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Abstract

We propose a novel method to assess delayed primacy in the Consortium to Establish

a Registry for Alzheimer’s Disease (CERAD) memory test. We then examine whether

this measure predicts post mortem Alzheimer’s disease (AD) neuropathology in indi-

viduals who were clinically unimpaired at baseline. A total of 1096 individuals were

selected from the Rush Alzheimer’s Disease Center database registry. All participants

were clinically unimpaired at baseline, and had subsequently undergone brain autopsy.

Average age at baseline was 78.8 (6.92). A Bayesian regression analysis was carried

out with global pathology as an outcome; demographic, clinical, and apolipoprotein E

(APOE) data as covariates; and cognitive predictors, including delayed primacy. Global

ADpathologywas best predicted by delayed primacy. Secondary analyses showed that

delayed primacy was mostly associated with neuritic plaques, whereas total delayed

recall was associated with neurofibrillary tangles. Sex differential associations were

observed. We conclude that CERAD-derived delayed primacy is a useful metric for

early detection and diagnosis of AD in unimpaired individuals.

KEYWORDS

Alzheimer’s disease, CERAD, memory, neuropathology, serial position

Highlights

∙ Wepropose a novel method to analyse serial position in the CERADmemory test.

∙ Weanalysedata from1096 individualswhowere cognitively unimpaired at baseline.

∙ Delayed primacy predicts post mortem pathology better than traditional metrics.
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1 BACKGROUND

Promoting early detection and diagnosis of Alzheimer’s disease (AD)

is one of the critical components of the global response to the growing

dementia crisis.1 A timely diagnosis ofADcanpromote patients’ safety,

help avoidpreventablehospitalizations, aid identificationof caregivers,

and support financial planning.2–4 In addition, early detection of AD

can facilitate the selection of individuals for clinical trials.5

Research into the use of biomarkers for early detection and diagno-

sis of AD has seen substantial progress in recent years, including the

introduction of promising blood-based biomarkers (see e.g.,6). Despite

this, many studies still rely in great part on assessments based upon

positron-emission tomography (PET) imaging and/or lumbar puncture.

These tests can be intimidating, and require access to highly special-

ized clinical settings.7 As theburdenof dementiaworldwide is affecting

especially low- and middle-income countries,8 early detection frame-

works should focus on accurate, but also affordable and accessible

technologies.

Testing neuropsychological functions is noninvasive, requires rel-

atively minimal training, and is inexpensive. Of relevance to AD is

especially the assessment of episodic memory ability.9–12 However,

neuropsychological test metrics were designed primarily for diag-

nostic purposes, that is, the identification of well-defined changes

in performance, and not for the detection of subtle shifts in neu-

ropsychological function due to emergent underlying pathology.13 An

alternative to the examination of standard clinical metrics is pro-

cess analysis of neuropsychological test performance (or the Boston

process approach14,15). Analysis of process scores is based upon the

principle that different cognitiveprocessesunderlie overall test perfor-

mance, and that unearthing these processes may be more informative

than simply evaluating typical composite scores.

Examples of effective process scores applied to verbal memory

testing derive from the analysis of serial position performance. The

serial position curve is a common pattern in tests of human mem-

ory, where performance tends to be better for stimuli learned at the

beginning (primacy) and/or at the end (recency) of a list, as com-

pared to those in the middle (hence, the curve shape; e.g., Murdock16).

This recall pattern has been reproduced countless times. Primacy

effects have been ascribed to extra opportunities for rehearsal,17 edge

effects,18 and increased attention,19 among other things, whereas

recency effects have been associated primarily with working mem-

ory processing.20 Importantly, participants with AD diagnoses present

with specific patterns of serial position performance, and these pat-

terns can be examined for the purposes of early detection and

diagnosis. In particular, a reduction of the primacy effect has been

reported frequently in immediate recall tests in conjunction with

AD risk and pathology (e.g.,21,22). Gicas et al.,23 for example, have

shown that higher immediate primacy performance is associated with

less risk of AD neuropathology, including hippocampal sclerosis; and

increased pathology predicted greater longitudinal decline in primacy

performance.24

Gicas et al.23,24 measured serial position performance using the

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)

RESEARCH INCONTEXT

1. Systematic review: We searched articles through online

databases such as Pubmed, PsychInfo, and Google

Scholar. We focused on papers regarding early detection

and diagnosis of Alzheimer’s disease (AD).

2. Interpretation: We propose a method to compute

delayed primacy in the CERAD memory test, and show

that this measure is better at predicting post mortem

neuropathology from a cognitively unimpaired baseline

than standard CERADmetrics.

3. Future directions: More work should elucidate the

neurocognitive mechanisms underlying the association

between serial position performance and neurodegener-

ative AD pathology.

memory test. In this memory test, participants are presented with a

list of 10 words three times, in different presentation orders. Imme-

diately after each presentation, participants are asked to free recall

the words in any order (immediate recall). Subsequently, they are

also asked to free recall the words after a delay (delayed recall).

So far, analysis of serial position effects in the CERAD memory test

has focused exclusively on immediate word-list recall from the first

list, as the presentation order of the words changes in each learning

trial. However, past analyses of word-list learning performance with

tests other than CERAD have shown delayed primacy to be a better

longitudinal predictor of global cognitive decline,25 and mild cogni-

tive impairment (MCI26) compared to immediate primacy. A reason

for this may be that delayed primacy is sensitive to synaptic consol-

idation, as also suggested by its association with hippocampal gray

matter volume27 and increased functional connectivity between left

and right hippocampus.28 Therefore, the aim of the present study was

to determine whether delayed primacy in CERAD was more effective

at predicting AD neuropathology than immediate primacy.

In order to extract delayed primacy information from CERAD, we

propose that each time the word list (A, B, and C) is presented, one

item will be shown first. The three items shown first (i.e., A1, B1, and

C1) should all benefit from primacy exposure (e.g., extra opportunity

for rehearsal, edge effects, etc.). Hence, when examining delayed recall

performance, memory for items A1, B1, and C1 will give an account

of delayed primacy. Using this method, we carried out secondary

data analyses on Rush Alzheimer’s Disease Center cohort data. We

hypothesized that a measure of delayed primacy, extracted from the

CERADmemory test, would be effective in predicting post mortemAD-

related pathology from a cognitively unimpaired baseline. Additionally,

as women account for a greater proportion of AD cases than men,29

while, perhaps paradoxically, maintaining a life-long advantage in ver-

balmemory,30 we set out to evaluate also sex-related differences in the

association betweenmemory performance and post mortem pathology.
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The R code used in JASP for the analyses is reported in the

SupplementaryMaterials.

2 METHODS

2.1 Participants

A total of 5158 unique participants’ data were available from the Rush

Alzheimer’s Disease Center (RADC) database registry. From this total,

we selected individuals who (a) were diagnosed as having no cogni-

tive impairment at baseline (see below for diagnostic criteria); (b) had

received a post mortem examination; (c) were diagnosed as being cog-

nitively unimpaired, or having MCI or Alzheimer’s disease at death

(i.e., mixed cases were excluded; see below for diagnostic criteria); (d)

had the necessary CERAD data at baseline; and (e) had apolipoprotein

E (APOE) genotype data. Once these criteria were applied, the over-

all sample size was reduced to 1096. These participants came from

four different RADC cohort studies: The Religious Order Study (ROS;

n = 486); the Memory and Aging Project (MAP; n = 577); the Minor-

ity Aging Research Study (MARS; n = 32); and the Latino Core Study

(LATC; n = 1). ROS31 started in 1994 and comprises 65 year and older

Catholic nuns, priests, and brothers from across the United States.

All were without known dementia at enrollment and agreed to yearly

evaluation and brain donation after death. MAP started in 1997 and

comprises 65 year and older adults from retirement communities and

subsidized senior housing in the Chicago area, and north–eastern Illi-

nois. All were without known dementia at enrollment and agreed to

yearly evaluation and brain donation after death. MARS32 started in

2004 and is made up of 65 year and older adults identifying as African

American and living in the Chicago area and suburbs. All were with-

out known dementia at enrollment and agreed to yearly evaluations,

in addition to optional brain donation after death. LATC33 started in

2015 and also includes 65 year and older adults from the Chicago area,

who identify as Latino/Hispanic. All were without known dementia at

enrollment and agreed to yearly evaluations, in addition to optional

brain donation after death. Overall, average age at baseline was 78.8

(6.93), average time between baseline and death was 10.56 (5.90)

years, and average years of education were 16.29 (3.72). In total, 776

(71%) were female, and the APOE genotype was distributed as follows:

4 had ε2ε2; 151 had ε2ε3; 26 had ε2ε4; 711 had ε3ε3; 191 had ε3ε4; and
13 had ε4ε4. All participants signed a Repository Consent to allow their

data to be shared. Ethics approvals for the studies included in these

analyses were obtained from an Institutional Review Board of Rush

UniversityMedical Center. This researchwas completed in accordance

with the Helsinki Declaration.

2.2 Baseline diagnosis

Baseline diagnosis34,35 was based on a three-stage process includ-

ing: computer scoring of a cognitive battery of 19 cognitive tests,

clinical judgment by a neuropsychologist blinded to participants demo-

graphics, and a final diagnostic classification by a clinician (neurolo-

gist, geriatrician, or geriatric nurse practitioner). Clinical diagnosis of

Alzheimer’s dementia is based on criteria of the joint working group

of theNational Institute ofNeurological andCommunicativeDisorders

and Stroke and the Alzheimer’s Disease and Related Disorders Associ-

ation (NINCDS/ADRDA). The diagnosis of Alzheimer’s disease requires

evidence of ameaningful decline in cognitive function relative to a pre-

vious level of performance with impairment in memory and at least

one other area of cognition. Diagnosis of MCI is rendered for persons

who are judged to have cognitive impairment by the neuropsycholo-

gist but are judged not to meet criteria for dementia by the clinician.

Finally, persons without dementia orMCI are categorized as having no

cognitive impairment.

2.3 Diagnosis at death

Diagnosis at death was based on assessment of all available clinical

data, which was reviewed by a neurologist with expertise in demen-

tia, leading to a summary diagnostic opinion rendered regarding the

most likely clinical diagnosis at the time of death. Summary diagnoses

were blind to all post mortem data. Case conferences including one or

more neurologists and a neuropsychologist were used for consensus

on selected cases.

2.4 Cognitive assessment

Participants completed a 19-test neuropsychological evaluation in a

standardized format to assess functioning in the domains of episodic

memory (with three delayed recall tests), semantic memory, working

memory, visuospatial ability, and perceptual speed.36 The raw scores

from these tests were then converted to z-scores and averaged to cre-

ate a global cognitive function index. The CERAD Word List Memory

test37 was part of this battery, and was the basis for the serial posi-

tion scores. This test is composed of a list of 10 semantically unrelated

words that are repeated across three trials (A, B, and C) with varying

word order. Participants are asked to recall as many words as possible

immediately after presentationof eachword list. Performanceover the

three trials is combined to give a total recall score. Later, after a delay

of several minutes, participants are asked to recall asmanywords from

the initial list as possible in any order, providing a total delayed recall

score. Following Gicas et al.23,24 we defined immediate primacy as the

ability to recall the first three words presented in the first three trials

(i.e., A1-A3, B1-B3, and C1-C3), immediately after presentation of that

list, and then divided that sum by the total number of possible items

(i.e., nine). For comparison, we also computed an alternative measure

of immediate primacy which included only the first three words pre-

sented in the first trial (i.e., A1-A3; one list immediate primacy).Delayed

primacy was defined as the ability to recall the first word presented in

the first trial, the first words presented in the second trial, and the first

word presented in the third trial (i.e., A1, B1, and C1), in the delayed

recall task.
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2.5 Post mortem evaluation

All participants in these analyses underwent brain autopsy at death.35

The standard protocol involved removal of the brainstem and cere-

bellum, followed by cutting one hemisphere into 1 cm coronal slabs

that were immediately frozen. The other hemisphere was fixed in

4% paraformaldehyde for 3–21 days and subsequently cut into 1 cm

coronal slabs. Regional blocks of tissue were embedded in paraf-

fin, sliced into 6 μm sections, and mounted to glass slides for

microscopic evaluation by a neuropathologist blinded to all clinical

information.

A global AD pathology burden score was then extracted as a

quantitative summary of AD pathology. This score derived from the

average of three AD pathologies: neuritic plaques, diffuse plaques,

and neurofibrillary tangles, as determined by microscopic exami-

nation of silver-stained slides from five regions: midfrontal cortex,

midtemporal cortex, inferior parietal cortex, entorhinal cortex, and

hippocampus.

2.6 APOE genotyping

DNA was extracted from PBMCs or brain. Participants were geno-

typed forAPOEalleles byPolymorphicDNATechnologies (http://www.

polymorphicdna.com/).

2.7 Data analysis

Bayesian regression analyses were carried out. A Bayesian framework

was employed to allow for comparison across differentmodels (includ-

ing one or more predictors) to identify the most plausible, that is,

to identify which combination of variables may best predict the out-

comes. In these analyses, all combinations of predictors were tested

for data fit, including models with only one predictor, against the null

model. The primary analysis had global AD pathology as outcome;

APOE genotype, baseline age, sex, years of education, final diagnosis,

and time from baseline to death as control variables (null model); and

cognitive scores as predictors: total recall, total delayed recall, imme-

diate primacy (either the three- or one-list immediate type in separate

analyses), and delayed primacy were derived from CERAD, while the

global cognitive function index was obtained from the test battery

(see the Cognitive Assessment section). Credible intervals (CIs) were

set to 95%. The prior was set to JZS, and the model prior was set to

Uniform. One thousand Markov chain Monte–Carlo simulations were

conducted to determine parameters. Secondary analyses were carried

out with neuritic plaques, diffuse plaques, and neurofibrillary tangles

as outcomes, both globally and in the hippocampus specifically, while

otherwise maintaining the same parameters as in the primary analysis.

Analyses split by reported sex at birth were then carried out post hoc

to examine sex-differential associations. Analyses were carried out in

JASP 0.17.3.

TABLE 1 Neuropathological andmemory data

Mean SD

Global pathology 0.667 0.576

Neuritic plaques 0.762 0.773

Diffuse plaques 0.683 0.722

Neurofibrillary tangles 0.554 0.683

Global cognitive index 0.110 0.572

Immediate recall 18.376 4.456

Delayed recall 5.928 2.171

Three-list Immediate primacy 0.669 0.211

One-list Immediate primacy 1.687 1.017

Delayed primacy 2.048 0.871

Note: SD= standard deviation.

F IGURE 1 Marginal effects plot. Global Alzheimer’s disease
pathology (y-axis) by delayed primacy (x-axis), and 95% confidence
intervals

3 RESULTS

Table 1 reports means and standard deviations for the neuropatholog-

ical andmemory scores.

Global AD pathology was best predicted by delayed primacy,

BF10 = 5.577, with moderate evidence. This model was roughly twice

as effective as the second best model (BF10 = 2.681) including total

delayed recall only. The mean coefficient for delayed primacy was

−0.028 (0.028; 95% credible intervals from −0.077 to 0), indicating

that more global AD pathology was associated with poorer delayed

primacy at baseline (Figure 1). These numbers suggest that, compar-

ing cross-sectionally, one less unit of primacy corresponded to ∼ 4.2%

more global AD pathology (based on the mean overall level of global

AD pathology; Table 1): hence, comparing a person with 0 delayed

primacy to a personwith full delayed primacy (i.e., three units), the for-

mer will have upward of 12% more global AD pathology. BFinclusion for

delayed primacy was 1.467, suggesting that adding delayed primacy to

themodel improved its fit to the data by 47%. Tables 2 and 3 recap this

analysis.

http://www.polymorphicdna.com/
http://www.polymorphicdna.com/
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TABLE 2 Model fits in primary analysis with global pathology as
outcome

Models P(M) P(M|data) BFM BF10 R2

Null model (including:

age at baseline,

APOE genotype,
years of education,

sex, elapsed time,

and diagnosis)

0.033 0.051 1.564 1.000 0.186

Delayed primacy 0.033 0.285 11.579 5.577 0.192

Delayed recall 0.033 0.137 4.609 2.681 0.191

Immediate recall+

Delayed primacy

0.033 0.070 2.176 1.364 0.193

Immediate recall 0.033 0.066 2.044 1.287 0.190

Global composite+

Delayed primacy

0.033 0.057 1.754 1.115 0.193

Delayed recall+

Delayed primacy

0.033 0.055 1.690 1.076 0.193

Immediate primacy+

Delayed primacy

0.033 0.052 1.595 1.019 0.193

Immediate primacy 0.033 0.030 0.892 0.584 0.189

Global composite+

Delayed recall

0.033 0.027 0.807 0.529 0.192

Note. Allmodels include age at baseline,APOE genotype, years of education,
sex, elapsed time, and diagnosis. Only the top 10models are reported. P(M)

denotes prior probability; P(M|data) denotes posterior probability; BFM

reportsmodel odds;BF10 reportsmodel odds relative to thenullmodel; and

R2 denotes variance explained. Immediate primacy is here three-list imme-

diate primacy, which performed analogously to, albeit slightly better than,

one-list primacy.

Secondary analyses with neuritic plaques presented the same pat-

tern of results, as this AD-related pathology was best predicted by

delayed primacy, BF10 = 4.163, with moderate evidence. This model

was over twice as strong as the second best model (BF10 = 1.560),

again including only total delayed recall. The mean coefficient for

delayed primacy was −0.041 (0.038; 95% credible intervals from

−0.109 to<0.001), indicating that more neuritic plaque pathologywas

associated to poorer delayed primacy at baseline. BFinclusion was 1.879,

suggesting that adding delayed primacy to themodel improved its fit to

the data by 88%.

None of the models predicted diffuse plaques better than the null

models including the covariates (bestBF10 <1).However, total delayed

recall was an extremely strong predictor of neurofibrillary tangles

(BF10 = 2891.180), narrowly beating out themodel combining delayed

primacy and three-list immediate primacy (BF10 = 2592.755). The

mean coefficient for total delayed recall was−0.022 (0.019; 95% cred-

ible intervals from −0.053 to 0), indicating that more neurofibrillary

tangle pathology was associated to poorer delayed recall at baseline.

BFinclusion was 1.969, suggesting that adding delayed primacy to the

model improved its fit to the data by 97%.

When we isolated the hippocampus as region of interest, however,

none of the memory predictors provided a better fit compared to the

null models.

Finally, sex-differential analyses (with delayed primacy and delayed

recall as predictors, and all covariates as in the main analyses) pre-

sented a significantly different picture of the overall results. First of

all, the best predictive model of global global AD pathology became

the interaction between delayed primacy and sex (BF10 = 79.42). Con-

sistently, when conducting separate analyses by sex, delayed primacy

was a moderate predictor of global AD pathology (beating out delayed

recall) in females (n = 776), BF10 = 8.47, with a mean coefficient of

−0.058 (0.029; 95% credible intervals from −0.103 to 0), but neither

predictor successfully fit the data in males (BF10 < 0.300; n = 322).

Analogously, we found the same patternwith neuritic plaques: delayed

primacy predicted the outcome in females, BF10 = 3.06, −0.058

(0.029), −0.127–0. While memory scores again were not predictive

with diffuse plaques, as in the whole sample, delayed recall was

only predictive of neurofibrillary tangles in females (BF10 = 2238.67;

−0.051, 0.012,−0.074 to−0.029) but not males (BF10 = 0.33).

4 DISCUSSION

In this secondary data analysis of over 1000 decedents who had par-

ticipated in an RADC cohort study, we tested the hypothesis that a

measure of delayed primacy, extracted from the CERAD memory test,

would be effective in predicting post mortem AD-related pathology

from a cognitively unimpaired baseline. These efforts are in line with

the general goal of providing affordable, accessible, and accurate tools

to aid early detection and diagnosis of dementia of the Alzheimer’s

type.Wepropose away to estimate delayed primacy inCERADdespite

the fact that the word list order is changed over three consecutive

learning trials: we suggest taking into account delayed recall perfor-

mance for the words presented first in each of the three learning trials,

that is, the A1, B1, and C1 words. Our primary analysis showed that

delayedprimacywas thebest predictor of globalADpathology, outper-

forming both total and delayed recall. In secondary analyses, delayed

primacywas again the best predictor of neuritic plaques, while delayed

recall was better for neurofibrillary tangles, although this pattern of

results was not confirmedwhen isolating specifically the hippocampus.

Neither three-list nor one-list immediate primacy scores were better

predictors than delayed primacy in any analysis. Finally, our results

were qualified by a sex-differential effect whereby these associations

were present only in women.

One observation from these results is that delayed recall mea-

sures, whether specifically for the primacy words or for the whole list,

associated better with neuropathological outcomes than immediate

recall measures. This finding is not surprising given the reported links

between delayed recall and consolidation – as consolidation of new

information requires time and biochemical changes in the central ner-

vous system, delayed responses are more likely to be able to assess

overall health of this mechanism than immediate responses.25–27,38

However, primacyversuswhole list recall appeared to associatebet-

ter with different types of post mortem pathology. Neuritic plaques,

which are the consequence of amyloid-β protein aggregation, and neu-
rofibrillary tangles,whichderive fromtheaccumulationof tauproteins,
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TABLE 3 Mean coefficients, standard deviations and 95% credible intervals in primary analysis

Coefficient P(incl|data) P(excl|data) BFinclusion Mean SD 95%CILower 95%CIUpper

Age at baseline 1.000 0.000 1.000 0.006 0.003 <0.001 0.011

APOE genotype 1.000 0.000 1.000 0.024 0.004 0.017 0.032

Years of education 1.000 0.000 1.000 0.003 0.004 -0.005 0.012

Sex 1.000 0.000 1.000 -0.117 0.035 -0.181 -0.050

Elapsed time 1.000 0.000 1.000 0.008 0.003 0.003 0.014

Diagnosis 1.000 0.000 1.000 0.203 0.021 0.164 0.241

Global composite 0.167 0.833 0.200 0.004 0.014 -0.005 0.051

Delayed recall 0.308 0.692 0.509 -0.005 0.009 -0.030 0.000

Immediate recall 0.230 0.770 0.341 -0.001 0.003 -0.011 <0.001

Immediate primacy 0.165 0.835 0.198 -0.011 0.048 -0.162 0.022

Delayed primacy 0.595 0.405 1.467 -0.028 0.028 -0.077 0.000

Note: P(incl|data) denotes the probability of including a predictor after considering the data; P(excl|data) denotes the probability of excluding a predictor after
considering the data; BFinclusion reports howmuch a predictor increasesmodel odds. Immediate primacy is three-list immediate primacy.

are the hallmarks of Alzheimer’s disease.39–41 Delayed primacy was

most sensitive to the former, while delayed recall was most sensitive

to the latter. The association of delayed primacy with neuritic plaques

is somewhat consistent with a previous report in a different dataset,

showing that poor delayed primacy (and primacy forgetting) in story

recall was associated with increased amyloid load, as measured with

Pittsburgh compound-B PET imaging.42 While the exact neurobiolog-

ical mechanism linking delayed primacy recall to amyloid deposition

is not clear, we have previously suggested that this association may

be mediated by a failure to consolidate effectively the temporal infor-

mation paired with the items, thus leading to poorer information

clustering and, eventually, retention. This hypothesis, which requires

further testing, is tentatively consistent with the observation that

amyloid deposition in the brain begins in the neocortex,43 where asso-

ciative memory function may be expressed.44 An alternative, but not

mutually exclusive, possibility is also that delayed primacy may be

more sensitive to neuritic plaques because they will begin to accumu-

late years before neurofibrillary tangles, as per the amyloid cascade

hypothesis40; therefore, delayed primacy may be sensitive to early

subtle changes that total delayed recall is unable to detect.

With regard to delayed recall and its preferential association with

neurofibrillary tangles, we similarly do not have a specific mechanism

to propose, except for highlighting how tangles have been observed

to appear initially in the medial temporal region, first in the entorhinal

cortex and then the hippocampus, which are areas strongly associated

with memory consolidation.45 To determine whether delayed recall

performance broadly, as opposed to nonprimacy delayed recall specif-

ically, was preferentially associated with neurofibrillary tangles, we

carried out a posthoc analysis analogous to the main analyses. Out-

come was post mortem neurofibrillary tangles; control variables were

unchanged; and predictors were delayed recall, and the unstandard-

ized residuals of regressing delayed primacy out of delayed recall (i.e.,

a measure of delayed recall independent of delayed primacy). This

new analysis did not show primacy-independent delayed recall to be

a good predictor of tangles, BF10 = 1.363, thus confirming the original

conclusion that it was delayed recall overall that best associated with

neurofibrillary tangles.

Another note is that clinical composite scores, such as the global

cognitive function index we employed in our analyses (which, how-

ever, to note, was not norm-corrected), are more likely to be used

in clinical settings than raw scores. Although composite scores have

shown reduced variability and stronger associations with amyloid bur-

den compared to raw scores in some instances,46,47 they have also

been criticized for missing out on subtle cognitive changes.48 In partic-

ular, in our analyses, the global cognitive function index,which included

performance over 19 standardized neuropsychological tests, was not

predictive of post mortem neuropathology in our analyses, and there-

fore underperformed when compared to the delayed primacy and

delayed recall raw scores.

Importantly, post hoc sex-differential secondary analyses showed

that these associations were only confirmed inwomen, and not inmen.

We know that women tend to maintain a life-long advantage in verbal

memory over men,30 but in our sample, women did not perform better

than men in either delayed primacy (Bayesian t-test, BF10 = 0.431) or

CERAD delayed recall (BF10 = 0.158). In contrast, women were older

(BF10 =1749.31) and less educated (BF10 >20million) thanmen,while

also carrying more global pathology (BF10 = 87.67), which is consis-

tent with the observation whereby AD pathology is more common in

women than in men.29 Despite the fact that demographic character-

istics were controlled for in our post hoc analyses, it is nevertheless

possible that the sex-differential association we observed in our data

depended upon the more advanced state of pathology in our women

compared to men. These findings require further inspection in future

investigations.

A clear limitation of this study is that the exact mechanisms under-

lying the link between delayed primacy, delayed recall, and other

portions of the serial position, and AD-related pathology remain spec-

ulative at this stage. While a modest number of studies have examined

the association between serial position performance and cogni-

tive impairment, few have tackled the neurocognitive bases of this
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association. Further research, possibly involving functional neu-

roimaging and connectivity, should be considered toward this goal.

Additionally, the effect sizes of the associations we reported here are

relatively modest. For instance, an increase of one point of delayed

primacy corresponds to approximately 2% less global pathology in the

whole sample. However, this effect size was doubled when examining

females specifically - on average, a woman remembering all three

delayed primacy items would be expected to have ∼ 12% less pathol-

ogy than a woman remembering no delayed primacy items. Another

possible limitation is the fact that our sample was, on the whole, quite

well educated; it is therefore possible that we may not see the same

associations when examining individuals whose level of education

is lower. While we do not find a different patterns of results when

isolating people from our sample with 12 or fewer years of education

(n = 224), we are unable to test our models on the least educated

individuals in our data due to low sample size.

Finally, it may be argued that delayed primacy is a misnomer for the

metric we have calculated. While the three words that we used for

delayed primacy all appear as the first word once, and are the only

words that do so, these words also appear in nonprimacy positions.

As such, it is arguable that our proposed measure of delayed primacy

is not truthfully a measure of primacy, but of something else entirely.

In response to this compelling point, a – perhaps somewhat circular

– argument can be made as follows to justify the use of the “delayed

primacy” label: first, as noted, only these three words are the very

first word in each list, and thus should accrue the most primacy expo-

sure overall; second, as examining recall for these words specifically

gives us better prediction of pathology than the alternatives, such as

immediate primacy,we canappeal to previous literaturewheredelayed

primacy, as measured less ambiguously with other word-list tests, out-

performed immediate primacy.25–27 Based on these points, we draw

the circumstantial conclusion that the effect we observed may indeed

be a primacy effect. However, we admit this conclusion is questionable.

Nevertheless, we currently lack a better explanation as to why these

three specific words are providing us with the best fit in our analysis,

and suggest this point maywarrant further inquiry.

To conclude, both CERAD-derived delayed primacy and delayed

recall predicted post mortem AD pathology in individuals who were

classed as unimpaired at baseline, above and beyond demographics.

These measures displayed different associations – delayed primacy

correlated with global pathology and neuritic plaques, while delayed

recall correlated with neurofibrillary tangles – and both performed

better than the overall composite score. All in all, both the traditional

recall scores and their process approach counterparts should be con-

sidered in research and clinical settingswhere theCERADmemory test

is employed.
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