.0

Corticobasal degeneration 8 0.7

Pick’s disease 5 0.4

Neurofibrillary tangle predominant dementia 5 0.4

Huntington’s disease 2 0.2

Multiple major neurodegenerative diagnoses 349 37

Earlier autopsies before 1997 did not receive a full neuropathological examination. As more than one condition is often present in a single subject, 
the sum of the percentages exceeds 100. The percentage of subjects with multiple major clinicopathological conditions excludes the normal 
subjects from the denominator. Subjects listed as “multiple major neurodegenerative diagnoses have more than one of the listed conditions below.

†
No major clinical neurological diagnosis.
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Table 6

Genetic mutations and polymorphisms: results for autopsied cases

Genetic polymorphism or mutation No. screened No. positive (%)

Apolipoprotein E –ε4 1302 524 (40)

LRRK2 – G2019S polymorphism screened 237 3 (1.3)

Glucocerebrosidase (GBA) – all exons screened 247 18 (7.3)

Tau (MAPT) – screen of exons 1 and 9–13 45 3 (1.3)

Presenilin 1 – mutation screen 7 4 (57)

Progranulin (GRN) – screen of exons 1–13 31 4 (12.9)

C9orf72 – expansion screen 21 5 (24)

TDP43 (TARDBP) 1 0

Valosin-containing protein (VCP) 1 0

Charged multivesicular body protein 2B (CHMP2B) 1 0
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Table 7

Bodily tissue sites collected. All are available as both fixed and frozen samples

Organ system Tissue site

Cardiovascular
Aorta, thoracic

Aorta, abdominal

Heart, left ventricle

Heart, right ventricle

Genitourinary
Kidney

Bladder

Prostate gland

Uterus

Cervix

Vagina

Endocrine
Adrenal gland

Thyroid gland

Ovary

Testis

Respiratory
Larynx

Bronchus, primary

Lung

Diaphragm

Musculoskeletal
Bone, rib

Muscle, psoas

Muscle, temporalis

Gastrointestinal
Submandibular gland

Esophagus, upper

Esophagus, lower

Stomach, fundus

Duodenum

Jejunum

Ileum

Colon, transverse

Colon, sigmoid

Rectum

Liver

Gallbladder

Pancreas

Other
Breast

Nerve, vagus
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Organ system Tissue site

Nerve, sciatic

Skin, abdominal

Skin, scalp

Spleen

Lymph node, peribronchial

Mesentery
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Table 8

Common medical history and autopsy (anatomical pathology) diagnoses for Brain and Body Donation 

Program whole-body autopsies

Medical history diagnosis % Autopsy diagnoses %

Metabolic

Type II diabetes 24 Hepatic atrophy 19

Hypertension 76 Hepatic steatosis 13

Dyslipidemia 55 Thyroiditis 9

Hypothyroidism 35 Thyroid goiter 7

Osteoporosis 35 Testicular atrophy 23

Cardiovascular

Atrial fibrillation 25 Cardiomegaly 66

Cardiac arrhythmia, other 30 Coronary atherosclerosis 85

Congestive heart failure 52 Myocardial infarction 50

Coronary artery disease 42 Aortic valve calcification 67

Myocardial infarction 20 Mitral valve calcification 35

Gastrointestinal

Gastroesophageal reflux disease 58 Gastritis 13

Diverticular disease 27 Diverticulosis 38

Genitourinary

Benign prostatic hypertrophy or hyperplasia 38 Renal atrophy or nephrosclerosis 63

Renal failure 24 Cystitis 27

Other

Arthritis, degenerative 59 Acute bronchopneumonia 30

Bone fractures 18 Emphysema 16

Chronic obstructive lung disease 27 Cholecystectomy 17

Stroke 22 Hysterectomy 49

Depression 49 Mastectomy 12

Percentages for gender-specific conditions are for the involved gender only. See Figure 3 for malignant neoplasms.
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