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Abstract.
Background: The ultimate validation of a clinical marker for Alzheimer’s disease (AD) is its association with AD neu-
ropathology.
Objective: To examine how well the Stages of Objective Memory Impairment (SOMI) system predicts intermediate/high
AD neuropathologic change and extent of neurofibrillary tangle (NFT) pathology defined by Braak stage, in comparison to
the Clinical Dementia Rating (CDR) Scale sum of boxes (CDR-SB).
Methods: 251 well-characterized participants from the Knight ADRC clinicopathologic series were classified into SOMI
stage at their last assessment prior to death using the free recall and total recall scores from the picture version of the Free and
Cued Selective Reminding Test with Immediate Recall (pFCSRT + IR). Logistic regression models assessed the predictive
validity of SOMI and CDR-SB for intermediate/high AD neuropathologic change. Receiver operating characteristics (ROC)
analysis evaluated the discriminative validity of SOMI and CDR-SB for AD pathology. Ordinal logistic regression was used
to predict Braak stage using SOMI and CDR-SB in separate and joint models.
Results: The diagnostic accuracy of SOMI for AD diagnosis was similar to that of the CDR-SB (AUC: 85% versus 83%).
In separate models, both SOMI and CDR-SB predicted Braak stage. In a joint model SOMI remained a significant predictor
of Braak stage but CDR-SB did not.
Conclusion: SOMI provides a neuropathologically validated staging system for episodic memory impairment in the AD
continuum and should be useful in predicting tau positivity based on its association with Braak stage.
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INTRODUCTION

Biomarker or pathological “staging” methods have
been widely used in Alzheimer’s disease (AD) [1, 2].
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Table 1
Stages of Objective Memory Impairment (SOMI) defined by Free Recall and Total Recall score ranges and years to diagnosis

SOMI Free Total Years to Class of Memory Impairment
Recall Recall diagnosis:
Scores Scores Mean (SD)

0 No Memory Impairment > 30 > 46 7.05 (2.80) None detected by pFCSRT + IR
1 Subtle Retrieval Impairment 25–30 > 46 4.89 (2.48) Free recall declines at a constant rate.

Storage is preserved.
2 Moderate Retrieval Impairment 20–24 > 46 4.03 (2.62) Rate of free recall decline doubles.

Executive dysfunction accelerates.
Storage is preserved

3 Subtle Storage Impairment any 45–46 2.09 (1.91) Cuing fails to normalize total recall.
4 Significant Storage Impairment compatible with dementia any 33–44 0.86 (1.30) Intellectual decline accelerates

heralding ADL impairment.

SOMI was not intended to measure episodic memory impairment of moderate severity. SOMI 5 (TR≤32) was added to accommodate
participants with moderate episodic memory impairment.

The current research framework in the staging of AD
requires the presence of in vivo evidence of amyloid
and tau demonstrated by positron emission tomogra-
phy (PET) imaging or by assay of cerebrospinal fluid
(CSF) [1–3]. Impairment in cognitive functioning
and daily activities, usually measured by the Clin-
ical Dementia Rating (CDR) scale [4, 5], a widely
used clinical staging model in the AD continuum,
is not required based on the belief that biomarker
changes precede clinical changes in the predementia
phase of AD. The earliest of these cognitive changes
in most people is an impairment of episodic memory,
a hallmark cognitive deficit of AD [6].

To identify episodic memory impairment, the
International Working Group recommends using the
Free and Cued Selective Reminding Test (FCSRT)
[7]. Unlike most other episodic memory tests, the
FCSRT begins with an encoding phase in which par-
ticipants identify items (e.g., grapes) in response to
category cues (fruit) [8, 9]. Controlling cognition
in this way assures that participants engage in the
type of semantic processing that improves learning
[10]. These same category cues are then used in the
test phase to prompt recall of items not retrieved
by free recall. Control of cognitive processing per-
mits measurement of retrieval impairment, defined by
free recall (FR), separately from storage impairment,
defined by cued recall. The earliest signs of mem-
ory impairment during the onset of AD are found in
FR, indicating impaired retrieval of stored memories,
progressively worsening in the early prodromal stage
of the AD continuum [11]. Storage remains unim-
paired until the late prodromal stage when retrieval
fails despite effective cued recall shown by impaired
total recall (TR), the sum of FR and cued recall [12].

This ability to measure storage and retrieval
impairment separately was critical to defining the five

sequential stages we proposed in the breakdown of
episodic memory in the predementia phase of AD
[13]. The stages of objective memory impairment
(SOMI) system, the focus of the current analyses,
was based on extensive literature mapping of FCSRT
performance to clinical outcomes and to biological
markers in longitudinal aging cohorts [11, 14–21].
Change point analyses of FR and TR informed the
temporal demarcation between stages and the scores
that define each stage [22, 23]. Table 1 shows the
SOMI system defined by FR and TR score ranges
and the estimated time to clinical dementia at each
of the five stages. There are multiple versions of the
FCSRT. The SOMI was based on the picture version
of the FCSRT that includes immediate recall in the
encoding phase (pFCSRT + IR) [9]. This abbrevia-
tion avoids confusion with the word version or the
version without immediate recall whose scores are
not equivalent to pFCSRT + IR scores [24].

Confirmation of the estimates for time to diagno-
sis at each stage was accomplished by analyzing the
SOMI scores of 142 incident AD cases from the Ein-
stein Aging Study (EAS), tested annually for up to
10 years [13]. The dependent measure was elapsed
time, defined as the difference in years between the
assessment date and the date of first AD diagnosis.
We used generalized estimating equations to eval-
uate the association of SOMI stage and predicted
time to diagnosis. The first three SOMI stages (SOMI
0–2) typically precede clinical dementia by 4 to 7
years and reflect increasing retrieval difficulty, shown
by declining FR in the context of intact TR. The
next two SOMI stages (SOMI 3, 4) precede clinical
dementia by about 2 to 3 years; in these stages cuing
fails to recover the missed items despite effective
cuing. These stages define the core memory pheno-
type of AD [7], which in SOMI begins at stage 3
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when TR ≤46 (max = 48) indicating a subtle impair-
ment in memory storage. Using this stage as the
cut-point for distinguishing persons with incipient
AD (n = 118) from dementia-free persons (n = 1,263),
both sensitivity (93%) and specificity (93%) were
excellent [13].

We acknowledge that the clinical course of AD
is highly variable, influenced by concomitant neu-
ropathologies such as vascular disease among others
[6], as well as by factors such as cognitive and brain
reserve [25–28]. We also acknowledge other cogni-
tive domains are affected by AD and that memory is
not always the first domain to decline [29]. Despite
this heterogeneity, this simple system accounts for
a substantial part of episodic memory decline in the
AD continuum.

The current objective was to validate the SOMI
system against AD neuropathology. This was accom-
plished by determining how well SOMI at the
evaluation closest to death predicted the likelihood
of AD neuropathology on brain autopsy as defined
by current guidelines [30, 31] and by how well SOMI
stages align with the stages of AD neurofibrillary tan-
gle (NFT) pathology defined by Braak and Braak [1].
These questions were addressed through the prospec-
tive clinicopathological series from the Charles F.
and Joanne Knight Alzheimer Disease Research Cen-
ter (Knight ADRC) at Washington University in St.
Louis [32]. Since the severity of cognitive impairment
correlates with the burden of neurofibrillary tangles
in AD [33], we predicted that participants classified
into SOMI 3 and 4 would have a higher likelihood of
AD pathology than participants classified into early
SOMI 1 and 2 and would be at a more advanced Braak
stage than participants in SOMI 0 who have intact
storage and retrieval mechanisms.

The association of the SOMI system to AD neu-
ropathology was compared to that of the Clinical
Dementia Rating (CDR) Scale sum of boxes (CDR-
SB) developed at Washington University more than
35 years ago to assess cognitive and functional
decline in the AD continuum [4, 5]. The CDR-SB
was selected as the comparator because it was avail-
able in the entire autopsy sample, assesses a broad
range of cognitive and functional domains and is
highly associated with AD neuropathology [30]. In
addition, the CDR-SB is widely used in clinical tri-
als and observational studies of dementia populations
and many clinicians and researchers are intimately
familiar with the scale, so it provides a compara-
tive reference for the SOMI stages. At the Knight
ADRC, CDR-SB are the basis for assigning clinical

diagnoses and are disclosed to the neuropathologists.
The lack of independence between CDR-SB and neu-
ropathology could inflate their association. Thus, we
hypothesized that an outcome in which the SOMI
system predicted the presence of AD neuropathol-
ogy as accurately as CDR-SB would be considered a
successful demonstration of SOMI’s validity.

METHODS

Study sample

We used clinical, cognitive, and neuropathologi-
cal data from autopsied participants who had been
evaluated annually at the Knight ADRC at Washing-
ton University in St. Louis. In 2004, the pFCSRT + IR
was added to the neuropsychological assessment bat-
tery. Since then, 251 autopsies have been performed
in persons with pFCSRT + IR data that could be
classified into SOMI stages and whose available neu-
ropathology measures could be classified according
to current guidelines [24, 25]. Written informed con-
sent was obtained from all participants.

CDR-SB [4, 5]

The CDR-SB is a summary score of the severity
of impairment from 0 (none) to 3 (severe) in each
of six clinical domains: memory, orientation, judge-
ment and problem solving, community affairs, home
and hobby, and personal care. For these analyses,
the CDR-SB scores were divided into four stages of
severity using the following score ranges: SB 0 = 0.0;
SB 1 = 0.5–3.0; SB 2 = 3.5–6.0; SB 3 = 6.5–12.0 [30].

pFCSRT + IR [9]

The test begins with an encoding phase in which
participants search a card containing four line draw-
ings (e.g., grapes) for an item that goes with a unique
category cue (e.g., fruit). After all-four items are iden-
tified, immediate cued recall of just those four items
is tested. The encoding phase is repeated for all 16
drawings. The test phase consists of three trials of FR
each followed by cued recall for items not retrieved
by FR. The sum of FR and cued recall is TR. When
cued recall fails, the participant is reminded of the
item by saying, “The fruit was the grapes, what was
the fruit?”

FR and TR scores from the pFCSRT + IR closest to
death were used to classify the cases into the appro-
priate SOMI stage. SOMI 5 (TR≤32) was added to
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the model for these analyses. As designed, SOMI
was not intended to measure severe episodic memory
impairment. Since 28% of participants scored below
SOMI’s lowest bound (TR≥32) at their last assess-
ment, SOMI 5 classification was added (TR < 32).

Neuropathology

Details of brain autopsy and pathological process-
ing have been described in detail previously [34]. All
cases were assigned a Braak NFT stage with revised
methods that adapted tissue selection and process-
ing and introduced robust immunohistochemistry for
hyperphosphorylated tau protein using monoclonal
antibody PHF-1.

One outcome was the presence of AD neu-
ropathology defined by intermediate or high AD
neuropathologic change defined by “ABC” score
where A reflects Thal phase for amyloid-� plaques,
B reflects Braak stage, and C indicates CERAD neu-
ritic plaque score. A positive outcome was defined
by Braak stage ≥III coupled with either Thal phase
≥3 or CERAD ≥2 [30, 31]. It should be noted that a
negative outcome does not necessarily indicate a lack
of pathology. The second outcome was level of NFT
pathology defined by Braak stage 0-VI.

Statistical methods

We performed t-tests for continuous variables to
test equivalence of means for positive and negative
groups and Chi-squared tests to examine the inde-
pendence of categorical variables.

Prediction of AD neuropathology
Logistic regression was used for predicting AD

neuropathology using SOMI and CDR-SB stage in
separate models controlling for covariates including
age, sex, education, time from last test to death and
APOE �4 genotype [35]. Both SOMI and CDR-SB
stage were implemented as ordered class variables.
Receiver operating characteristic (ROC) analysis was
used to evaluate the discriminative ability of SOMI
and CDR-SB stage in predicting AD neuropathol-
ogy and area under the curve (AUC) was used as a
measure of diagnostic accuracy. The ROC curves for
SOMI and CDR-SB stage were constructed using the
cross-validation method with two thirds of individu-
als in the training data set and remaining in the testing
data set. The 95% confidence intervals (CI) of each
AUC were produced by the bootstrap method with
2000 replicates [36].

Prediction of Braak stage
Ordinal logistic regression (proportional odds) was

used to predict the Braak stage using SOMI and
CDR-SB stage in separate models and then combined
in a single model [37]. Each analysis modeled the
logit transformations of the ordered Braak probabil-
ities using simultaneous linear equations sharing the
same slope coefficients. The method makes the par-
allel regression assumption for all variables across
the levels of Braak stage which was validated by the
Brant test [38] before running the regression models.
Details of ordinal logistic regression and the Brant
test are provided in the Supplementary Material.

We first ran models including each predictor and
covariates and then ran a final full model, including
SOMI, CDR-SB stage and the covariates which were
significant in earlier models and satisfied the Brant
test. We used delta pseudo R2 to measure the incre-
mental explanatory power of SOMI and CDR-SB
stage in predicting Braak stage which is the difference
of pseudo R2 between the full model and the model
excluding each predictor [31]. We also conducted
a Likelihood Ratio Test to examine the incremental
explanatory power of each predictor [39].

RESULTS

Group comparisons

Figure 1 shows the classification of the 251 partici-
pants by CDR and SOMI stage. Of the 69 participants
with a CDR score of 0, 53 (77%) had some form of
storage or retrieval impairment. 88 (93%) of CDR 0.5
participants had both storage or retrieval impairments

Fig. 1. Cross tabulations of SOMI by CDR.
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Table 2
Descriptive Statistics for Individuals in the Knight ADRC Autopsy
Cohort with pFCSRT + IR before Death. Mean (SD) in each group

are reported for all continuous variables

Characteristics Negative Positive p
AD AD

neuropathology neuropathology

N(%) 92 (37) 159 (63)
Age at death (y) 87.9 (10.1) 89.4 (9.0) 0.2467
Sex (% Female) 47.3 51.9 0.5633
Education 15.2 (2.9) 14.4 (2.9) 0.0530
APOE �4 (%) 20.9 63.6 < 0.000
Time from last test 2.4 (2.2) 4.5 (2.7) < 0.000

to death (y)
MMSE 27.5 (2.8) 23.7 (4.2) < 0.000
Clinical dx (%)

Normal 52 (57.8) 16 (10.4) < 0.000
AD 19 (21.1) 116 (75.3)
NonAD 9 (10.0) 9 (5.8)
CogImp 10 (11.1) 13 (8.4)

as did 81 (99%) of participants with CDR scores of
1.0. While 23% of CDR 0 participants had no memory
impairment, 8% of the entire cohort had no memory
impairment.

The demographic and clinical characteristics of the
sample classified by neuropathology status are sum-
marized in Table 2. Two thirds of the cases were
positive for AD neuropathology. On average, the pos-
itive and negative groups did not differ in age, percent
female, or education. The time between last assess-
ment and death was longer in the AD positive than
negative group; this is due in part, to the termination
of testing once the participant’s CDR score was 2, as

at that point reliable collection of neuropsychologi-
cal data is difficult. The proportion of cases with one
or two APOE �4 alleles was two times higher in the
group positive for AD neuropathology; the MMSE
scores were lower in the positive group, reflecting
greater cognitive impairment.

The distribution of clinical diagnoses between the
two neuropathological groups differed as expected
with a greater percentage of clinical AD among the
positive group and a greater proportion of normal cog-
nition in the negative group. The percentage of other
clinical outcomes did not differ by group.

Do cognitive assessments at the time closest to
death predict AD neuropathology?

Table 3 (Model 1) shows the results of the analysis
of SOMI stage predicting positive AD neuropathol-
ogy. Participants with subtle (SOMI 3) or moderate
(SOMI 4) storage impairment were four times as
likely to have positive AD neuropathology than par-
ticipants with intact storage and retrieval (SOMI 0).
Participants with severely impaired storage (SOMI
5) were 36 times as likely to have positive AD neu-
ropathology. For each yearly increase in time between
last assessment and death, the odds of AD pathol-
ogy increased 1.28-fold. Participants with at least one
APOE �4 allele were nearly four times as likely to
have positive pathology than cases without an APOE
�4 allele. Covariates for age, education, or sex were
not significant risk factors when included in these
models.

Table 3
Stage of Objective Memory Impairment (Model 1) and CDR-SB (Model 2) Predicts AD Neuropathology: Logistic Regression Models with

Adjustment for Covariates

Model 1 Model 2

Estimate (SE) OR p Estimate (SE) OR p

Age 80–85a 0.459 (0.576) 1.582 0.426 0.370 (0.534) 1.448 0.488
Age 86–90 –0.197 (0.546) 0.821 0.718 –0.117 (0.520) 0.890 0.822
Age > 90 –0.166 (0.540) 0.847 0.759 0.122 (0.507) 1.130 0.810
Time from last cognitive assessment to death 0.247 (0.076) 1.280 0.001 0.234 (0.074) 1.264 0.001
EDUCclass 13–15b 0.222 (0.500) 1.249 0.656 0.160 (0.488) 1.174 0.743
EDUCclass≥16 –0.123 (0.423) 0.884 0.771 0.029 (0.407) 1.029 0.943
APOE �4 1.369 (0.389) 3.931 < 0.001 1.418 (0.376) 4.129 < 0.001
Sexc 0.199 (0.397) 1.220 0.615 0.313 (0.370) 1.368 0.399
SOMI1 –0.423 (0.687) 0.655 0.537
SOMI2 0.295 (0.686) 1.343 0.667
SOMI3 1.400 (0.696) 4.055 0.044
SOMI4 1.475 (0.656) 4.371 0.025
SOMI5 3.584 (0.915) 36.017 < 0.001
CDR-SB1 1.119 (0.443) 3.062 0.011
CDR-SB2 2.412 (0.513) 11.156 < 0.001
CDR-SB3 2.319 (0.625) 10.166 < 0.001

aAge < 80 is the reference group, bEDUCclass < 13 is the reference group, cMale is the reference group.
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Fig. 2. ROC curves for SOMI and CDR-SB stage.

A similar relationship between the severity of
cognitive impairment and AD neuropathology was
obtained for CDR-SB stage (Table 3, Model 2). Par-
ticipants classified as CDR-SB 1 were three times as
likely to have positive AD pathology than participants
classified as CDR-SB 0. Odds increased dramatically
as cognitive severity increased. Both time to death
and any APOE �4 allele were significant predictors
of pathology with odds ratios similar to those in the
SOMI model. Once again, neither age, education nor
sex were significant predictors.

Figure 2 shows the AUC for SOMI and CDR-SB
stage for discriminating between positive and neg-
ative AD neuropathology. The AUC was 85% for
SOMI (95% CI: 0.769, 0.935) and 83% for CDR-SB
stage (95% CI: 0.737, 0.918).

Do cognitive assessments at the time closest to
death predict Braak stage?

Figure 3 is a bar graph showing the number of cases
at each SOMI stage by Braak NFT stage. As expected,
the prevalence of storage and retrieval impairment
(defined by SOMI 3 and higher stages) increased as
Braak stage increased: 30% of Braak stage 0, I, II,
24% of Braak stage III, 69% of Braak stage IV, 80%
of Braak stage V, and 95% of Braak stage VI cases
had storage and retrieval impairment.

The ordinal logistic model using SOMI to predict
Braak stage met the proportional odds assumption
(Supplementary Table 1) and showed that as SOMI

Fig. 3. SOMI stage as a function of Braak stage.

stage increased so did Braak stage (Table 4, Model
1). Cases with moderate storage impairment (SOMI
4) were nearly six times more likely to have higher
Braak stage than cases with no memory impairment
(SOMI 0). Cases with marked memory impairments
(SOMI 5) were 17 times as likely to have higher
Braak stage. For each yearly increase in time between
last assessment and death, the odds of AD pathology
increased 1.22-fold. Cases with any APOE �4 allele
were three times as likely to have a higher Braak
stage. Covariates for age, education, and sex were
not significant predictors of Braak stage.

Figure 4 shows the number of cases in each CDR-
SB stage at each Braak stage. Most cases with no or
mild cognitive impairment (CDR-SB 0 and 1) were
associated with Braak stage 0-III. At Braak stage IV,
there were equal numbers of participants in each cog-
nitive severity category. At Braak stage V and VI the
majority had moderate or severe impairment (CDR-
SB 2 or 3).

The ordinal logistic model using CDR-SB stage
to predict Braak stage did not include the covari-
ates of age and time to death because when the
model included them, results violated the propor-
tional odds assumption (Supplementary Table 1). The
model without these covariates (Table 4, Model 2)
demonstrated that as CDR-SB stage increased so did
Braak stage. Cases with mildly impaired cognition
(CDR-SB 1) were 2.6 times as likely to have higher
Braak stage than cases with normal cognition (CDR-
SB 0). Moderately impaired cases (CDR-SB 2) were
nine times as likely to have higher Braak stage and
severely impaired cases (CDR-SB 3) were ten times
as likely to have higher Braak stage than cases with
normal cognition. Cases with any APOE �4 allele
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Table 4
Ordinal Logistic Regression Results for predicting Braak stage using SOMI (Model 1) CDR-SB (Model 2) and both (Model 3) as predictors,

adjusting for demographic covariates including age, time to death, education, APOE, and sex

Model 1 Model 2 Model 3

Estimate (SE) OR p Estimate (SE) OR p Estimate (SE) OR p Delta
pseudo

R2

Age 80–85a 0.135 (0.352) 1.145 0.702
Age 86–90 –0.627 (0.353) 0.534 0.076
Age > 90 –0.040 (0.350) 0.961 0.908
Time from last cognitive 0.198 (0.051) 1.219 < 0.001

assessment to death
EDUCclass 13–15b 0.208 (0.324) 1.231 0.520 0.031 (0.317) 1.031 0.923
EDUCclass≥16 0.219 (0.274) 1.245 0.424 0.135 (0.267) 1.145 0.614
APOE �4 1.112 (0.270) 3.040 < 0.001 1.261 (0.256) 3.529 < 0.001 1.153 (0.261) 3.168 < 0.001 0.023d

Sexc –0.132 (0.253) 0.876 0.602 0.269 (0.238) 1.309 0.258
SOMI1 –0.229 (0.504) 0.795 0.650 –0.263 (0.486) 0.769 0.588
SOMI2 0.592 (0.537) 1.808 0.270 0.524 (0.523) 1.689 0.316
SOMI3 0.980 (0.535) 2.664 0.067 0.806 (0.539) 2.239 0.135 0.044d

SOMI4 1.780 (0.515) 5.930 0.001 1.463 (0.531) 4.319 0.006
SOMI5 2.863 (0.535) 17.514 < 0.001 2.655 (0.573) 14.225 < 0.001
CDR-SB1 0.951 (0.316) 2.588 0.003 0.289 (0.345) 1.335 0.402
CDR-SB2 2.190 (0.341) 8.935 < 0.001 0.780 (0.406) 2.181 0.055 0.004d

CDR-SB3 2.323 (0.423) 10.206 < 0.001 0.542 (0.503) 1.719 0.282

aAge < 80 is the reference group, bEDUCclass < 13 is the reference group, cMale is the reference group. dBased on the pseudo R2 value = 0.163.

Fig. 4. CDR-SB stage as a function of Braak stage.

were four times as likely to have a higher Braak stage.
Education and sex did not predict Braak stage.

When comparing the incremental explanatory
power of CDR-SB stage and SOMI, we considered
the full model with SOMI and CDR-SB stage as
predictors and APOE �4 allele which was a signif-
icant covariate in both models. In the full model
(Table 4, Model 3) which satisfied the proportional
odds assumption, the odds ratios for SOMI 4 and
SOMI 5 remained significant when CDR-SB stage
was included in the model whereas CDR-SB stage

was not statistically significant when SOMI was
included in the model. Cases with any APOE �4
allele were four times as likely to have a higher Braak
stage, similar to Models 1 and 2. The improvement
in model fit (delta pseudo R2) was higher for SOMI
(0.044) than for CDR-SB stage (0.004). According
to the Likelihood Ratio Test, SOMI enhanced the
explanatory power when CDR-SB stage was used
(p < 0.001) but adding CDR-SB stage to SOMI did
not help (p = 0.271).

DISCUSSION

Our primary objective was to validate the SOMI
system against AD neuropathology using a cohort of
251 well-characterized participants from the Knight
ADRC clinicopathologic series and the assessment
closest to death. Validation was assessed by how well
SOMI predicted intermediate/high AD neuropatho-
logic change according to current guidelines [30, 31]
and how well SOMI stages aligned with stage of NFT
pathology defined by Braak and Braak [1]. The per-
formance of SOMI in accomplishing these objectives
was compared to the CDR-SB because of its associa-
tion with AD neuropathology [30] and its familiarity
to clinicians and researchers. For these comparisons,
the CDR-SB scores were divided into four stages of
increasing clinical severity [30].
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As SOMI stage increased across individuals, re-
flecting greater memory impairment, AD neuro
pathology became more likely. Participants with
subtle (SOMI 3) and moderately impaired storage
mechanisms (SOMI 4) were 4 times as likely, and
participants with severe impairment (SOMI 5) were
36 times as likely to have positive AD neuropathology
than those with intact memory (SOMI 0). The diag-
nostic accuracy of SOMI for distinguishing between
‘positive’ and ‘negative’ AD neuropathology was
similar to that of the CDR-SB stage (85% versus
83%). As SOMI stage increased, NFT pathology
increased. Compared to participants with intact mem-
ory, those with moderate storage impairment (SOMI
4) were nearly six times as likely, and those with
marked memory impairment (SOMI 5) were 17 times
as likely to have more advanced Braak NFT pathol-
ogy. Adding CDR+SB as a predictor of Braak stage
did not improve prediction.

We found that 77% of cognitively normal partici-
pants, defined by CDR = 0, had some form of memory
impairment. This is not surprising given the growing
number of studies documenting the presence of mem-
ory and cognitive impairment in preclinical AD [40]
up to 20 years before incident MCI is diagnosed [41].
CDR ratings are based on direct participant and infor-
mant interviews and reflect a global assessment of
many functional domains. The CDR-SB, in contrast,
assesses the severity of impairment in each domain
and therefore is more likely to be sensitive to early
impairment than the global CDR.

Recent findings suggest that SOMI 2 (moderate
retrieval impairment but intact storage) has very
high accuracy in identifying incident AD (personal
communication). In participants from the Baltimore
Longitudinal Aging Study cohort free of dementia
at baseline, 85 of the 1,508 participants developed
clinical AD over an average of more than 8 years
of follow-up. A Bayesian joint model was used to
evaluate the predictive accuracy of SOMI and esti-
mate its sensitivity and specificity at 3, 5, and 7
years from baseline using all observed assessments
and the covariates of age, education, gender, race,
and APOE genotype. The area under receiver oper-
ating characteristic curves demonstrated that SOMI
(83%) was superior to FR (74%) and FR + TR (71%)
in predicting incident AD at all prediction windows.
Identifying participants at SOMI 2 at baseline had
good sensitivity and specificity for predicting AD at
all prediction windows. According to these results,
conceptualizing the memory impairment of AD as
a series of stages in the breakdown of storage and

retrieval mechanisms provides a diagnostic advan-
tage over the simple sum of FR and TR.

There is general agreement that the pre-dementia
phase of AD can be broken down into the preMCI,
early MCI, late MCI, and early dementia stages [11,
42]. Likewise, the breakdown of episodic memory in
the pre-dementia phase can be viewed as stages in the
impairment of storage and retrieval mechanisms. The
breakdown begins in SOMI 1 with subtle decline in
retrieval processes which worsens in SOMI 2 in the
context of intact storage. In SOMI 3 impairment of
storage mechanisms emerge and worsens in SOMI 4.
This stage-sequential system can inform the design of
secondary prevention trials. SOMI could be used as
an eligibility criterion and potentially as an outcome
measure. Table 1 shows the mean time to dementia
diagnosis by SOMI stage ranging from seven years
for SOMI 0 to two years for SOMI 3. This can help
investigators align eligibility criteria with follow-up
time on treatment in a clinical trial. Individuals in
a particular SOMI stage at baseline could be tar-
geted for biomarker evaluations, enriching the sample
that receives costly or invasive biomarker testing for
AD. In addition, since SOMI 3 is highly associated
with AD neuropathology, progression to SOMI 3
could be used as a clinical outcome measure; such
a study would enroll SOMI 0–2 participants meeting
specified biomarker criteria. SOMI could provide an
objective, fully operationalized endpoint, potentially
reducing the duration of active treatment in clinical
trials.

The current results are consistent with recent
demonstrations of the clinicopathological association
of NFT burden and the severity of cognitive impair-
ment in AD. In one large study, 874 participants
diagnosed with MCI during life were classified into
four outcomes defined by clinical diagnosis proxi-
mate to death: no impairment, MCI Reverters, Stable
MCI, and Dementia after MCI [43]. The progression
of cognitive impairment in the groups from no impair-
ment/MCI Reverters to Stable MCI to Dementia after
MCI was associated with the spread of NFT pathol-
ogy defined by Braak stage. Another recent study
of 420 clinicopathological cases further delineated
the association between NFT burden and trajectory
of decline in global cognition defined by a compos-
ite [44]. As the NFT burden increased, the trajectory
of change in global cognition further diverged from
healthy cognitive aging. A lower level of global cog-
nition at the last assessment during life was associated
with higher counts of tangles (r = 0.40) at death.
Global cognition was relatively stable in the absence
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of pathology, declining moderately 3 to 4 years before
death. Episodic memory was a more sensitive indi-
cator of AD neuropathology than global cognition
in 920 cases from the same cohort [6]. Declines in
episodic memory became evident approximately 16
years before death, doubling at 14 years and tripling
about 12 years before death. Absent pathology, no
decline in episodic memory was evident.

A limitation of the current study was the inclu-
sion of all autopsy cases with pFCSRT + IR data
without regard to the presence of additional non-
AD neuropathologies. Most cases had some degree
of vascular neuropathology and at least 30% of the
cohort had one or more non-AD pathologies (e.g.,
forms of frontotemporal lobar degeneration, Lewy
body pathology, hippocampal sclerosis of aging). For
a given level of AD pathology, the addition of Lewy
bodies or hippocampal sclerosis amplified episodic
memory declines [6]. Presumably some of the cases
with low FR and TR scores had other pathologies.

CONCLUSIONS

SOMI predicted intermediate/high likelihood of
AD neuropathology as well as the CDR-SB stage and
outperformed the CDR-SB stage in predicting Braak
stages. Since the rendering of neuropathological
diagnoses may have been influenced by knowledge
of CDR-SB scores, the results are particularly note-
worthy. They validate the International Workgroup
use of FCSRT + IR to define the core clinical pheno-
type of AD [7, 45]. This phenotype is observed at
SOMI 3, when cued recall begins to fail. It is impor-
tant to remember that the SOMI system is based on
the pFCSRT + IR. Thus. the FR and TR score ranges
that define the SOMI stages do not apply to the other
three versions of the test.

Clinical validation of the SOMI system requires
that people can be classified into the prescribed
stages and that these stages predict an external refer-
ent including cognitive decline, biomarkers, incident
dementia, etc. Our ultimate goal is to identify at-risk
individuals in clinical settings for early intervention
and to ensure a consistently and accurately charac-
terized population for secondary AD clinical trials.
The use of the pFCSRT + IR in ongoing clinical trials
will permit future analyses mapping of SOMI stages
onto biomarker models like the AT(N) system [46].
Based on the current results, SOMI should be useful
in predicting tau positivity in clinical trials.
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