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Abstract
Background and Objectives
Increasing evidence indicates that a subset of cognitively normal individuals has subtle cognitive
impairment at baseline. We sought to identify them using the Stages of Objective Memory
Impairment (SOMI) system. Symptomatic cognitive impairment was operationalized by a
Clinical Dementia Rating (CDR) ≥0.5. We hypothesized that incident impairment would be
higher for participants with subtle retrieval impairment (SOMI-1), higher still for those with
moderate retrieval impairment (SOMI-2), and highest for those with storage impairment
(SOMI-3/4) after adjusting for demographics and APOE «4 status. A secondary objective was
to determine whether including biomarkers of β-amyloid, tau pathology, and neuro-
degeneration in the models affect prediction. We hypothesized that even after adjusting for in
vivo biomarkers, SOMI would remain a significant predictor of time to incident symptomatic
cognitive impairment.

Methods
Among 969 cognitively normal participants, defined by a CDR = 0, from the Knight Alzheimer
Disease Research Center, SOMI stage was determined from their baseline Free and Cued
Selective Reminding Test scores, 555 had CSF and structural MRI measures and comprised the
biomarker subgroup, and 144 of them were amyloid positive. Cox proportional hazards models
tested associations of SOMI stages at baseline and biomarkers with time to incident cognitive
impairment defined as the transition to CDR ≥0.5.

Results
Among all participants, the mean age was 69.35 years, 59.6% were female, and mean follow-up
was 6.36 years. Participants in SOMI-1–4 had elevated hazard ratios for the transition from
normal to impaired cognition in comparison with those who were SOMI-0 (no memory
impairment). Individuals in SOMI-1 (mildly impaired retrieval) and SOMI-2 (moderately
impaired retrieval) were at nearly double the risk of clinical progression compared with persons
with no memory problems. When memory storage impairment emerges (SOMI-3/4), the
hazard ratio for clinical progression increased approximately 3 times. SOMI stage remained an
independent predictor of incident cognitive impairment after adjusting for all biomarkers.

Discussion
SOMI predicts the transition from normal cognition to incident symptomatic cognitive im-
pairment (CDR ≥0.5). The results support the use of SOMI to identify those cognitively
normal participants most likely to develop incident cognitive impairment who can then be
referred for biomarker screening.
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Early detection is important for prevention of Alzheimer
disease (AD) and related dementias.1 In the most common
approach to secondary prevention trials, ostensibly cogni-
tively normal participants are enrolled based on positive
biomarkers of AD.2 These studies have largely aimed to
demonstrate the effectiveness of amyloid- or tau-targeted
therapies in biomarker-positive but cognitively asymptom-
atic individuals. This approach is best exemplified by the
AHEAD 3-453 and Anti-Amyloid in Asymptomatic Alz-
heimer’s (A4) studies.4

There is increasing evidence that a subset of cognitively
normal individuals has subtle cognitive impairment at
baseline.5-7 Not all cognitively normal, biomarker-positive
individuals clinically progress to cognitive impairment over
the typical duration of a clinical trial, say 18–36 months.8,9

Because the objective of treatment in many clinical trials is to
slow the rate of cognitive decline, inclusion of individuals
unlikely to decline, even if randomized to placebo, will at-
tenuate power to identify treatment effects in trials.10 Using
sensitive neuropsychological tests to detect subtle cognitive
impairment in biomarker-positive individuals categorized as
cognitively normal (Clinical Dementia Rating [CDR] = 0)
may improve our ability to identify a group of individuals who
are more likely to decline.

The Stages of ObjectiveMemory Impairment (SOMI) system,
based on Free and Cued Selective Reminding Test (FCSRT)
performance, provides an approach to identifying subtle cog-
nitive impairment in this group.11,12 The FCSRT provides
measures of memory retrieval (Free Recall; FR) and memory
storage (Total Recall; TR). FR scores predict incident mild
cognitive impairment (MCI) and incident dementia, particu-
larly dementia due to AD,13-17 and often outperforms other
cognitive tests.18,19 Furthermore, FR appears to be the com-
ponent of the Preclinical Alzheimer’s Cognitive Composite
most sensitive to changes in pathologic hallmarks of AD.20,21

Impaired TR indicates prevalent dementia.22,23

The SOMI system was based on the extensive literature
mapping FR and TR scores to clinical outcomes in longitu-
dinal aging cohorts and to anti- and post-mortem markers of
AD pathology.11 Table 1 shows the SOMI cutoffs for classi-
fying individuals into 1 of 5 stages based on FR and TR scores
from the picture version of the FCSRTwith Immediate Recall
(pFCSRT + IR). In SOMI-0, FR and TR are normal. The next

2 SOMI stages (SOMI-1 and -2) reflect increasing retrieval
difficulty, shown by declining FR in the context of intact TR
beginning 7–8 years before clinical dementia.24,25 In the next
2 SOMI stages (SOMI-3 and -4), cuing fails to recover all
items missed in FR, indicating a memory storage deficit oc-
curring about 1–3 years before clinical dementia.23

When the SOMI system was applied to the baseline FCSRT
scores of 142 cases who developed AD in the Einstein Aging
Study, the temporal trajectory of FR and TR decline mir-
rored the proposed SOMI stages.11 Cases with intact
memory at baseline (SOMI-0) developed clinical dementia
7 years later, with subtle retrieval impairment (SOMI-1) 5
years later and moderate retrieval impairment (SOMI-2) 4
years later. With the addition of storage impairment (SOMI-
3 and -4) dementia developed sooner, 2½ years. When the
SOMI system was applied to the baseline FCSRT scores
from the A4 study, 20% of the cognitively normal partici-
pants were SOMI-2 or higher.12 SOMI’s advantage over
individual FR and TR scores is because it permits the
measurement of retrieval impairment separately from
memory storage impairment. Because these processes
breakdown at different points in the predementia phase,21,26

the ability to distinguish between them provides an estimate
of the participant’s location along the AD continuum.

In this study, we used data from the Knight Alzheimer Disease
Research Center (ADRC) to assess SOMI’s usefulness in
predicting incident cognitive impairment among those who
had a Clinical Dementia Rating (CDR)27 of 0 at baseline.
Symptomatic cognitive impairment was operationalized by a
CDR ≥0.5; CDR 0.5 comprises both mild cognitive impair-
ment and very mild dementia. We hypothesized that incident
cognitive impairment would be higher for participants with
subtle retrieval impairment (SOMI-1), higher still for those
with moderate retrieval impairment (SOMI-2), and highest
for those with storage impairment (SOMI-3/4) after adjust-
ing for demographics and APOE «4 status. A secondary ob-
jective was to determine whether including biomarkers of
β-amyloid (Aβ), tau pathology, and neurodegeneration in the
models affected prediction. We hypothesized that even after
adjusting for in vivo biomarkers, SOMI would remain a sig-
nificant predictor of time to incident cognitive impairment.
Finally, because secondary prevention trials in AD often en-
roll only amyloid-positive participants,28 we performed a
sensitivity analysis in the amyloid-positive subsample.

Glossary
Aβ = β-amyloid; A4 = Anti-Amyloid in Asymptomatic Alzheimer’s; AD = Alzheimer disease; ADRC = Alzheimer Disease
Research Center; CDR = Clinical Dementia Rating; FCSRT = Free and Cued Selective Reminding Test; FR = Free Recall;
HABS = Harvard Aging Brain Study; HR = hazard ratio; HV = hippocampal volume; IR = Immediate Recall; MCI = mild
cognitive impairment; MMSE = Mini-Mental State Examination; pFCSRT = picture version of the FCSRT; p-Tau181 =
phosphorylated tau 181; SOMI = Stages of Objective Memory Impairment; TR = Total Recall; TMT-B = Trail Making test
Part B; t-Tau = total tau.
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Methods
Participants
Participants were enrolled in longitudinal studies of aging and
AD from the Knight ADRC at Washington University in St.
Louis, MO. Details about recruitment procedures have been
reported previously.29 Briefly, Knight ADRC participants are
community dwelling, and most reside in the St. Louis, MO,
area. Participants were required to be in good general health,
have no serious illnesses (e.g., end-stage renal disease requiring
dialysis) that would preclude participation, nor medical con-
traindications to either CSF or MRI studies.

Study protocols were approved by the Human Research
Protection Office at Washington University School of Medi-
cine, and all participants provided written informed consent at
the time of enrollment. The current study was also approved
by the Institutional Review Board at Albert Einstein College
of Medicine.

Clinical Assessment
All participants in Knight ADRC studies have annual clinical
and neuropsychological assessments that include the FCSRT.
Participants are assessed by experienced clinicians, who assign
CDR scores to individuals based on neurologic examinations,
interviews with each participant, and separate interviews
with an informant who knows the participant well.27 A total of
969 participants who were cognitively normal at baseline
(CDR= 0), had FCSRT scores, and at least 1 wave of follow-up
were included in this study. A subset of participants (N = 555)
had CSF collection and volumetric MRI measurement within
2 years of baseline clinical assessment. Participants who were
amyloid-positive (N = 144) provided the final subset. A flow-
chart of study participants is shown in Figure 1.

The Free and Cued Selective Reminding Test
Unlike other episodic memory tests, the FCSRT controls the
conditions of learning.30,31 Participants are asked to identify
pictured items in response to category cues that are used in the

test phase to prompt recall of items not retrieved in FR. This
controlled learning procedure induces semantic processing and
coordinates encoding and retrieval for maximum recall. Par-
ticipants whose performance cannot be remediated by these
procedures have a genuine memory deficit due to impairment
of specificmemory processes (storage or retrieval mechanisms)
and not an apparent memory deficit due to use of inefficient
strategies or impairment of other cognitive processes that occur
in normal aging.31 Participants who have genuine memory
deficits progress to MCI or clinical dementia.16,23,32,33

The pFCSRT + IR 331 was administered as part of the neu-
ropsychological assessment. Pictures were presented 4 at a
time for identification and then removed, and immediate cued
recall was tested to ensure successful encoding and practice at
retrieval before the test phase. Following the study phase,
there were 3 test trials of 16 pictures for a maximum score of
48. Scores include FR (range 0–48) and TR (range 0–48).
Participants were stratified into different SOMI stages using
the score ranges of FR and TR shown in Table 1. Forty-two
individuals (4%), whose retrieval was impaired but storage
was unimpaired, could not be classified by the SOMI system
and were excluded from the analysis. To increase statistical
power, given the small number of participants in SOMI-3 and
-4 stages, SOMI-3 and -4 were merged into a single group
(SOMI-3/4).

CSF Biomarkers
CSF sampling procedures have been described previously.34

In brief, lumbar puncture was performed by experienced
neurologists at 8 AM after an overnight fast. CSF levels of Aβ40,
Aβ42, phosphorylated tau 181 (p-Tau181), and total tau
(t-Tau) were measured using ELISA (INNOTEST; Fujirebio
[formerly Innogenetics], Tokyo, Japan). CSF levels of the
Aβ42/Aβ40 ratio (indicative of amyloid deposition) are re-
duced in AD, whereas biomarkers of tauopathy (p-Tau181)
and neurodegeneration (t-Tau) are elevated.35 Amyloid
positivity, used to determine the sensitivity analysis sub-
sample, was defined as Aβ42/Aβ40 ratio <0.0673.36

Table 1 SOMI Defined by FR and TR Score Ranges on the pFCSRT + IR

SOMI
Free Recall
scores

Total Recall
scores Theoretical description of memory impairment classification

0: No memory impairment >30 >46 None detected by pFCSRT + IR

1: Subtle retrieval impairment 25–30 >46 Free recall declines at a constant rate. Storage is preserved

2: Moderate retrieval impairment 20–24 >46 Rate of free recall decline doubles. Executive dysfunction accelerates.
Storage is preserved

3: Subtle storage impairment Any 45–46 Cuing fails to normalize total recall

4: Significant storage impairment compatible
with incipient dementia

Any 33–44 Cognitive decline accelerates heralding ADL impairment

Abbreviations: ADL = activities of daily living; FR = Free Recall; pFCSRT + IR = picture version of the Free and Cued Selective Reminding Test with Immediate
Recall; SOMI = Stages of Objective Memory Impairment; TR = Total Recall.
A subset of participants do notmeet the SOMI criteria as summarized in the table (FR < 20 and TR > 46). Their retrieval is impaired, but storage is unimpaired.
Score ranges only apply to the pFCSRT + IR and do not apply to the word version or the version that does not include immediate recall during the study phase.
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Imaging Biomarkers

Volumetric MRI
FreeSurfer 5.3 (freesurfer.net) was used for automated volu-
metric segmentation to identify the hippocampus. Hippocampal
volume (HV) summed across hemispheres and adjusted for
differences in intracranial volume with a regression approach.37

APOE «4 Genotyping
DNA samples were genotyped using either Illumina 610 or
Omniexpress chips following procedures previously described.38

Statistical Analysis
Statistical analysis of characteristic data was performed using
MATLAB (version 2021a) where α = 0.05 indicated statistical
significance, and all tests were 2 tailed. Sample characteristics
among SOMI groups and the entire cohort were examined
using analysis of variance for continuous variables and χ2 tests
for categorical variables.

Prediction of Incident CDR ≥0.5
Cox proportional hazards models were used to examine the
association of SOMI stage and incident cognitive impairment
defined by the transition of CDR from 0 at baseline to CDR
≥0.5 during follow-up. Data from study participants who did not
experience a change in CDR over the course of follow-up were
right censored at the date of the last clinical assessment. SOMI
stage was treated as a categorical variable with SOMI-0 as the

reference stage. Age, sex, years of education, and APOE «4
status were included in all models. Initially, a model was de-
veloped on the whole sample to assess the association between
SOMI stage and incident CDR ≥05 (model 1). Data from the
subset of participants who had both CSF data and structural
MRI were used to developmodels 2–8. A partial likelihood ratio
test between nested models assessed model improvement as
biomarkers were added. The Maddala-Magee index R2

LR; a
measure of explained variation derived as an R2 measure,39 was
calculated. Kaplan-Meier survival curves graphically illustrate
survival probability. Because secondary prevention trials often
seek to recruit individuals that are amyloid positive, we addi-
tionally performed a sensitivity analysis in the subsample of
amyloid-positive individuals.

Data Availability
Thedata used for the purpose of this studywere available from the
Knight ADRC for eligible researchers on reasonable request. We
used the Strengthening the Reporting of Observational Studies in
Epidemiology cohort checklist when writing our report.40

Results
Sample Characteristics
Table 2 provides a summary of the baseline characteristics of
the entire cohort and a summary stratified by change in CDR
status. Data from 969 participants, ranging in age from 40.5 to

Figure 1 Flowchart of Study Participants

CDR Clinical Dementia Rating; FR = Free Recall;
SOMI = Stages of Objective Memory Impairment;
TR = Total Recall.
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100.2 at baseline (mean ± SD 69.35 ± 9.75 years), were used.
Participants had 15.84 (SD 2.68) years of education, 59.6%
were women, 83.7% were White and 15.8% were Black, and
33.8% were APOE «4 positive. Participants were followed for
up to 10 years with a mean follow-up period of 6.36 ± 3.17
years. The median follow-up time for the whole sample, de-
fined by the median time to censoring, was 7.25 years. During
follow-up, 234 (24.1%) participants had incident cognitive
impairment (progressors), and 735 (75.9%) remained cog-
nitively normal. The median follow-up time for progressors,
defined by median time to event, was 4.83 years. Participants
who remained cognitively normal during follow-up in com-
parison with those who progressed to CDR ≥0.5 were on
average younger (67.5 vs 75.3, p < 0.001), had higher edu-
cation levels (15.9 vs 15.4, p = 0.001), and had a lower fre-
quency of APOE «4 positivity (32.0% vs 39.3%, p = 0.039).
They also had higher FR scores (30.8 vs 27.2, p < 0.001) and
TR scores (47.8 vs 47.4, p < 0.001).

eTable 1 (links.lww.com/WNL/C732) summarizes character-
istics for the subset who had CSF and structural MRI data.
eTable 2 compares the characteristics of participants with and
without biomarker information. Participants with biomarker
data, compared with those without, were found to be younger
(66.8 vs 72.7 years of age, p < 0.001), had more years of edu-
cation (16.1 vs 15.5, p = 0.001), and had higher FR scores (30.8
vs 28.8, p< 0.001). In addition, participants with biomarkers had
a higher proportion of SOMI-0 (53.0% vs 38.2%, p < 0.001).
eTable 3 summarizes characteristics for the subsample of
amyloid-positive individuals used in the sensitivity analysis.
eTable 4 shows which variables were included in each model.

SOMI Prediction of Incident Cognitive
Impairment (CDR ≥0.5)
Using data from the whole sample and demographics and
APOE «4 status as covariates, the Cox proportional hazards
model indicated that SOMI-2 (hazard ratio [HR] 2.07, 95%
CI 1.32–3.01, p < 0.001) and SOMI-3/4 (HR 3.11, 95% CI
1.94–4.97, p < 0.001) were significantly associated with in-
cident cognitive impairment using SOMI-0 as the reference
(Table 3). Given the wide age range of our sample (40–100
years), we stratified the sample by age (<70 and ≥70) and
reran the analysis (eTable 5, links.lww.com/WNL/C732).
Although we lose power after stratification, results largely
remain the same. The Kaplan-Meier curves representing the
association between SOMI stages and time to incident CDR
≥0.5 for the 969 participants (Figure 2) show that cognitive
impairment–free survival declined in an orderly fashion as
SOMI stage increased.

SOMI and CSF Biomarker Prediction of Incident
Cognitive Impairment (CDR ≥0.5)
Model 1 used only demographics, APOE «4 status, and SOMI,
whereas models 2–5 additionally used the CSF information of
each participant (Table 4). Model 1 indicated that SOMI-1 (HR
1.66, 95% CI 0.98–2.81, p = 0.057) was marginally and SOMI-2
(HR 2.23, 95% CI 1.18–4.23, p = 0.014) and SOMI-3/4 (HR
3.65, 95% CI 1.56–8.53, p = 0.003) were significantly associated
with time to CDR ≥0.5. When Aβ42/Aβ40, p-Tau181, and t-Tau
were individually added tomodel 1, SOMI-2 (p< 0.050), SOMI-
3/4 (p < 0.010), and each CSF measure (p < 0.010) were
significantly associated with incident CDR ≥0.5 (models 2–4).
When all CSF measures were included (model 5), SOMI-1

Table 2 Baseline Characteristics Table

Entire sample CDR, remains 0 CDR, changed to ≥0.5 p Value

n 969 735 234

Age, y, mean (SD) 69.35 (9.75) 67.47 (9.42) 75.26 (8.34) <0.001

Sex, female, n (%) 577 (59.6) 447 (60.8) 130 (55.6) 0.153

Education, y, mean (SD) 15.83 (2.68) 15.96 (2.52) 15.43 (3.09) 0.008

Race, n (%)

White 811 (83.7) 609 (82.9) 202 (86.3) 0.211

Black 153 (15.8) 122 (16.6) 31 (13.3) 0.607

APOE «4+, n (%) 327 (33.8) 235 (32.0) 92 (39.3) 0.039

Free Recall, mean (SD) 29.95 (5.62) 30.82 (5.25) 27.19 (5.85) <0.001

Total Recall, mean (SD) 47.75 (0.89) 47.84 (0.58) 47.45 (1.45) <0.001

SOMI-0, n (%) 452 (46.6) 384 (52.2) 68 (29.0) <0.001

SOMI-1, n (%) 342 (35.3) 258 (35.1) 84 (35.9)

SOMI-2, n (%) 128 (13.2) 74 (10.1) 54 (23.1)

SOMI-3/4, n (%) 47 (4.9) 19 (2.6) 28 (12.0)

Abbreviations: CDR = Clinical Dementia Rating; SOMI = Stages of Objective Memory Impairment.
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(HR 1.85, 95% CI 1.08–3.18, p = 0.025), SOMI-2 (HR 2.50,
95% CI 1.31–4.79, p = 0.006), and SOMI-3/4 (HR 3.31, 95%
CI 1.41–7.75, p = 0.006) were associated with incident cognitive
impairment.

Using themetric of explained variance, the percent of explained
variance by the SOMI stages, demographics, and APOE «4
(model 1) was 14.4%. Models 2–4 increased the explained vari-
ance relative tomodel 1 (Table 4). The partial likelihood ratio test
showed that the addition of Aβ42/Aβ40 or p-Tau181 to model 1
improved model fit (p < 0.001 for both) as did the addition of
t-Tau (p = 0.013). Model 5, with all CSF measures, had an
explained variance of 18.8%, significantly improving model fit
(p < 0.001).

SOMI, CSF Biomarkers, and HV Prediction of
CDR ≥0.5
When HVa was added to model 1, SOMI-2 (HR 1.98, 95% CI
1.03–3.82, p = 0.040) and SOMI-3/4 (HR 3.45, 95% CI
1.48–8.03, p = 0.004) were significantly associated with time to
CDR ≥0.5 as was HVa (HR 0.58, 95% CI 0.46–0.74, p < 0.001)
(model 6). In model 7 that included all biomarkers, the following
were significant: SOMI-1 (HR1.82, 95%CI 1.06–3.10, p= 0.029),
SOMI-2 (HR 2.20, 95% CI 1.12–4.31, p = 0.021), SOMI-3/4
(HR 3.02, 95%CI 1.29–7.09, p= 0.011), p-Tau181 (HR 2.75, 95%
CI 1.50–5.05, p = 0.001), t-Tau (HR 0.47, 95% CI 0.24–0.89, p =
0.021), and HVa (HR 0.55, 95% CI 0.43–0.71, p < 0.001). When
SOMI was excluded, biomarker HRs were unchanged (model 8):
p-Tau181 (HR 2.42, 95% CI 1.35–4.34, p = 0.003), t-Tau (HR
0.51, 95% CI 0.27–0.97, p = 0.039), and HVa (HR 0.53, 95% CI
0.49–0.68, p<0.001). A summary of theCox proportional hazards
results for these models can be found in Table 4.

In the models with HVa, model 6 had an explained variance
of 17.8%, model 7 had 22.5%, and model 8 had 20.8%.

The partial likelihood ratio test showed that models 6 and 7
were significantly improved by the inclusion of additional
biomarkers (p < 0.001 for all). Model 7 was significantly
improved over model 8 by including SOMI (p = 0.003).

Sensitivity Analysis Using the Amyloid-
Positive Subsample
Models 1s–7s were developed using the subsample (N= 144) of
amyloid-positive individuals with CSF and MRI data (Table 5).
In model 1s, only SOMI-3/4 (HR 3.39, 95% CI 1.13–10.17, p =
0.029) was significantly associated with time to CDR ≥0.5. The
same was true in model 2s, SOMI-3/4 (HR 3.37, 95% CI
1.13–10.05, p = 0.030) while Aβ42/Aβ40 was not significantly
associated with time to CDR ≥0.5. Models 3s–7s had similar
risk profiles as models 3–7. When all CSF measures were
included (model 5s), SOMI-1 (HR 1.85, 95% CI 1.08–3.18,
p = 0.025), SOMI-2 (HR 2.50, 95% CI 1.31–4.79, p = 0.006),
and SOMI-3/4 (HR 3.31, 95% CI 1.41–7.75, p = 0.006) were
associated with incident cognitive impairment as were all the
biomarkers. Inmodel 7s, with all CSFmeasures andHVa added,
SOMI-1 (HR 2.26, 95%CI 1.00–5.12, p = 0.050), SOMI-2 (HR
3.34, 95%CI 1.08–10.33, p = 0.037), SOMI-3/4 (HR 3.50, 95%
CI 1.16–10.56, p = 0.026), all CSF measures (p < 0.050 for all),
and HVa (p < 0.001) were significantly associated with time to
CDR ≥0.5. Without SOMI (model 8s), significant predictors
were p-Tau181 (HR 3.27, 95% CI 1.54–6.92, p = 0.002), t-Tau
(HR 0.41, 95% CI 0.18–0.92, p = 0.031), and HVa (HR 0.47,
95% CI 0.32–0.69, p < 0.001).

The percent of explained variance by the SOMI stages, de-
mographics, and APOE «4 (model 1s) was 16.2% (Table 5).

Figure 2 Kaplan-Meier Survival Curves for SOMI Stages

Time to first change in CDR from 0 to ≥0.5 for participants based on their
initial SOMI stage. CDR Clinical Dementia Rating; SOMI = Stages of Objective
Memory Impairment.

Table 3 Cox Proportional Hazard Model Predicting Time
to the Development of Incident Cognitive
Impairment (CDR ≥0.5) for the Entire Sample
(N = 969)

Model 1 Hazard ratio 95% CI p Value

Age 1.09 1.08–1.11 <0.001

Sex, female 0.87 0.66–1.15 0.336

Education 0.97 0.92–1.02 0.166

APOE «4+ 1.74 1.33–2.27 <0.001

SOMI-0, reference 1.00

SOMI-1 1.28 0.92–1.78 0.139

SOMI-2 2.07 1.43–3.01 <0.001

SOMI-3/4 3.11 1.94–4.97 <0.001

Abbreviations: CDR = Clinical Dementia Rating; SOMI = Stages of Objective
Memory Impairment.
This model includes SOMI stage, demographic variables (age, sex, and ed-
ucation), and APOE «4 status.
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Adding Aβ42/Aβ40 did not improve it. Explained variance with
all CSF measures was 27.1% (model 5s), 22.3% with only
HVa (6s), 33.5% with all biomarkers (7s), and 29.8% without
SOMI (8s).

Neither Aβ42/Aβ40 (p = 0.736) nor T-tau (p = 0.086) im-
proved model 1s (p = 0.736) while the addition of p-Tau181
did (p = 0.005). Inclusion of all CSF measures compared with
1 or fewer measures significantly improved the models (p <
0.010 for all). In addition, the inclusion of HVa to model 1s
improved the model (p = 0.002), and the inclusion of all CSF
measures and HVa improved all previous models (p < 0.001
for all). Model 7s was significantly improved over model 8s by
including SOMI (p = 0.019).

Contrasting SOMI With Other
Neurocognitive Tests
Finally, to evaluate whether commonly used neuropsychological
tests, specifically the Mini-Mental State Examination (MMSE),

Animal Fluency Test, and Trail Making Test Part B (TMT-B)
predict incident cognitive impairment, we repeated the analyses in
the entire sample, excluding SOMI. None of these tests were
significant predictors (eTables 6–8, links.lww.com/WNL/C732).

Discussion
We used the SOMI system, based on the FCSRT, to identify
subtle cognitive impairment in ostensibly cognitively normal
participants and showed that they are at increased risk of
incident cognitive impairment (CDR ≥0.5). Participants with
retrieval deficits or memory storage deficits were at increased
risk of developing cognitive impairment. Results from our first
set of analyses indicate that SOMI-2 and SOMI-3/4 are both
associated with higher likelihood of CDR ≥0.5 onset. SOMI
remained a significant predictor of time to CDR ≥0.5 when
measures of Aβ and tau pathology and HV were included in
the models. In the presence of SOMI and all other biomarkers

Table 4 Cox Proportional Hazard Models Predicting Time to the Development of Incident Cognitive Impairment
(CDR ≥0.5) for the Subset With Biomarker Measures (N = 555)

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

Age 1.09
(1.06–1.12)***

1.07
(1.04–1.10)***

1.08
(1.05–1.11)***

1.08
(1.05–1.11)***

1.08
(1.05–1.11)***

1.05
(1.02–1.09)***

1.04
(1.01–1.08)*

1.04
(1.01–1.08)*

Sex, female 0.74
(0.47–1.15)

0.79
(0.51–1.24)

0.73
(0.47–1.15)

0.73
(0.47–1.14)

0.78
(0.50–1.22)

0.68
(0.44–1.05)†

0.75
(0.48–1.17)

0.68
(0.44–1.05)†

Education 0.95
(0.87–1.03)

0.96
(0.88–1.04)

0.96
(0.88–1.05)

0.96
(0.88–1.04)

0.96
(0.88–1.04)

0.95
(0.88–1.03)

0.97
(0.89–1.05)

0.97
(0.89–1.05)

APOE «4+ 1.53
(0.98–2.38)†

1.02
(0.61–1.68)

1.21
(0.76–1.92)

1.35
(0.86–2.13)

1.11
(0.67–1.83)

1.42
(0.91–2.22)

1.04
(0.63–1.72)

1.15
(0.71–1.86)

SOMI-0,
reference

1.00 1.00 1.00 1.00 1.00 1.00 1.00

SOMI-1 1.66
(0.98–2.81)†

1.54
(0.91–2.61)

1.68
(1.00–2.84)†

1.58
(0.93–2.66)†

1.85
(1.08–3.18)*

1.61
(0.95–2.71)†

1.82
(1.06–3.10)*

SOMI-2 2.23
(1.18–4.23)*

2.26
(1.18–4.33)*

2.52
(1.33–4.78)**

2.34
(1.24–4.43)**

2.50
(1.31–4.79)**

1.98
(1.03–3.82)*

2.20
(1.12–4.31)*

SOMI-3/4 3.65
(1.56–8.53)**

3.16
(1.35–7.40)**

3.04
(1.31–7.06)**

3.22
(1.38–7.51)**

3.31
(1.41–7.75)**

3.45
(1.48–8.03)**

3.02
(1.29–7.09)*

Aβ42/Aβ40 0.68
(0.55–0.85)***

0.89
(0.68–1.16)

0.94
(0.71–1.24)

0.88
(0.67–1.17)

p-Tau181 1.40
(1.20–1.64)***

2.63
(1.42–4.86)**

2.75
(1.50–5.05)**

2.42
(1.35–4.34)**

t-Tau 1.26
(1.06–1.50)**

0.45
(0.23–0.87)*

0.47
(0.24–0.89)*

0.51
(0.27–0.97)*

HVa 0.58
(0.46–0.74)***

0.55
(0.43–0.71)***

0.53
(0.49–0.68)***

Explained
variance, %

14.4 16.5 17.1 15.5 18.8 17.8 22.5 20.8

Abbreviations: Aβ = β-amyloid; CDR = Clinical Dementia Rating; HVa = adjusted hippocampal volume; p-Tau181 = phosphorylated tau 181; SOMI = Stages of
Objective Memory Impairment; t-Tau = total tau.
Model 1 includes SOMI stage, demographics (age, sex, and education), and APOE «4 status. Models 2–4 includemodel 1 variables and 1 CSFmeasure. Model 5
includes model 1 variables and all CSF measures. Model 6 includes model 1 variables and HVa. Model 7 includes model 1 variables and all biomarker
measures. Model 8 includes all variables except SOMI. CSF andHVameasures are all scaled by their SD. Results are reported as hazard ratio (95%CI). †p < 0.1,
*p < 0.05, **p < 0.01, and ***p < 0.001.
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as predictors, only p-Tau181, t-Tau, and HV were significantly
associated with incident cognitive impairment. Overall, our
primary hypotheses were largely confirmed. Participants with
moderate retrieval deficits SOMI-2 were twice as likely to
progress to incident cognitive impairment than those whose
memory was intact (SOMI-0) while participants with memory
storage deficits (SOMI-3, 4) were 3 times as likely to progress. In
the subsamples with biomarkers and amyloid-positive status,
SOMI-1 participants were also at increased risk of incident
cognitive impairment. Although SOMI predicted incident
symptomatic cognitive impairment, MMSE, Animal Fluency,
and TMT-B did not.

Current results indicate that 18.1% of the cognitively normal
participants in the Knight ADRC cohort have memory stor-
age or retrieval impairment. In our prior studies using data
from several longitudinal cohorts, we demonstrated that
SOMI staging can identify the subset of cognitively normal
participants who have impairments in memory retrieval or
storage, including the A4 study (20%),12 the Harvard Aging

Brain Study (HABS: 15%),41 and the Baltimore Longitudinal
Study of Aging (16%).42 Another advantage of SOMI is that it
identifies the participants with intact memory who are un-
likely to develop incident cognitive impairment during 18
months to 5 years of follow-up in clinical trials.

This is another demonstration that cognitively normal people at
higher SOMI stages are at increased risk for incident symp-
tomatic cognitive impairment. Our results indicate that indi-
viduals in SOMI-1 and SOMI-2 stages are at nearly double the
risk of clinical progression compared with persons with no
memory problems. This HR increases to approximately 3 times
for individuals in SOMI-3/4 stage when memory storage im-
pairments emerge. These risk ratios are in line with our previous
findings that showed a first acceleration of FR decline among
SOMI-1 individuals approximately 7 years before onset of
clinical dementia.24,25 In another study, we showed that indi-
viduals, who have moderately impaired retrieval but intact
memory storage (SOMI-2), were at increased risk of pro-
gression to dementia over 5 years (HR 58.7, 95%CI 7.5–458).43

Table 5 Cox Proportional Hazard Models Predicting Time to the Development of Incident Cognitive Impairment
(CDR ≥0.5) for Amyloid+ Participants With Biomarker Measures (N = 144)

Model 1s Model 2s Model 3s Model 4s Model 5s Model 6s Model 7s Model 8s

Age 1.08
(1.04–1.13)***

1.08
(1.03–1.13)***

1.08
(1.03–1.13)***

1.08
(1.03–1.13)***

1.10
(1.05–1.15)***

1.04
(0.99–1.09)†

1.05
(0.99–1.11)†

1.04
(0.98–1.10)

Sex, female 1.03
(0.55–1.92)

1.04
(0.56–1.94)

1.03
(0.55–1.94)

1.03
(0.55–1.93)

1.07
(0.57–2.02)

1.01
(0.53–1.90)

1.18
(0.61–2.27)

0.89
(0.48–1.65)

Education 0.96
(0.86–1.06)

0.96
(0.86–1.07)

0.98
(0.88–1.09)

0.97
(0.87–1.08)

0.96
(0.86–1.07)

0.97
(0.87–1.08)

0.98
(0.87–1.09)

0.98
(0.88–1.09)

APOE «4 1.34
(0.70–2.56)

1.29
(0.65–2.55)

1.17
(0.61–2.23)

1.22
(0.64–2.34)

1.57
(0.79–3.11)

1.33
(0.70–2.53)

1.45
(0.73–2.85)

1.69
(0.89–3.21)

SOMI-0 1.00 1.00 1.00 1.00 1.00 1.00 1.00

SOMI-1 1.60
(0.75–3.41)

1.57
(0.73–3.37)

1.78
(0.83–3.81)

1.61
(0.76–3.42)

2.44
(1.08–5.50)*

1.55
(0.73–3.30)

2.26
(1.00–5.12)*

SOMI-2 2.52
(0.96–6.57)†

2.46
(0.94–6.46)†

3.21
(1.22–8.47)*

2.80
(1.07–7.28)*

4.31
(1.49–12.45)**

1.81
(0.66–4.97)

3.34
(1.08–10.33)*

SOMI-3/4 3.39
(1.13–10.17)*

3.37
(1.13–10.05)*

3.19
(1.09–9.34)*

3.23
(1.10–9.49)*

3.94
(1.31–11.83)*

3.09
(1.04–9.23)*

3.50
(1.16–10.56)*

Aβ42/Aβ40 0.89
(0.46–1.74)

2.41
(1.02–5.72)*

2.47
(1.00–6.10)*

1.71
(0.75–3.93)

p-Tau181 1.33
(1.10–1.61)**

4.19
(1.90–9.23)***

4.08
(1.86–8.97)***

3.27
(1.54–6.92)**

t-tau 1.21
(0.98–1.49)†

0.32
(0.14–0.74)**

0.36
(0.16–0.82)*

0.41
(0.18–0.92)*

HVa 0.55
(0.38–0.80)**

0.50
(0.34–0.74)***

0.47
(0.32–0.69)***

Explained
variance, %

16.2 16.3 20.9 18.0 27.1 22.3 33.5 29.8

Abbreviations: Aβ = β-amyloid; CDR = Clinical Dementia Rating; HVa = adjusted hippocampal volume; p-Tau181 = phosphorylated tau 181; SOMI = Stages of
Objective Memory Impairment; t-Tau = total tau.
Model 1s includes SOMI stage, demographics (age, sex, and education), and APOE «4 status. Models 2s, 3s, and 4s include the variables of model 1s and 1 CSF
measure. Model 5s includes the variables of model 1s and all CSF measures. Model 6s includes the variables of model 1s and HVa. Model 7s includes the
variables of model 1s and all biomarker measures. Model 8s includes all variables except SOMI. CSF and HVameasures are all scaled by their SD. Results are
reported as hazard ratio (95% CI). †p < 0.1, *p < 0.05, **p < 0.01, and ***p < 0.001.
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In this study, for models that included SOMI and CSF bio-
markers or HV, SOMI-2 and SOMI-3/4 stages consistently
remained associated with incident cognitive impairment de-
spite the known shared variance between SOMI staging and
AD biomarkers in cognitively normal adults.12,41 In the HABS
cohort, SOMI-3/4 stage had smallerHVs and higher entorhinal
and inferior temporal tau PET deposition than SOMI-0 or
SOMI-1 stages.41 In the A4 trial, higher SOMI stage was as-
sociated with higher global amyloid standardized uptake value
ratio level and smaller medial temporal lobe structures.12

Our results also indicate that the presence of APOE «4 was
associated with onset of cognitive impairment only in models
that did not include other AD biomarkers. This is likely due to
the shared variance between APOE «4 status and AD bio-
markers and that APOE «4 influence on cognition is mediated
in part through amyloid or tau biomarkers.44 In themodel that
included all biomarkers, Aβ failed to retain significance in the
presence of tau pathology and neurodegeneration. This is
consistent with the widely accepted view that the severity of
cognitive impairment correlates best with the burden of
neocortical neurofibrillary tangles.45

Based on the pathophysiologic processes of AD,46 the pres-
ence of AD biomarkers such as CSF amyloid and tau and
neurodegeneration based on structural MRI precede onset of
cognitive impairment (MCI or dementia stage). The ob-
served order in this cascade (delayed onset of symptomatic
cognitive impairment relative to biomarkers) might be par-
tially explained by the lack of sensitivity of the cognitive tests
used to identify the impairment. Subtle cognitive impairment
already exists when AD pathology starts accumulating in the
brain at detectable thresholds.5,6,12,41,47,48 Subthreshold levels
of Aβ PET imaging were associated with a decline in FR
scores in the A4 study.20 FR was most sensitive to Aβ-related
decreases in average cognitive scores, outperforming all tests
including logical memory.19 Current results largely support
this hypothesis.

Although our goal was predicting the transition from cognitive
normality to impairment in a cognitively normal groupwithmixed
amyloid status, we hypothesized that SOMI would be as effective
in the amyloid+ subgroups that are typically enrolled in secondary
prevention trials. The SOMI risk profile in the amyloid-positive
subgroup tended to be higher than in the biomarker subgroup,
especially for the SOMI-1 and -2 despite themuch smaller sample
size. This is consistent with the decline in FR among cognitively
normal amyloid-positive participants in secondary prevention
trials at 3 and 5 years of follow-up.21 The results support the use of
SOMI to identify those cognitively normal participantsmost likely
to develop incident symptomatic cognitive impairment who can
then be referred for biomarker screening. SOMI can also be used
to exclude participants with normal memory who are unlikely to
decline during the trial period.

The word version of the FCSRT with IR is used in several
European longitudinal studies.14,17,19 It should be possible to

develop a SOMI system using the word version of FCSRT if it
includes IR; however, the score ranges will likely be slightly
lower than the picture version reflecting the picture superiority
effect.49 Importantly, in the word version without IR, scores are
much lower than scores when IR is part of the study phase.50

This is because IR confirms and enhances correct initial
encoding and provides retrieval practice before the test phase.31

Without IR, storage and retention are less robust and may not
be as distinguishable.

The primary strength of this study was that we were able to
evaluate the predictive validity of the SOMI system among
persons who were cognitively normal (CDR = 0) at baseline,
using data from a single site that collected CSF and MRI bio-
markers. However, there were some limitations. We used a
convenience sample of older adults, 95% of whom were well-
educated Caucasian adults who were willing to be followed
longitudinally and were able to tolerate MRI and lumbar
punctures, which reduces the generalizability of the findings.
Considering the small sample size (4.9%) of SOMI-3 and
SOMI-4, the results should not be overinterpreted. It is note-
worthy, however, that 5% of the ostensibly cognitively normal
seniors had cognitive impairment consistent with incipient de-
mentia at baseline. The amount of time during which data were
collected varied over the course of Knight cohorts such that
more information was available for some data (e.g., CDR and
FCSRT) than for others (e.g., MRIs). Greater statistical power
and stability of findings is yielded for measures with higher
sample size. Here, we focusedmainly on theCSF biomarkers for
measurement of amyloid and tau pathology and a single
structural region (hippocampus), which by nature lack spatial
information about the underlying pathology. Extending analysis
to include measures of amyloid, tau, and neurodegeneration
from different regions of the brain may provide insight into the
mechanistic understanding of disease expression and pro-
gression. Finally, because the majority of the studied sample
were White, subgroup analysis in minority groups was not a
possibility. Larger studies with more diverse samples are re-
quired to confirm the generalizability of our findings.

In conclusion, we showed the SOMI stage predicts the tran-
sition from cognitive normality (CDR = 0) to incident symp-
tomatic cognitive impairment (CDR ≥0.5). Predictive validity
persists in models that include ATN biomarkers. The SOMI
system may find application in future AD clinical trials and as a
tool for identifying high-risk patients in clinical practice.
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