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The use of hippocampal grading as a biomarker for preclinical
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165921 (as measured by Rey Auditory Verbal Learning Test, RAVLT) were divided into those

with subjective cognitive decline (SCD+; 103) and those without (SCD—; 390). Linear
regressions evaluated the influence of hippocampal grading on cognition in preclinical
and prodromal AD. Lower global cognition, as measured by increased ADAS-13, was
associated with hippocampal grading: NC (p < .001), eMCI (p < .05), IMCI (p < .05),
and AD (p = .01). Lower global cognition as measured increased CDR-SB was associ-
ated with hippocampal grading in IMCI (p < .05) and AD (p < .001). Lower RAVLT per-
formance was associated with hippocampal grading in SCD— (p < .05) and SCD+
(p < .05). These findings suggest that hippocampal grading is associated with global
cognition in NC, eMCI, IMCI, and AD. Early changes in episodic memory during pre-
clinical AD are associated with changes in hippocampal grading. Hippocampal grading
may be sensitive to progressive changes early in the disease course.
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1 | INTRODUCTION Alzheimer's disease (AD). MCl is characterized by declines in cognitive

functioning that are not severe enough to impair daily activities
Increased age can be associated with cognitive decline, ranging from (Petersen, 2004), while AD is characterized by progressive declines in
healthy aging to mild cognitive impairment (MCI) and, in some cases, cognitive functioning that are severe enough to impair daily activities
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(Alzheimer's Association, 2021). AD is typically defined by its underly-
ing pathological biomarkers, B-amyloid (A), pathological tau (T), and
neurodegeneration (N) [AT(N)] (Jack et al., 2018). It is well-established
that AD-related pathology begins occurring before the clinical symp-
tom presentation (i.e., measurable cognitive deficits) (Reisberg
et al, 2010).

Hippocampal volume is often used as a biomarker of neurodegen-
eration in AD because it is affected early in the disease course (Fjell
et al., 2014), with increased rates of atrophy in people with AD com-
pared to cognitively normal older adults (Jack et al., 1998). Further-
more, 80% of people with MCI classified as A+T+(N+) progressed to
dementia when the (N+) was defined using hippocampal volume
(Strikwerda-Brown et al., 2022). These findings suggest that hippo-
campal neurodegeneration is associated with AD and may be predic-
tive of cognitive decline progression. Given the relationship between
hippocampal atrophy and AD and the early development of AD-
related biomarkers, examining the hippocampus and its relationship to
cognitive change in healthy older adults is essential for a detailed
understanding of the progressive nature of early-stage AD.

Neurodegeneration is associated with observable cognitive defi-
cits in both aging (Bettio et al., 2017) and AD (Jack et al., 2018).
Declines in hippocampal volume are suggested to account for episodic
memory declines in aging and AD (K6hncke et al., 2021). Strong asso-
ciations between decreased hippocampal volume and poor episodic
memory functioning support this conclusion (Gorbach et al., 2017;
Persson et al., 2012; Schneider et al., 2019). In addition to episodic
memory, studies have also found a relationship between the hippo-
campus and global cognitive functioning (e.g., Dawe et al., 2020).
When separating groups based on diagnostic status, global cognition
has been correlated with decreased hippocampal volume in only AD
[not MCI or cognitively normal controls (NCs), Vipin et al., 2018], and
in both AD and MCI (but not NCs, Peng et al., 2015). Most of these
studies used the mini-mental status examination (MMSE) as a mea-
sure of global cognition (Peng et al., 2015; Vipin et al., 2018), which
may limit the sensitivity of these associations.

Different measures of the hippocampal neurodegeneration could
improve the observed relationship between the hippocampus and
general cognitive functioning. Hippocampal grading, measured by the
Scoring by Nonlocal Image Patch Estimator (SNIPE), has been shown
to surpass hippocampal volume in predictive power (Coupé
et al., 2015; Coupé, Eskildsen, Manjén, Fonov, Pruessner, et al., 2012).
SNIPE computes the similarity of every voxel in the hippocampus of
each person to a large library of manually segmented MRI datasets
from both healthy cognitively intact older adults and an equal number
of patients with AD. This procedure compares the local neighbour-
hood patch surrounding the voxel to corresponding neighbourhood
patches for each image volume in the library. The SNIPE score is the
average of similarity-weighted labels (i.e., —1 for AD and +1 for
healthy control) from the library of subjects. When the average SNIPE
score is positive, the structure is more similar to healthy control, and
when negative, the structure is more similar to AD.

The SNIPE method has shown to differentiate diagnostic groups
(NC vs. MCI, NC vs. AD, and MCI vs. AD) with higher classification

accuracy than volumetric measures (Morrison et al., 2022). Higher
accuracies were obtained for SNIPE grading compared to volumetric
scores calculated by both SNIPE methods and Freesurfer across all
groups. Using this method, researchers have also observed that
SNIPE-based grading biomarkers are more relevant for cognitive
decline prediction and conversion from MCI to AD than hippocampal
volume measures (Coupé, Eskildsen, Manjén, Fonov, Pruessner,
et al., 2012). SNIPE has a classification accuracy of 89%-93% at dis-
tinguishing people with AD from NC individuals in the ADNI cohort
(Coupé, Eskildsen, Manjon, Fonov, & Collins, 2012; Morrison
et al., 2022). SNIPE could also predict in cognitively normal older
adults, who would progress to AD dementia within a 12-year follow-
up period with 72.5% accuracy (Coupe et al., 2015). Coupe et al.
(2012) also observed that in normal controls and people with AD, HC
grading had a stronger correlation with global cognition, as measured
by the MMSE (R = 0.75) than hippocampal volume (R = 0.58). Associ-
ations between SNIPE hippocampal grading and cognitive declines in
normal aging and early MCl have yet to be determined.

Given that the MMSE has limited value in differentiating MCI
from NC (Mitchell, 2009), other neuropsychological measures with a
wide range in scores (e.g., Alzheimer's Disease Assessment Scale-13,
ADAS-13) and measures cognitive and functional status (e.g., Clinical
Dementia Rating-sum of boxes, CDR-SB) may be more sensitive to
cognitive changes early in the disease process (prodromal or preclini-
cal AD). For example, the CDR-SB has been shown to have good pre-
diction value for people without dementia who convert to dementia
(Tzeng et al., 2022). These additional tests may, thus, offer stronger
associations with AD-related hippocampal changes than the MMSE.
Previous research has also shown relationships between the hippo-
campus and episodic memory in preclinical AD (subjective cognitive
decline, SCD) (Caillaud et al., 2020). The MMSE is not designed to
measure episodic memory and therefore it may not be sensitive to the
early cognitive changes observed in SCD. For that reason, we also
examine whether episodic memory, as measured by Rey's Auditory
Verbal Learning Test (RAVLT), is associated with hippocampal change
in those with SCD. Because hippocampal grading, as measured by
SNIPE, has better predictive power than hippocampal volume, we pre-
dict that a strong association between SNIPE measures and sensitive
measures of cognitive decline will be observed. Our previous paper
also found that SNIPE grading had higher classification accuracy (for
NC:AD, NC:eMCl, eMCL:IMCI, and IMCI:AD) than both SNIPE volume
and Freesurfer volume measurements of the hippocampus (Morrison
et al,, 2022).

In this study, we aim to investigate the relationship between
SNIPE grading scores and cognition. The current paper was designed
to determine whether measures of general cognitive functioning
(i.e., the ADAS-13 and CDR-SB) would have a strong association with
hippocampal grading in normal controls, people with MCI, and people
with AD and if performance on episodic memory tests would have
associations with hippocampal grading in normal controls with and
without SCD. While Coupe et al. determined that SNIPE could classify
between NC and people with AD and predict which NC may progress
to AD, it remains unknown if SNIPE grading is associated with
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progressive changes in cognitive functioning at different stages of
decline (Coupe et al, 2015; Coupé, Eskildsen, Manjén, Fonov,
Pruessner, et al, 2012; Coupé, Eskildsen, Manjén, Fonov, &
Collins, 2012).

The goal of this article was to characterize the relationship
between SNIPE and cognition as measured by ADAS-13 or CDR-SB
early in the disease. Although both ADAS-13 and CDR-SB are sensi-
tive to cognitive changes in MCI and AD, the ADAS-13 has a larger
range of scores (0-84) than the CDR-SB (0-18). We expect to see
strong associations between the ADAS-13 in NC, MCI, and AD
because of the large range in ADAS-13. In contrast, for the CDR-SB
we expect to see strong associations only in the later stages of cogni-
tive decline because NCs have a small range of scores. Additionally,
we expect that RAVLT scores for measuring episodic memory will be
sensitive to cognitive changes at the preclinical AD stage (i.e., SCD).
These findings would not only have implications for future develop-
ment and improvement of methods to measure neurodegeneration,

but also for the early detection and characterization of incipient AD.

2 | METHODS

2.1 | Alzheimer's Disease Neuroimaging Initiative
Data used in the preparation of this article were obtained from the
publicly available Alzheimer's Disease Neuroimaging Initiative (ADNI)
database (http://adni.loni.usc.edu). The ADNI was launched in 2003
as a public-private partnership, led by Principal Investigator Michael
W. Weiner, MD. The primary goal of ADNI has been to test whether
serial magnetic resonance imaging (MRI), positron emission tomogra-
phy (PET), other biological markers, and clinical and neuropsychologi-
cal assessment can be combined to measure the progression of mild
cognitive impairment (MCI) and early Alzheimer's disease (AD). Partici-
pants were selected from ADNI-1, ADNI-2, and the ADNI-GO
cohorts. The study received ethical approval from the review boards
of all participating institutions. Written informed consent was
obtained from participants or their study partner.

2.2 | Participants

Full participant inclusion/exclusion is available online at www.adni-
info.org. Briefly, all participants were between 55 and 90 years old at
the time of recruitment and no evidence of depression as measured
by the Geriatric Depression Scale. Healthy control participants had no
evidence of memory decline on the Logical Memory Il subscale from
the Wechsler Memory Scale and no evidence of cognitive decline on
either the Mini Mental Status Examination (MMSE) or Clinical Demen-
tia Rating (with a score of O required for memory box). Early MCl and
IMCI had to score between 24 and 30 on the MMSE, 0.5 on the CDR
with a memory box score of at least 0.5, and had abnormal scores on
the Logical Memory Il test. Early MCI was differentiated from IMCI by
degree of memory impairment on the Logical Memory Il test; eMCI

participants were characterized as memory impairment that was inter-
mediate between normal controls and IMCI. Using the Logical Mem-
ory Il test, Early MCI was assigned to participants who obtained a
score of 9-11 (for 16+ years of education), a score of 5-9 (for 8-
15 years of education), or a score of 3-6 (for 0-7 years of education).
Late MCl was assigned to participants who obtained a score of <8 (for
16+ years of education), a score of <4 (for 8-15 years of education),
or a score of <2 (for 0-7 years of education). AD participants had to
show abnormal memory function on the Logical Memory Il test, an
MMSE score between 20 and 26, a CDR-SB 0.5 or 1.0 and probable
AD according to the NINCDS/ADRDA criteria.

A total of 1634 participants from three ADNI cohorts had MRI
baseline scans and were thus included (ADNI-1, 787 participants;
ADNI-2, 759 participants; ADNI-GO 88 participants). Inclusion criteria
also included availability of baseline CDR-SB and ADAS-13 scores.
Fourteen participants were excluded for not having baseline ADAS-
13 scores. A total of 1620 participants were included for our study.
Of these 1620 participants, 495 were cognitively normal older adults
(NC), 262 were early MCI (eMCI), 545 were late MCI (IMCI), and
318 had an AD diagnosis.

A sub-analysis was completed on the NCs who had baseline
RAVLT scores (N = 493). The RAVLT scores analyzed were the sum-
mary scores that measure learning (RAVLT immediate) and delayed
memory (RAVLT percent forgetting). These two scores were chosen
because they are both essential aspects of AD (Moradi et al., 2017).
RAVLT immediate is the sum of scores from the 5 first trials of the
test (Trials 1-5) and RAVLT percent forgetting is the score of Trial
5 minus the score of Trial 1 divided by the score of Trial 5. This NC
group was subdivided into those with and without subjective cogni-
tive decline using cognitive change index (CCIl) scores. Participants
were considered SCD if they self-reported significant memory con-
cern, quantified by a score of 216 on the first 12 items (representing
memory changes) on the CCI. This threshold was selected based on
previous research by Saykin et al. (2006) and because it is used by
ADNI as a criterion to identify participants with significant memory
concern (Risacher et al., 2015). A total of 103 NCs had SCD (SCD+)
and 390 did not have SCD (SCD-). Table 1 summarizes demographic

information for all participants.

2.3 | Structural MRI acquisition and processing
All participants were imaged using a 3T scanner with T1-weighted
imaging parameters (see http://adni.loni.usc.edu/methods/mri-tool/
mri-analysis/ for the detailed MRI acquisition protocol). Baseline scans
were downloaded from the ADNI public website.

Raw T1w scans for each participant were pre-processed through
our standard pipeline including noise reduction (Coupé et al., 2008),
intensity inhomogeneity correction (Sled et al., 1998) and intensity
normalization into range [0-100]. The preprocessed images were then
both linearly (9 parameters, 3 translation, 3 rotation, and 3 scaling)
(Dadar et al., 2018) and nonlinearly (1 mm? grid) (Avants et al., 2008)
registered to the MNI-ICBM152-2009c average (Fonov et al., 2011).
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Fl el NC(n—=495)  eMCl(n— 262) IMCI (n — 545)  AD (n — 318) TABLE 1 Demographic information
for cognitively normal, early and late

Age 74.34 £ 5.76 70.84 £ 7.39 73.97 £7.57 75.03 £ 7.70 MCI, and AD participants.

Education 16.34 + 2.72 15.97 + 2.64 15.89 + 2.91 15.17 + 3.02

Female Sex 260 (53%) 115 (44%) 209 (38%) 143 (45%)

ADAS-13 9.23+4.32 12.57 + 5.56 18.72 + 6.52 29.95+791

CDR-SB 0.04 +0.14 129 +0.76 1.65 +0.93 443 +1.64

Subanalysis NC/SCD— (n = 390) SCD+ (n = 103)

Age 74.84 £5.73 7240 £ 5.52

Education 16.22 + 2.75 16.77 + 2.56

Female sex 199 (51%) 60 (58%)

RAVLT - Immediate 5.78 £2.34 6.06 +2.21

RAVLT - Percent Forgetting 35.69 £ 27.47 37.31 £29.03

Note: Values are expressed as mean + standard deviation, or number (percentage %). Female sex is

represented as total number of sample and percentage of sample.

Abbreviations: AD, Alzheimer's disease; ADAS-13, Alzheimer's Disease Assessment Scale-Cognitive
Subscale; CDRSB, Clinical Dementia Rating Scale - Sum of Boxes; eMClI, early mild cognitive impairment;
IMCI, late mild cognitive impairment; NC, cognitively normal controls; NC/SCD—, normal controls
without subjective cognitive decline; RAVLT, Rey Auditory Verbal Learning Test; SCD+, subjective

cognitive decline.

The quality of the linear and nonlinear registrations was visually veri-
fied by an experienced rater (author Mahsa Dadar), blinded to diag-
nostic group. Only seven datasets did not pass this quality control

step and were discarded.

24 | SNIPE

Scoring by Nonlocal Image Patch Estimator (SNIPE) was used to mea-
sure the extent of AD-related change in the hippocampus using the
linearly registered preprocessed T1-weighted images (Coupé, Eskild-
sen, Manjon, Fonov, Pruessner, et al., 2012; Coupé, Eskildsen, Man-
jon, Fonov, & Collins, 2012). In short, this technique uses a set of MRI
volumes with manually segmented hippocampi as training library from
both healthy aging subjects (CN) and patients with dementia due to
AD. For each voxel from the subject under study that falls within a
bounding box containing the medial temporal lobe region, a 3D
7 x 7 x 7 patch centered around that voxel is compared with corre-
sponding patches from the N = 100 MRI volumes (50 CN and 50 AD)
in the training library. An intensity-based similarity metric
(or “weight”) between the patch under study and the training patch
was then computed. These estimated weights were used to perform
grading of the hippocampus based on the clinical label (CN vs. AD) of
the training subjects:

22‘:1‘2 W(Xiaxsj) .Ps

jeQ

8= Yets 3 w(xixs;)
jeq

where x; is the target voxel, and g(x;) is the corresponding grading

value, and Q is the search area. w(x;,x;;) Shows the similarity metric

between surrounding patches of target voxel i and voxel j from train-
ing subject s. Ps is the clinical label of the training subject: we set it to
—1 for AD patients and + 1 for normal healthy subjects. This means
that when a patch resembles CN anatomical characteristics more than
AD, the grading score will be positive, conversely, if the patch is more
similar to AD anatomy, the grading score is negative. The final SNIPE
hippocampal grading score is an average of all the voxels within this
structure in each hemisphere.

In this method, volumes are calculated by counting voxels in
pseudo-Talairach stereotaxic space (ICBM152 template), to avoid bias
toward subject's head size. SNIPE segmentations were visually veri-
fied by an experience rater (author Neda Shafiee) The SNIPE proce-
dure used has been previously described in detail (Dadar, Gee,
et al,, 2020).

2.5 | Statistical analysis

Analyses were performed using “R” software version 4.0.5. t-Tests
and x? analyses were completed on demographic information. Linear
regression models were conducted to determine whether hippocam-
pal grading was associated with cognitive scores (CDR-SB and ADAS-
13). The model examined the association between CognitiveScore
(ADAS-13 or CDR-SB) and Hippocampal Grading (Right and Left).
Diagnosis was the categorical variable of interest, indicated by NC,
eMCl, IMCI, or AD status with NC serving as the baseline, Grading:
Diagnosis denotes an interaction term between Grading and Diagno-
sis, reflecting differences in the slope of Grading between the diag-
nostic groups. The models also included age, sex, and years of
education as covariates, with the regression centered on SNIPE

score = 0.0 as follows:
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CognitiveScore ~ Grading_HC + Diagnosis (1)
+ Grading : Diagnosis + Age + Sex + Education

As an additional analysis to demonstrate early sensitivity of SNIPE
we examined the association between HC grading and cognition in
SCD, the earliest stage of preclinical AD. Previous research has
observed an association between HC volume and episodic memory in
those with SCD (Caillaud et al., 2020). Thus, in this additional analysis
we opted to only examine episodic memory using RAVLT scores. The
same linear regression model (1) was used to determine whether hip-
pocampal grading was associated CognitiveScore (RAVLT).

Correction of multiple comparisons was completed using false
discovery rate (FDR); p-values are reported as raw values with signifi-

cance determined by FDR correction marked in Table 2.

3 | RESULTS

Table 1 presents the demographic information for each group. There
was no difference in age between the NC and IMCI (t = 0.9, p = .4) or
between NC and AD (t = 1.36, p = .2), but the eMCI group were
3.5 years younger that NC (t = 6.67, p < .001). There was no differ-
ence in education between NC and eMCI (t = 1.83, p = .07), but NC
had higher education than IMCI (t = 2.58, p = .01) and AD (t = 5.64,
p < .001). As expected, the average ADAS-13 score increased from
NC to AD. Differences in ADAS-13 scores were observed between
each successive stage of decline, NC < eMCI < IMCI < AD (NC:eMClI,
t = —-845 p<.001; eMCLIMCI, t = -13.89, p<.001; and
IMCI:AD t = —-21.43, p <.001). Similarly, CDR-SB increased with
NC < eMCI < IMCI < AD with statistically significant differences
between each successive group (NC:eMCl, t = —26.47, p <.001;
eMCLIMCI, t = —5.88, p <.001; and IMCI:AD t = —27.72, p < .001).
In the subanalysis, SCD— were younger than the SCD+ group
(t = —3.96, p < .001), but had no difference in education or in any of
the RAVLT scores.

3.1 | ADAS-13 and hippocampal grading

Table 2 summarizes the results of the linear regression models for
both the ADAS-13 and CDR-SB analyses. Figure 1 shows a scatterplot
of individual cognitive scores and hippocampal grading values for both
the ADAS-13 and CDR-SB.

For the left hippocampus (IHC) analysis, the overall effect of IHC
grading on ADAS-13 scores in the NC group was significant
(t = —3.95, p <.001), demonstrating that decreases in IHC grading
were associated with increases in ADAS-13 scores. In addition, all
patient groups had greater intercepts for ADAS-13 than the NCs, and
ADAS-13 scores progressively increased (i.e., lower performance)
from NC to eMCI (4.19 points more than NC, t = 5.83, p < .001), IMCI
(8.13 points more than NC, t = 15.09, p < .001), and AD (17.61 points
more than NC, t = 28.80, p < .001) at the model center (where SNIPE
grading = 0.0). Furthermore, the interaction between IHC grading and

ADAS-13 was significant for eMCl (t = —2.22, p = .03) and IMCI
(t = —2.74, p = .006), and marginally significant for AD (t = —1.85,
p = .06); that is, the slopes of changes in ADAS-13 scores associated
with changes in IHC grading were significantly steeper in all disease
cohorts in comparison with the NCs. The slope for eMCI and IMCI
was almost twice that for NC. When examining the covariates, age
was not associated with change in ADAS-13 scores (t = —1.11,
p = .27). Male sex was associated with almost 1 point increase in
ADAS-13 scores (t = 2.98, p = .003), whereas increased education
was associated with slightly lower (—0.21 points) ADAS-13 scores
(t = —4.06, p < .001). Overall, 65% of the variance in ADAS-13 scores
(adjusted R? = 0.65) can be explained by the variables included in this
model. Note that the same model without grading has an adjusted
R? = 0.61, indicating that grading explains an additional 4% of
variance.

For the right hippocampus (rHC) analysis, the overall effect of
rHC grading on ADAS-13 scores in the NC group was significant
(t = —4.28, p < .001), demonstrating that increases in ADAS-13 scores
were associated with decreases in rHC grading. In addition, all patient
groups had greater intercepts for ADAS-13 than the NCs, and ADAS-
13 scores progressively increased (i.e., lower performance) from NC
to eMCI (4.10 points more than NC, t = 5.35, p <.001), IMCI (7.78
points more than NC, t = 13.45, p < .001), and AD (16.65 points more
than NC, t = 25.49, p < .001) at the model center (where SNIPE grad-
ing = 0.0). Furthermore, the interaction between rHC grading and
ADAS-13 was significant for eMCI (t = —1.96, p = .05), to IMCI
(t =—-2.23,p =.03),and to AD (t = —2.51, p = .01); i.e., the slopes of
changes in ADAS-13 scores associated with changes in rHC grading
were significantly steeper in all disease cohorts in comparison with
the NCs. When examining the covariates, increased age was associ-
ated with slight increases in ADAS-13 scores (0.05 points, t = 2.02,
p = .04). Male sex was associated with almost 1 point increase in
ADAS-13 scores (t = 3.00, p = .003), whereas increased education
was associated with slightly lower ADAS-13 scores (—0.24 points,
t = —4.80, p < .001). Overall, 66% of the variance in ADAS-13 scores
(adjusted R? = 0.66) can be explained by the variables included in this
model. Note that this model explains 5% more of the variance the

same model without grading.

3.2 | CDR-SB and hippocampal grading

For the left hippocampus model, the effect of IHC grading on CDR-SB
scores was not significant (t = —0.82, p = .41) for the NC group. All
patient groups had greater intercepts for CDR-SB than the NC group
at model center, and CDR-SB scores progressively increased
(i.e., lower performance) from NC to eMClI (1.28 points more than NC,
t = 10.96, p < .001), to IMCI (1.58 points more than NC, t = 18.07,
p < .001), and to AD (4.08 points more than NC, t = 40.90, p < .001).
The interaction between IHC grading and CDR-SB was not significant
for eMCI (t = —0.87, p = .38), but was significant for IMCI (t = —2.43,
p =.02) and AD (t = —5.28, p < .001); that is, the slopes of changes in
CDR-SB scores associated with changes in HC grading were
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TABLE 2 Linear regression model results showing association between grading and global cognition.
ADAS-13: Left HC ADAS-13: Right HC ADAS-13: Average HC CDR-SB: Left HC CDR-SB: Right HC CDR-SB: Average HC
Intercept B =15.69 B=18.17 B =19.66 B =1.06 B=114 B=1.32
t=7.57 t=28.73 t=9.29 t=312 t=331 t=377
p <.001* p <.001* p <.001* p =.002* p < .001* p <.001*
Grading B=-6.16 B=-7.04 = -8.58 B=-0.21 B=-021 B=-0.31
t=-3.95 t=-4.28 t=-4.89 t=-0.82 t=-076 t=-1.06
p < .001* p < .001* p < .001* p=41 p=.45 p=.29
Age #=-0.03 B =-0.05 B =-0.07 f8=-0.01 B =-0.01 B =-0.01
t=-111 t=-2.02 t=-2.83 t=-249 t=-253 t=-3.16
p=.27 p=.04 p =.005* p =.01* p =.01* p =.002*
Male sex 3=0.88 3=0.87 3=0.82 f3=-0.03 8= -0.03 = -0.04
t=298 t=3.00 t=283 t=-0.71 t=-0.63 t=-0.77
p =.003* p = .003* p =.005* p=.48 p=.53 p=.44
Education B=-021 B=-024 B=-0.23 B =-0.02 B =-0.02 B =-0.02
t=-4.06 t=-4.80 t=-449 t=-1.85 t=-236 t=-2.09
p < .001* p <.001* p < .001* p=.06 p =.02* p =.037
eMCI B=4.19 B=4.10 B =4.05 B=1.28 =130 B =130
t=5.83 t=5.35 t=524 t=10.96 t=10.25 t = 10.09
p < .001* p < .001* p < .001* p < .001* p < .001* p < .001*
IMCI =813 =778 =751 =158 B=1.58 B=1.57
t =15.09 t=13.45 t=12.81 t=18.07 t=16.50 t=16.13
p <.001* p <.001* p <.001* p <.001* p <.001* p <.001*
AD B=17.61 B =16.65 B=16.29 3 =4.08 B =4.06 B =399
t = 28.80 t =25.49 t =24.53 t =40.96 t=37.48 t =33.30
p <.001* p < .001* p <.001* p <.001* p < .001* p < .001*
Grading*eMCl B=-5.06 B=-4.54 B=-4.92 f8=-0.32 B=-036 =-0.37
t=-222 t=-1.96 t=-220 t=-0.87 t=-094 t=-0.92
p =.027* p=.05 p =.033* p=.38 p=.35 p=.36
Grading*IMCI B =-5.04 B=-4.12 B =-4.55 f8=-0.73 8 =-0.66 B=-0.76
t=-274 t=-2.23 t=-2.29 t=-243 t=-222 t=-231
p = .006* p =.03* p =.02* p =.02* p =.03* p =.02*
Grading"AD B=-394 B=-531 =-531 B=-1.84 B=-1.58 B=-1.99
t=-1.85 t=-251 t=-2.32 t=-528 t=-449 t=-525
p=.06 p = .01* p = .021* p < .001* p < .001* p < .001*
Adjusted R? 0.65 0.66 0.66 0.73 0.73 0.74

Note: Bolded values are statistically significant.

Abbreviations: AD, Alzheimer's Disease; ADAS-13, Alzheimer's Disease Assessment Scale-13; CDR-SB, Clinical Dementia Rating Scale - Sum of Boxes. Average,
average of left and right SNIPE grading score; eMCI, early mild cognitive impairment; HC, hippocampus; IMCI, late mild cognitive impairment; HC, hippocampus.
*Represents results that were significant after false discovery rate correction for multiple comparisons.

significantly steeper in the later disease cohorts (IMCI and AD) com-
pared to NCs. When examining the covariates, increased age was
associated with increases in CDR-SB scores (0.01 points, t = 2.49,
p = .01), male sex was not associated with change in CDR-SB scores
(t = —0.71, p = .48), and education was only marginally associated
with lower CDR-SB scores (—0.02 points, t = —1.85, p = .06). Overall,
73% of the variance in CDR-SB scores (adjusted R?> = 0.73) can be
explained by the variables included in this model. Note that the same
model without grading has an adjusted R? = 0.71, indicating that grad-
ing explains an additional 2% of variance.

For the right hippocampus model, the effect of rHC grading on
CDR-SB scores was not significant (t = —0.76, p = .45) for the NC
group. All patient groups had greater intercepts for CDR-SB than the
NCs, and CDR-SB scores progressively increased (i.e., lower perfor-
mance) from NC to eMCI (1.30 points more than NC, t = 10.25,
p < .001), to IMCI (1.58 points more than NC t = 16.50, p < .001), and
to AD (4.06 points more than NC, t = 37.48, p < .001). The interaction
between rHC grading and CDR-SB was not significant for eMCI
(t = —0.94, p = .35), but was significant for IMCI (t = —2.22 p = .03),
and AD (t = —4.49, p < .001); that is, the slopes of changes in CDR-
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FIGURE 1  Scatterplots of
Cognitive Score by Hippocampal
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SB scores associated with changes in HC grading were significantly
steeper in the later disease cohorts (IMCl and AD) in contrast with the
NCs. When examining the covariates, increased age was associated
with slight increases in CDR-SB scores (0.01 points, t = 2.53, p = .01),
male sex was not associated with change in CDR-SB scores
(t = —0.63, p = .53), whereas increased education was associated
with slightly lower CDR-SB scores (0.02 points, t = —2.36, p = .02).
Overall, 73% of the variance in CDR-SB scores (adjusted R? = 0.73)
can be explained by the variables included in this model. Note that
this model explains 2% more of the variance the same model without
grading.

To ensure that the significant associations observed were not
influenced by vascular pathology typically observed in MCI and AD,
all models were rerun including total white matter hyperintensity bur-
den as a covariate. All results remained almost exactly the same in
terms of effect size and statistical significance indicating that white
matter hyperintensity burden does not influence the association

between hippocampal grading and cognition.

3.3 | RAVLT and hippocampal grading in
preclinical AD

Table 3 summarizes the results of the linear regression models for the
RAVLT analysis. Figure 2 shows a scatterplot of individual cognitive
scores and hippocampal grading values for RAVLT percent forgetting
and immediate scores. It should be noted that lower memory

performance is associated with higher scores in RAVLT percent for-
getting and lower scores in RAVLT immediate.

For the left HC, the effect of grading was not significant for
SCD- for percent forgetting (t = —1.80, p = .07) or immediate
(t = —2.07 p = .038) scores after correction for multiple comparisons.
SCD+ had greater intercepts for RAVLT percent forgetting (15.87
more points, p = .008), but not for immediate. The interaction
between grading and RAVLT was significant for percent forgetting
(t =—2.24 p = .026) but not immediate. That is, the slopes of the
RAVLT scores were steeper in SCD+ compared to SCD— for percent
forgetting only. Overall, 6% of the variance in RAVLT percent forget-
ting scores (adjusted R? = 0.06) can be explained by the variables
included in this model. Note that the same model without grading has
an adjusted R? = 0.04, indicating that grading explains an additional
2% of variance. For RAVLT immediate, 18% of the variance (adjusted
R? = 0.18) can be explained by the variables included in this model.
Note that the same model without grading has an adjusted R? = 0.15,
indicating that grading explains an additional 3% of variance.

For the right HC in the SCD— group, the effect of grading was
not significant for either RAVLT percent forgetting (t = —1.14,
p = .26) or immediate (t = 1.83 p = .07) scores. The SCD+ group had
greater intercepts for RAVLT percent forgetting (24.12 more points,
p < .002), but not for immediate. The interaction between grading and
RAVLT was significant for percent forgetting (t = —3.05 p = .002) but
again, not immediate. That is, similar to the IHC, the slopes of the
RAVLT scores were steeper in SCD+ compared to SCD— for percent
forgetting only. Overall, 7% of the variance in RAVLT percent
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TABLE 3 Linear regression model results showing association between grading and episodic memory.

RAVLT percent RAVLT RAVLT RAVLT
RAVLT percent RAVLT percent forgetting: immediate: immediate: immediate:
forgetting: Left HC forgetting: Right HC ~ Average HC Left HC Right HC Average HC
Grading B =-15.97 B =-10.67 g =-18.21 B=6.15 B=57 B=7.88
t=-1.80 t=-1.14 t=-176 t=2.07 t=1.83 t=227
p=.07 p=.26 p=.08 p =.038 p=.07 p =.023*
SCD+ 3 =15.87 B=24.12 B=2177 B=-2.65 B=-2.69 B =-3.02
t=265 t =343 t=317 t=-1.33 t=-114 t=-1.31
p = .008* p <.001* p =.002* p=.18 p=.25 p=.19
Grading*SCD+ 8 =-42.33 B =-63.02 B =-59.27 =948 8 =28.05 B=9.89
t=-224 t=-3.05 t=-2.78 t=1.51 t=1.16 t=1.39
p =.026* p = .002* p = .006* p=.13 p=.25 p=.17

Note: Bolded values are statistically significant. It should be noted that lower memory performance is associated with higher scores in RAVLT percent
forgetting and lower scores in RAVLT immediate. Average = average of left and right SNIPE grading score.

Abbreviations: RAVLT, Rey Auditory Verbal Learning test; SCD+, subjective cognitive decline; HC, hippocampus.

*Represents results that were significant after false discovery rate correction for multiple comparisons.

RAVLT Scores by Hippocampal Grading FIGURE 2  Scatterplots of
RAVLT scores by Hippocampal
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forgetting scores (adjusted R?> = 0.07) can be explained by the vari- 4 | DISCUSSION

ables included in this model. Note that the same model without grad-

ing has an adjusted R? = 0.04, indicating that grading explains an The current study used SNIPE to measure hippocampal grading in
additional 3% of variance. For RAVLT immediate, 17% of the variance NCs, eMCI, IMCI, and AD, and compared these grading scores to
(adjusted R% = 0.17) can be explained by the variables included in this global cognitive functioning as measured by the ADAS-13 and CDR-
model. Note that the same model without grading has an adjusted SB. In contrast to NCs, both IMCI and AD required less hippocampal
R? = 0.17, indicating that grading explains an additional 2% of change to have decreased ADAS-13 and CDR-SB scores (reflected by
variance. their significantly steeper slopes in the regression models). The eMCI
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group required less hippocampal change compared to normal controls
to have decreases in only the ADAS-13; whereas this group's associa-
tion between hippocampal change and CDR-SB scores did not differ
from NC. These findings indicate a relationship between lower cogni-
tive scores in eMCI, IMCI, and AD with decreases in hippocampal
grading. Importantly, in contrast to SCD— NCs, the SCD+ group
required less hippocampal change to exhibit lower RAVLT perfor-
mance. Hippocampal grading is thus also sensitive to changes that
occur in episodic memory early in the preclinical AD phase.

Previous associations between global cognition in people with
MCI and hippocampal volume have been mixed. Vipin et al. (2018)
reported no relationship between hippocampal volume and global
cognition in MCI (Vipin et al., 2018), while Peng et al. (2015) found an
association between hippocampal volume and global cognition in peo-
ple with MCI . These conflicting findings could be associated with the
sensitivity of the MMSE to early cognitive decline as well as the use
of hippocampal volume.

In this study, we observed an association between hippocampal
grading and global cognition, as measured by the ADAS-13 score in all
groups—NC, eMCI, IMCI, and AD. This finding suggests that SNIPE
hippocampal grading is sensitive to global cognitive declines due to
aging (in the NC group), early in the disease process (i.e., eMCl), and
to the progressive changes that occur later in AD-related pathology.

Taken together with the previous research on SNIPE (Coupé
et al., 2015; Coupé, Eskildsen, Manjén, Fonov, Pruessner, et al., 2012;
Coupé, Eskildsen, Manjén, Fonov, & Collins, 2012), these results sug-
gest that this method could be useful in the future prediction of cog-
nitive decline and diagnostic status early in the disease trajectory.

When examining global cognition using the CDR-SB, associations
between hippocampal grading were only observed in the IMCI and
AD groups. As expected, CDR-SB scores were low for the normal con-
trols (i.e., either O or 0.5), resulting in a flat slope for this group. As can
be seen in Figure 1, the eMCI group has a much smaller range and
median (0-4; median = 1) CSR-SB values than both IMCI (0-5.5;
median = 1.5) and AD (1-10; median = 5.5). The lack of association
with the eMCI group may thus be related to the limited range of
CDR-SB scores in people with eMCI. Furthermore, the CDR-SB score
is calculated based on subjective judgment by an interviewer and
shows the most sensitivity across a wide range of symptom variation.
Therefore, interpretation of results in individuals with minimal (or no)
cognitive impairment such as NC and eMClI, should be completed cau-
tiously. The relationship became stronger with IMCI and AD, showing
that the relationship between hippocampal grading and CDR-SB is
stronger in those with more severe declines. Consistent with previous
studies, associations between CDR-SB and hippocampal grading were
also stronger in the left, rather than right hippocampus (Basso
et al., 2006; Peng et al., 2015).

While one would not expect a simple function with only a few
variables to explain all the domains represented in the ADAS-13,
CDR-SB, or RAVLT, it is interesting to note that the hippocampal
grading score explains 4%-5% more variance of ADAS-13 than the
simpler model. For CDR-SB, hippocampal grading explains a smaller

amount of variance, only 2%, not accounted for by the model without

grading. This low percentage is likely due to a lessor dependence on
the hippocampus for the domains covered by CDR-SB. Finally, for
RAVLT forgetting and immediate scores, adding the hippocampal
grading measure explains 3% more of the variance—75% more vari-
ance explained for RAVLT forgetting and 20% more for RAVLT imme-
diate. This greater contribution of the hippocampal grading score over
that obtained for ADAS-13 or CDR-SB is likely due to the larger
dependence on the hippocampus for the RAVLT measures. While
both ADAS-13 and CDR-SB were associated with hippocampal grad-
ing for both IMCI and AD, only the ADAS-13 was associated with hip-
pocampal grading in eMCI and NC. CDR-SB was more sensitive (than
ADAS-13) to changes in hippocampal grading that occur later in the
disease progression, as reflected by the interaction with grading and
IMCl and AD.

Hippocampal grading was also observed to be sensitive to early
stages of decline in people with SCD. Episodic memory has been
observed to be associated with the hippocampus in SCD (Caillaud
et al., 2020). Furthermore, RAVLT performance has been shown to
help identify those with SCD who will progress to AD (Estévez-
Gonzélez et al., 2003), with high percent forgetting scores observed in
people with AD (Lodha et al., 2018). In our study, we expanded on
these findings by observing that hippocampal grading is associated
with increased percent forgetting scores (i.e., poorer performance) in
those with SCD. Given the previous associations between percent
forgetting and AD (e.g., Lodha et al., 2018; Moradi et al., 2017), the
associations observed here between grading and percent forgetting
could be linked to AD-related degenerative changes that occur early
in the disease process. These findings suggest that the relationship
between grading and cognitive score is sensitive to different stages of
disease progression, starting early in the preclinical period.

Regarding the normal controls, these findings suggest they would
require much more hippocampal change (as measured by grading) for
the same amount of cognitive decline to occur compared to the
patient groups. For example, HC changes may affect the grading
score, but compensation through cognitive reserve or plasticity may
limit declines in cognitive functioning measured by the cognitive tests.
Further research is needed to elucidate this issue.

The present study has a few limitations that should be investi-
gated in future research. Participants in the current sample had a high
education (mean = 15.90 years) and were mainly White (n = 1508 or
93% of the sample), which may limit the interpretation and generaliz-
ability of the results to other populations. Future studies should repli-
cate these findings in another dataset that is more generalizable to
diverse populations. The current study should also be replicated in
longitudinal data to determine whether grading scores are predictive
of clinical cognitive change at an individual level.

The preprocessing tools used in this manuscript have been exten-
sively validated for use in multicenter and multiscanner studies that
examine atrophy in aging, MCI, and AD populations (Dadar, Camicioli,
et al., 2020; Dadar, Gee, et al., 2020; Manera et al., 2019). Taken
together, we are confident that the results found in the current study
reflect the heightened sensitivity of SNIPE grading to detect structural
and cognitive changes associated with early cognitive decline.
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5 | CONCLUSION

The findings from this study indicate a strong association between hip-
pocampal grading and cognition. Importantly, the relationships were
observed not only late in the disease course (AD and IMCI) but also ear-
lier in the course of the disease in eMCI, NC, and SCD. Hippocampal
grading is sensitive to global cognition scores as measured by the
ADAS-13 starting in the normal aging and CDR-SB starting in prodromal
AD, as well as in episodic memory in the pre-clinical AD group. Although
future work is needed to determine if HC grading is predictive and asso-
ciated with longitudinal changes in cognition at an individual level, the
current study suggests that hippocampal grading may be a useful mea-
sure that is sensitive to cognitive changes early in the disease course.
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