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Terminal dedifferentiation of

cognitive abilities

ABSTRACT

Objective: To test the cognitive dedifferentiation hypothesis that cognitive abilities become in-
creasingly correlated in late life.

Methods: Participants are 174 older persons without dementia at the beginning of a longitudinal
clinical-pathologic cohort study. At annual intervals for 6 to 15 years prior to death, they com-
pleted a battery of cognitive performance tests from which previously established composite
measures of episodic memory, semantic memory, working memory, and perceptual speed were
derived. At death, there was a uniform neuropathologic assessment and levels of diffuse plaques,
neuritic plagues, and neurofibrillary tangles were summarized in a composite measure. Change in
the 4 cognitive outcomes was analyzed simultaneously in a mixed-effects model that allowed rate
of decline to accelerate at a variable point before death.

Results: On average, cognitive decline before the terminal period was relatively gradual, and rates
of change in different cognitive domains were moderately correlated, ranging from 0.25 (episodic
memory-working memory) to 0.46 (episodic memory-semantic memory). By contrast, cognition
declined rapidly during the terminal period, and rates of change in different cognitive functions
were strongly correlated, ranging from 0.83 (working memory-perceptual speed) to 0.89 (epi-
sodic memory-semantic memory, semantic memory-working memory). Higher level of plaques
and tangles on postmortem examination was associated with faster preterminal decline and ear-
lier onset of terminal decline but not with rate of terminal decline or correlations between rates of
change in different cognitive functions.

Conclusion: In the last years of life, covariation among cognitive abilities sharply increases consis-
tent with the cognitive dedifferentiation hypothesis. Neurology® 2012;78:1116-1122

GLOSSARY

AD = Alzheimer disease; MCI = mild cognitive impairment.

According to a longstanding hypothesis, the functional organization of cognitive abilities shifts
in old age with abilities becoming increasingly intercorrelated, or dedifferentiated.!? The phe-
nomenon is assumed to reflect age-related neurobiologic processes that impair cognition in a
general rather than domain-specific fashion. Despite years of research, however, knowledge
about cognitive dedifferentiation in old age remains limited owing to several factors. First,
much of the research consists of cross-sectional comparisons of the size of the correlations
among cognitive abilities in younger vs older adults. For the most part, these studies have not
found clear age group differences,>* but it is uncertain how relevant between-person correla-
tions are to within-person correlations in rates of cognitive change. Second, some longitudinal
studies suggest positive correlations between rates of change in different abilities,>” but it is
unclear whether the correlations are changing with advancing age as hypothesized. Third,
longitudinal studies have shown that late-life trajectories of cognitive decline tend to markedly
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accelerate in the last few years of life,®~'? but
few studies of cognitive dedifferentiation have
considered the effect of mortality.”

The present study examines cognitive ded-
ifferentiation in old age. It differs from previ-
ous research in that we used death as the
temporal reference point rather than birth or
study baseline, and we divided each person’s
cognitive trajectory into preterminal and ter-
minal components. Participants are older
Catholic nuns, priests, and monks who had
annual cognitive testing for 6 to 15 years be-
fore death and a brain autopsy and uniform
neuropathologic examination from which a
composite measure of plaques and tangles was
derived. We constructed a mixed-effects
model that simultaneously characterized
change in 4 cognitive outcomes and let rates
of decline accelerate at a variable point prior
to death. This allowed us to test whether the
correlations between rates of change in cogni-
tive abilities shifted from the preterminal to
terminal period and whether this shift was re-
lated to the pathologic burden of Alzheimer
disease (AD).

METHODS Participants. Subjects are from the Religious
Orders Study, a longitudinal clinical-pathologic study of aging
and AD." All participants agreed to annual clinical evaluations
and brain autopsy in the event of death. They were recruited
from about 40 groups across the United States. Clinical evalua-
tions began in 1994 and are continuing.

Eligibility for these analyses required absence of dementia at
baseline and completion of at least 7 annual clinical evaluations
prior to death to make it possible to observe a terminal shift in
rate of cognitive decline. At the time of these analyses, 340
study participants without baseline dementia had died, and
174 of these had completed at least 7 clinical evaluations
(mean = 10.2, SD = 2.0; range 7—16). Analyses are based on
this group. Their mean age was 78.2 (SD = 6.1) at baseline
and 88.3 (SD = 6.0) at death, they had a mean of 18.1
(SD = 3.2) years of education, 61.5% were women, 96.6%
were white and non-Hispanic, and 27.6% had mild cognitive
impairment (MCI) at baseline. The last clinical evaluation
took place a mean of 0.56 (SD = 0.32) year prior to death.
The 174 subjects included in analyses had an older age at
death and a higher baseline level of cognitive function than
the 166 subjects excluded because of insufficient longitudinal
data, but the subgroups did not differ on other demographic
variables, likelihood of developing dementia during the study,
level of cognitive function proximate to death, or postmortem
level of AD pathology (table e-1 on the Neurology® Web site

at www.neurology.org).

Standard protocol approvals, registrations, and patient
consents. Following a thorough description of the study, writ-

ten informed consent was obtained from all subjects. The study

was approved by the institutional review board of Rush Univer-

sity Medical Center.

Assessment of cognitive function. Cognitive function was
assessed at annual intervals with a battery of performance tests, as
previously described.”'® For the present analyses, we used 15 in-
dividual measures of 4 cognitive domains. Episodic memory was
measured with 7 tests: Word List Memory, Word List Recall,
Word List Recognition and immediate and delayed recall of the
East Boston Story and Story A from Logical Memory. Semantic
memory was evaluated with a 15-item form of the Boston Nam-
ing Test, Verbal Fluency, and a 15-item word recognition test.
Working memory was measured with Digit Span Forward, Digit
Span Backward, and Digit Ordering. Perceptual speed was as-
sessed with Number Comparison and the oral version of the
Symbol Digit Modalities Test. We used previously established
composite measures of episodic memory (7 tests), semantic
memory (3 tests), working memory (3 tests), and perceptual
speed (2 tests) in analyses. Raw scores on individual tests were
converted to z scores, using the baseline mean and SD of the
entire cohort, and the z scores of component tests were averaged
to yield composite scores. Previous publications contain further
information about the individual tests and the derivation of the

composite measures.>'3

Clinical classification. Each annual evaluation also included
a structured medical history and complete neurologic examina-
tion. On the basis of these data and the cognitive testing, an
experienced clinician diagnosed dementia and AD using the cri-
teria of the joint working group of the National Institute of
Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association.'* These
criteria require a history of cognitive decline and impairment in a
least 2 cognitive domains, one of which must be memory for a
diagnosis of AD. Persons who had cognitive impairment but did
not meet dementia criteria were classified as MCI. Persons meet-
ing these MCI criteria have been shown to have intermediate
levels of cognitive decline'>!¢ and plaques and tangles'” compared

to persons with no cognitive impairment and dementia.

Neuropathologic assessment. We used a standard protocol
for brain removal, tissue sectioning and preservation, and quan-
tifying pathologic results as previously described.'®" Neuritic
plaques, diffuse plaques, and neurofibrillary tangles were
counted in 4 brain regions (entorhinal cortex, midfrontal gyrus,
middle temporal gyrus, inferior parietal gyrus) with a modified
Bielschowsky silver stain. Counts of each lesion in each brain
region were standardized and then averaged to yield a composite
AD pathologic index. Further information on the derivation of

this composite index is published elsewhere.?

Data analysis. Individual rates of change on the 4 cognitive
outcome measures were estimated in a random change point
model”" using a Bayesian Monte Carlo Markov Chain ap-
proach? implemented in OpenBUGS software.” Time was rep-
resented as years prior to death. The model allowed rate of
decline on each measure to accelerate at some variable time be-
fore death. Age at death, sex, and education were modeled as
fixed effects. Random effects were included to allow for variation
in rate of cognitive decline before the change point (i.e., preter-
minal slope), the onset of the terminal period, rate of decline
during the terminal period (i.e., terminal slope), and level of
cognitive function just prior to death (i.e., intercept). The model
provided estimates of the correlations between these random ef-
fects. To test the dedifferentiation hypothesis, we compared the

correlations between preterminal slopes in different cognitive
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[ Table 2 Trajectories of change in different cognitive domains® ]
‘ Standard |
Cognitive outcome Model term Estimate error P
Episodic memory Intercept —-1.409 0.133 <0.001
Preterminal time -0.031 0.008 <0.001
Terminal time 501585 0.040 <0.001
Change point —2.620 0.191 <0.001
Semantic memory Intercept —-1.254 0.119 <0.001
Preterminal time -0.032 0.005 <0.001
Terminal time —0.489 0.041 <0.001
Change point —2:318 0.172 <0.001
Working memory Intercept -1.040 0.089 <0.001
Preterminal time —-0.023 0.007 <0.001
Terminal time -0.410 0.039 <0.001
Change point —2.352 0.186 <0.001
Perceptual speed Intercept -1.821 0.107 <0.001
Preterminal time —0.063 0.008 <0.001
Terminal time -0.564 0.045 <0.001
Change point —2.626 0.212 <0.001

Table 1 Psychometric information on composite cognitive measures at baseline and at the last evaluation
before death
|
Correlations?®
Cognitive Baseline evaluation Last evaluation Episodic Semantic Working  Perceptual
measure Mean SD Skew Mean SD Skew  memory memory memory speed
Episodic memory 001 060 -078 -088 144 -064 — 0.39 0.27 0.30
Semantic memory 0.04 0.65 -032 -081 123 -1.05 0.78 — 0.49 0.33
Working memory -0.02 0.64 0.06 -0.72 0.95 -0.75 0.76 0.75 = 0.32
Perceptual speed -0.05 0.72 010 -131 111 -023 068 0.67 0.69 —

2 Correlations above the diagonal line are from the baseline evaluation and below the diagonal line are from the last evalua-

tion; p < 0.001 for all correlations.

abilities with the correlations between terminal slopes in the
same cognitive abilities. We then repeated the analysis with a
term added to estimate the association of the AD pathologic
index with cognitive trajectory components. Effects with p values

0f 0.05 or less were regarded as significant.

RESULTS At baseline, the 4 composite cognitive
measures had approximately normal distributions
and were moderately correlated with one another
(above the diagonal line in table 1). Participants
completed annual cognitive testing 7 to 16 times
prior to death. By the time of the last evaluation,
mean performance had declined and variability had
increased within each domain, and correlations be-
tween domain scores had increased (below the diago-
nal line in table 1).

Cognitive dedifferentiation. We simultaneously as-
sessed change in the 4 cognitive outcomes in a
mixed-effects model that allowed rate of cognitive

2 From a mixed-effects regression model.
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decline to accelerate beginning at some variable time
before death. In this analysis, performance declined
in episodic memory before the terminal period at a
rate of 0.031 unit per year (table 2). At an average of
2.62 years before death, annual rate of episodic
memory decline increased to 0.535 unit. This repre-
sents a more than 15-fold increase in the rate of de-
cline in the terminal period compared to the
preterminal period. Further, rates of episodic mem-
ory decline in the 2 periods were not strongly corre-
lated (» = 0.23, p = 0.10). Results were similar in
the other 3 cognitive domains, with 8-fold to 17-fold
increases in rate of decline during the terminal period
compared to the preterminal period (table 2) and lit-
tle correlation between preterminal and terminal
rates of change (semantic memory » = 0.33, p =
0.01; working memory r = 0.29, p = 0.03; percep-
tual speed » = 0.18, p = 0.22). Figure 1 shows the
predicted paths of change in the 4 cognitive domains
for a typical subject who died after 10 years in the
study. Decline in each domain is relatively gradual
and then sharply accelerates about 2.5 years before
death.

The mixed-effects model also provides estimates
of the correlations between trajectories of change in
different cognitive domains. As shown in table 3, the
correlations between rates of change in episodic and
semantic memory increased from 0.46 in the preter-
minal period to 0.89 during the terminal period. Fig-
ure 2 shows a scatterplot of these data: rates of
decline in the 2 domains were moderately correlated
before the terminal period and nearly perfectly corre-
lated thereafter. Similar results were observed across
the remaining cognitive domains, with correlations
between slopes ranging from 0.25 to 0.33 in the pre-
terminal period and from 0.83 to 0.89 in the termi-
nal period (table 3, figure 2, figure e-1, figure e-2).
These data indicate that the relationship between
changes in different cognitive systems undergoes a
dramatic shift during the last years of life. Cognitive
decline is mostly domain-specific before the terminal
period but mostly global during it.

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



[ Figure 1 Typical paths of change in different cognitive domains
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Predicted paths of change in different cognitive domains for a typical participant who died

after 10 years in the study, adjusted for age at death, sex, and education.

Table 3 also shows correlations between estimated
intercepts. Because distance from death is the metric
for time, the intercept is the estimated level of func-

tion just before death. The cross-sectional correla-

Table 3

cognitive domains?

Trajectory component

Preterminal time

Terminal time

Intercept

Cognitive domains

Episodic memory-semantic memory
Episodic memory-working memory
Episodic memory-perceptual speed
Semantic memory-working memory
Semantic memory-perceptual speed
Working memory-perceptual speed
Episodic memory-semantic memory
Episodic memory-working memory
Episodic memory-perceptual speed
Semantic memory-working memory
Semantic memory-perceptual speed
Working memory-perceptual speed
Episodic memory-semantic memory
Episodic memory-working memory
Episodic memory-perceptual speed
Semantic memory-working memory
Semantic memory-perceptual speed

Working memory-perceptual speed

Abbreviation: Cl = confidence interval.
2 From a mixed-effects regression model.

Correlation between trajectories of change in different

Correlation
0.46
0.25
0.30
0.29
0.31
0.33
0.89
0.84
0.85
0.89
0.84
0.83
0.87
0.89
0.82
0.90
0.84
0.87

95% ClI

0.28-0.62
0.04-0.47
0.07-0.51
0.08-0.48
0.11-0.50
0.11-0.53
0.81-0.94
0.70-0.92
0.74-0.93
0.81-0.94
0.73-0.92
0.70-0.92
0.82-0.91
0.84-0.93
0.76-0.88
0.86-0.94
0.77-0.89
0.81-0.92

tions between cognitive domains at the end of this
terminal period (range 0.82—0.90) were comparable
to the correlations between slopes during the termi-
nal period, slightly larger than the correlations from
the last evaluation (range 0.67-0.78), and substan-
tially larger than the correlations at baseline (range
0.27-0.49).

AD and cognitive dedifferentiation. To examine the
contribution of AD to terminal changes in cognitive
function, we repeated the analysis with the addition
of a postmortem composite index of diffuse plaques,
neuritic plaques, and neurofibrillary tangles. Patho-
logic scores ranged from a low of 0.003 to a high of
2.21 (mean = 0.63, SD = 0.53, skewness = 0.72).
Higher AD pathologic burden was associated with
more rapid preterminal decline in episodic and se-
mantic memory (but not in working memory or per-
ceptual speed) and earlier onset of terminal decline in
all domains but not with rate of terminal decline (ta-
ble e-2). Correlations between rates of change in dif-
ferent abilities were comparable to the original
analysis (table e-3).

To provide a clinical context, we examined
change in diagnosis. During the observation period,
81 individuals developed dementia (79 with clinical
AD). Terminal episodic memory decline in these
people began a median of 0.68 year (interquartile
range: 1.70 to —1.51) before the diagnosis and
nearly 2 years before terminal decline began in those
who remained dementia free (mean onset = —3.59
years before death [SD = 1.99] vs —1.71 [SD =
0.91]; £[108.8] = 7.8, p < 0.001).

DISCUSSION We assessed multiple domains of
cognition in older people at annual intervals for up to
15 years prior to death. On average, decline in each
domain was relatively gradual before accelerating
rapidly in the final 2 to 3 years of life. Rates of
change in different cognitive domains were much
more strongly correlated during the terminal period
than before it. The results support the cognitive ded-
ifferentiation hypothesis.

Most research on cognitive dedifferentiation has in-
volved comparing correlations among cognitive abilities
in different age groups. With some exceptions® these
cross-sectional studies have not found evidence that cor-
relations among abilities are higher in old people than in
younger people.** However, the cognitive dedifferent-
ation hypothesis refers to within-person correlations
among rates of cognitive change. Thus, it remains un-
clear whether examination of between-person correla-
tions among levels of cognitive abilities represents an
adequate test of the dedifferentiation hypothesis.

Longitudinal studies have examined the cognitive
dedifferentiation hypothesis in different ways. One
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[ Figure 2 Correlation between change in different cognitive domains ]
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Scatterplots of the association between rates of cognitive change in different cognitive domains before the terminal period
(left side) and during it (right side), adjusted for age at death, sex, and education.

approach has been to compare ability intercorrela-
tions at each wave of data collection to see if they
increase as participants age. These studies have not
suggested a systematic shift in the intercorrela-
tions.”>?® By contrast, in the present study correla-
tions between cognitive abilities were substantially
larger proximate to death than at study entry, sug-
gesting that cognitive dedifferentiation may be asso-
ciated with mortality rather than aging. Another
approach has been to test whether change in a partic-
ular cognitive ability such as processing speed is a
leading indicator of change in other cognitive do-
mains, possibly thereby contributing to cognitive
dedifferentiation.®?-2° To date, however, these stud-
ies have not clarified whether cognitive dedifferentia-
tion occurs in old age. A third approach has been to
directly examine correlations between rates of change
in cognitive function. In 2 of these studies,”” includ-
ing one of the Religious Orders Study cohort pub-
lished about a decade ago,’ a single factor explained
approximately 60% of the variance in rates of change

Neurology 78 April 10,2012

in diverse cognitive abilities. This observation sup-
ports the cognitive dedifferentiation hypothesis and
suggests that age-related cognitive change is mostly
diffuse rather than domain specific. However, nei-
ther study addressed whether correlations among
rates of change in cognitive abilities shift over time as
people age. The present longitudinal results build on
existing knowledge by showing that cognitive dedif-
ferentiation is an evolving process and that it is re-
lated to impending death rather than advancing age.

A persistent question in research on terminal cog-
nitive decline has been whether the effect is global or
domain specific.**3! Some prior studies have found
evidence of terminal decline in some cognitive mea-
sures and not others,>* but the pattern has not
been consistent from study to study, making inter-
pretation difficult. The present study more directly
assessed the issue by calculating correlations between
rates of change in different abilities during the termi-
nal period and between ability levels proximate to
death. That the correlations approached 1 demon-

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



strates that terminal cognitive decline is predomi-
nantly a global process.

Previous estimates of the duration of terminal
cognitive decline have varied from about 3 years® to
more than a decade.!? This variability partly reflects
the difficulty of precisely dating the onset of a con-
tinuous process. It also reflects other factors includ-
ing differences in study design (e.g., number and
spacing of observations, duration of observation pe-
riod, proximity of observations to death), study oper-
ations (e.g., follow-up participation rate), and
analytic approach (e.g., fixed vs variable change
point). We used a model that allowed rates of cogni-
tive decline to accelerate at a variable point prior to
death because it is likely that such approaches opti-
mally capture the natural history of cognitive aging.
Further, the development of dementia is related to
terminal cognitive decline, and it has been difficult to
disentangle the influence of impending death vs de-
mentia. In this study, many individuals met demen-
tia criteria after the onset of terminal decline, but
some met criteria before it and most never met crite-
ria. More importantly, in analyses that directly exam-
ined the key pathologic lesions underlying dementia,
we found that pathology was not associated with
rates of terminal change in different cognitive abil-
ities and did not modify the correlations among
those rates. These findings suggest that terminal
dedifferentiation of cognitive abilities is not driven
by the pathologic processes known to cause de-
mentia in old age.

The present results in conjunction with previous
research indicate that cognitive change during the
terminal period differs in important ways from pre-
terminal cognitive change. Thus, rate of terminal
cognitive decline is weakly correlated with pretermi-
nal rate of decline and is substantially more rapid and
global in nature. Further, the lesions most strongly
linked with late-life cognitive impairment and de-
mentia (i.e., plaques and tangles) were associated
with rate of cognitive decline in the preterminal but
not terminal period. These and previous® data sug-
gest that novel biological mechanisms are contribut-
ing to terminal cognitive decline. It may be that
pathologic processes traditionally associated with de-
mentia initiate a cascade of pathologic events and
that downstream components of this cascade are pri-
marily responsible for the temporal course of termi-
nal cognitive decline. In addition, unmeasured
pathologic lesions such as TDP-43 may be involved.
An implication of these data is that treatments that
target the pathologic processes thought to underlie
AD should focus on early mild cognitive change not
only because the pathologic changes are less severe
but also because they are more tightly linked to cog-

nitive changes during the preterminal period than is
the case during the terminal period. These results
also imply that understanding early domain-specific
changes in cognitive function will be difficult with-
out data on mortality.

This study has important strengths and limita-
tions. Multiple domains of cognition were assessed
with previously established composite measures. In
addition, there was a mean of about 10 years of an-
nual cognitive testing available including the period
most proximate to death with a high rate of partici-
pation in follow-up and brain autopsy. These factors
enhanced our ability to reliably characterize individ-
ual differences in the onset of the terminal period
and in rates of cogpnitive decline before and after that
point and to correlate these cognitive elements with a
postmortem index of disease burden. The main limi-
tation is that results are based on a selected group of
highly educated older persons. So the generalizability
of these findings remains to be determined.
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