
The cognitive processes underlying memory performance, including encoding, storage, 
and retrieval, are neither directly observable nor measurable using the standard methods 
that are applied to commonly-used memory tasks. However, an accumulating body of 
research suggests that changes in these underlying processes precede directly 
observable changes in cognitive health. Specifically, transgenic animal models of 
Alzheimer’s disease (AD) have shown that memory retrieval from dentate gyrus engram 
neurons is the first cognitive process to decline whereas fMRI and FDG-PET studies of 
cognitively normal human subjects at high risk for AD have shown relatively increased, 
and possibly compensatory, medial temporal lobe activity.  

Hierarchical Bayesian Cognitive Processing (HBCP) models, applied to commonly-used 
memory tasks, can measure these underlying parameters to illuminate changes that 
occur as a result of accumulating neuropathology. In this study, a HBCP model from 
mathematical psychology research was examined and refined to measure those cognitive 
processes underlying the performance of memory tasks commonly used in AD clinical 
research. These HBCP models should help better understand which cognitive processes 
are already changing in completely normal subjects with accumulating AD pathology. 
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BACKGROUND

HBCP MODEL VALIDATION (HYPOTHESIS #1)

OBJECTIVES

Data: The numbers of patients 
per severity group, data 
source, and memory task are 
given in Table 1. 

SUMMARY

The result showed that latent cognitive processes of encoding and storage and retrieval 
differentially change from normal aging to AD dementia. These changes are detected in 
substantively different wordlist memory tasks and study samples. These changes are not 
captured by summary or composite measures, such that early stage changes in AD may 
only be detected by measuring latent cognitive processes underlying cognitive task 
performance. Such insights have numerous practical implications in drug development, 
including early identification of research subjects likely to progress, enrichment of trial 
populations, and precise measurement of treatment effects among populations with 
minimal (or no) outward symptoms of cognitive impairment.

Results: Relative to the NL => NL non-converter group, the NL => MCI AD converter 
group showed increased probabilities for cognitive process parameters r (item 
encoding/storage into state L: medial temporal lobe, from unlearned state U), and b (item 
encoding storage into state L after successful retrieval state I: prefrontal or intermediate 
memory state, i.e., the testing effect). The NL => MCI AD converter group also showed 
relatively decreased probabilities for cognitive process parameters t (immediate retrieval 
from state I), L2 (5-minute delayed retrieval from state L) and L31 (1-hour delayed 
retrieval probability from state L if the item was not retrieved at L2).  Interestingly, the NL 
=> MCI AD converter group showed increased probability for cognitive process parameter 
L32 (1-hour delayed retrieval probability from state L if the item was retrieved at L2 
[delayed retrieval testing effect]).

Two hypotheses were tested by applying the HBCP model (Figure 1) to item response 
data from 3 different wordlist memory tasks (the AVLT, ADAS-Cog, and MCI Screen) from 
3 different sources respectively (The Mayo Clinic Study of Aging, ADNI, and the Shankle 
Clinic), each having 3 different severity groups (Normal, Amnestic Mild Cognitive 
Impairment, and AD dementia). This model measures cognitive processes of encoding, 
storage, and retrieval to and from prefrontal cortex and medial temporal lobe 
(hippocampus and parahippocampus). 

Hypothesis 1: Based on the neurobiology of learning and memory, a well-constructed 
HBCP model of the underlying cognitive processes of memory task performance will 
produce comparable results across different memory tasks when controlling for severity 
of impairment. 

Hypothesis 2: Based on the aforementioned animal and human studies, HBCP models 
applied to commonly-used memory task data from cognitively normal individuals with 
accumulating AD pathology will show increased encoding or storage parameters to 
compensate for declining retrieval parameters, even though their standard or composite 
scores will not distinguish them from those without AD pathology. 

Analysis: The HBCP Markov model was applied to each of the three wordlist memory task 
data sets to generate the encoding/storage and retrieval cognitive process parameters for 
each severity listed in Table 1. Then violin plots were used to represent the distributions of 
these parameters for each memory task, data source, and severity group.

Results: With few exceptions, the changes in each cognitive process parameter from 
normal to AD dementia were consistent across the different memory tasks and data 
sources (Figure 2a-2c).  The encoding/storage parameters a, b, r, and v showed smaller 
changes across severity levels than did the retrieval-from-state L-parameters (medial 
temporal lobe) L1, L2, L31, L32.  This finding is consistent with retrieval being the earliest 
deficit in transgenic AD mouse models.  

APPLICATION OF THE MODEL (HYPOTHESIS #2)

Data: Longitudinal data on patients from the Mayo Clinic Aging Registry were examined for 
scores on the AVLT wordlist memory task at baseline assessment, and at each assessment 
when a patient’s diagnosis changed over the 10-year study.  Patients were grouped 
according to baseline diagnosis and presence or absence of conversion to a more severe 
diagnosis over follow up (Table 2).  This grouping allowed comparison of the cognitive 
processing parameters between converters and non-converters at the same severity level. 
For example, normals who remained normal (NL => NL) were compared to normals who 
later converted to amnestic MCI (NL => MCI AD), while both groups were still normal. 

Analysis: The HBCP Markov model was 
applied to the AVLT data for each longitudinally 
followed severity group to generate the 
aforementioned encoding, storage, and 
retrieval cognitive process parameters. Then 
violin plots were used to represent the 
distributions of samples for each of these 
parameters for each longitudinally-followed 
severity group (Figure 3). 

Conclusion: Although these 3 wordlist memory tasks have substantive differences in 
design, number of items, and number of trials, the relative changes in each 
HBCP-model-derived cognitive process parameter across severity levels were highly 
consistent.

Conclusion: It was previously shown that NL => NL and NL => MCI AD groups did not 
differ on their standard baseline AVLT scores.  These findings are consistent with the 
interpretation that storage and encoding increases to compensate for declining retrieval 
among Normal subjects with presumably underlying AD pathology. By the time amnestic 
MCI has developed, this compensatory increase in encoding/storage for cognitive 
process, r, is lost, and the delayed retrieval testing effect (increase in L32) is also lost.  
These findings show that a sample of cognitively normal individuals with presumably 
underlying AD pathology can be distinguished from those without underlying AD pathology 
by applying HBCP models to commonly used wordlist memory task item response data.

Figure 1: Hierarchical Bayesian Cognitive Processing Model

The HBCP Markov model has three memory states – Unlearned (U), Intermediate (I: 
prefrontal), and Learned (L: medial temporal) – into which encoding/storage can occur, 
and from which retrieval can occur.  For each of the three wordlist memory tasks, free 
recall performance of each wordlist item at each learning (study-test) trial and at the 
5-minute-delayed-test trial was modeled using four storage/encoding parameters (r, a, v, 
b) and three retrieval parameters (t, L1, L2). For the AVLT memory task, which includes a 
second delayed-test trial at 1 hour, we incorporated two additional retrieval parameters, 
L31 and L32, to account for it.  L31 is an item’s retrieval probability at 1 hour if it was not 
retrieved at the 5-minute delayed test trial (L2).  L32 is an item’s retrieval probability at 1 
hour if it was retrieved at L2. 

Unlearned 
(U) 

Intermediate 
(I) 

Learned 
(L) 

Correctly 
Retrieved 

Correctly 
Retrieved 

Correctly 
Retrieved 

Correctly 
Retrieved 

Delay p 

r 

(1-r)(1-a) 

(1-r)a 

(1-v) 

v

1.0 

b

1-b 

0.0 
t

L1 Lp 

Figure 2

(a)

(b)

Figure 3

Table 2
Progression N

NL => NL 482
NL => MCI AD 85
MCI AD => MCI AD 51
MCI AD => Mild Dementia 22
Dementia AD => Dementia AD 191
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Figure 2

Table 1
Memory Task Data Source NL MCI AD AD Dementia

ADAS-Cog ADNI 222 369 324
MCI Screen Shankle Clinic 158 184 431

AVLT Mayo Clinic Alzheimer’s 
Disease Patient Registry 482 95 191


