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Introduction: Suspected non-Alzheimer's pathophysiology (SNAP) is a biomarker driven designation that represents a heterogeneous group in terms of etiology and prognosis. SNAP has only been identiﬁed by crosssectional neurodegeneration measures, whereas longitudinal measures might better reﬂect “active” neurodegeneration and might be more tightly linked to prognosis. We compare neurodegeneration deﬁned by crosssectional ‘hippocampal volume’ only (SNAP/L−) versus both cross-sectional and longitudinal ‘hippocampal
atrophy rate’ (SNAP/L+) and investigate how these deﬁnitions impact prevalence and the clinical and biomarker proﬁle of SNAP in Mild Cognitive Impairment (MCI).
Methods: 276 MCI patients from ADNI-GO/2 were designated amyloid “positive” (A+) or “negative” (A−)
based on their ﬂorbetapir scan and neurodegeneration ‘positive’ or ‘negative’ based on cross-sectional hippocampal volume and longitudinal hippocampal atrophy rate.
Results: 74.1% of all SNAP participants deﬁned by the cross-sectional deﬁnition of neurodegeneration also met
the longitudinal deﬁnition of neurodegeneration, whereas 25.9% did not. SNAP/L+ displayed larger white
matter hyperintensity volume, a higher conversion rate to dementia over 5 years and a steeper decline on
cognitive tasks compared to SNAP/L− and the A- CN group. SNAP/L− had more abnormal values on neuroimaging markers and worse performance on cognitive tasks than the A- CN group, but did not show a diﬀerence
in dementia conversion rate or longitudinal cognition.
Discussion: Using a longitudinal deﬁnition of neurodegeneration in addition to a cross-sectional one identiﬁes
SNAP participants with signiﬁcant cognitive decline and a worse clinical prognosis for which cerebrovascular
disease may be an important driver.

1. Introduction
Biomarkers of Alzheimer's disease (AD) have generally been divided
into two classes: molecular (e.g. amyloid PET, cerebrospinal ﬂuid (CSF)
Aβ) and neurodegenerative (e.g. volumetric MRI and FDG PET).
Neurodegeneration is by deﬁnition a dynamic process; however, most
studies classify individuals on this dimension with cross-sectional
measures. While a static measure captures past neurodegeneration,
other factors may confound these measurements, for example, some
individuals may have smaller hippocampal volumes for developmental

or other reasons not related to neurodegeneration. A measure of declining volume over time, on the other hand, is likely a more speciﬁc
indicator of a neurodegenerative process.
How we deﬁne neurodegeneration is gaining importance, as neurodegeneration is often used for classiﬁcation in staging models. For
example, the presence of atrophy or hypometabolism in the absence of
cerebral amyloid deﬁnes the recently labeled category of suspected
non-Alzheimer's pathophysiology (SNAP). A signiﬁcant proportion of
patients with Mild Cognitive Impairment (MCI) have received this
classiﬁcation based on cross-sectional measures of neurodegeneration
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SPARE-AD (Spatial pattern of Abnormality for Recognition of Early AD)
– an index derived from imaging data to quantify brain atrophy patterns
typical of AD (Davatzikos et al., 2009), APOE-ɛ4 carrier status and CSF
levels of Aβ42 came from publicly available processed data on the ADNI
website. See Supplementary material for details.

(Caroli et al., 2015; Petersen et al., 2013; Prestia et al., 2013). However,
the clinical implication of SNAP-MCI status remains unclear, as previous reports have shown widely varying results with regard to progression to dementia and cognitive decline. The reported progression
vary from 0% to 56% in 2–3 years of follow-up (Caroli et al., 2015;
Prestia et al., 2013; Wisse et al., 2015; Schreiber et al., 2017) and one
study even reported a higher dementia progression rate in SNAP than in
an amyloid and neurodegeneration positive, or prodromal AD (pAD),
group (Petersen et al., 2013). Similar inconsistent ﬁndings are present
for cognitive decline in these groups, with some studies showing almost
similar cognitive decline in SNAP and pAD (Caroli et al., 2015),
whereas others showed signiﬁcantly less cognitive decline in SNAP as
compared to pAD (Schreiber et al., 2017; Knopman et al., 2015; Chung
et al., 2017). It is possible that these mixed results are partly attributable to heterogeneity in underlying ‘active’ neurodegeneration in
SNAP, but also in pAD. While extant studies have investigated longitudinal change in neurodegeneration markers in SNAP ((Knopman
et al., 2015), also note (Burnham et al., 2016; Gordon et al., 2016) in
CN older adults), no prior study has utilized a longitudinal measure of
neurodegeneration to deﬁne this group.
We therefore compare cross-sectional evidence of neurodegeneration using hippocampal volume only (L−) versus evidence of both
cross-sectional and longitudinal neurodegeneration using hippocampal
atrophy rate (L+) in the classiﬁcation of MCI patients. As a conceptual
study, we aim to examine the impact of these deﬁnitions on progression
to dementia and cognitive decline. We hypothesize that the SNAP/L+
group will be enriched in individuals with a higher rate of progression
to dementia and more cognitive decline than the SNAP/L− group.
Additionally, we compare these groups on a number of bioﬂuid and
imaging markers aiming to gain understanding in the underlying pathology, e.g. the role of subthreshold amyloid or vascular pathology.
We hypothesize that these groups have diﬀerent biomarker proﬁles
reﬂecting diﬀerences in the presence of more rapid neurodegeneration.

2.3. Clinical and neuropsychological assessment
The Clinical Dementia Rating sum of boxes score (Morris, 1993) was
obtained for all subjects during screening and diagnosis up to 5 years
after baseline was analyzed. All participants underwent the Mini Mental
Status Examination (MMSE) (Folstein et al., 1975) and tests of speciﬁc
cognitive domains at baseline. A composite score was calculated for
delayed recall, based on the 5- and 30-min trial of the Auditory Verbal
Learning Test (Rey, 1964) and the Delayed Recall Task of the Alzheimer's Disease Assessment Scale-Cognitive (Rosen et al., 1984). Given
the potential role of vascular disease in SNAP and its potential impact
on executive functioning, we also examined the Trail Making Test B
(TMT-B), which was log-transformed before conversion to z-score and
inverted so that lower values represent worse performance. Z-scores
were calculated using the means and standard deviations of the A- CN
group at baseline. We also analyzed change over time using data from
the 1, 2, 3 and 4 year visits.
2.4. Group deﬁnitions
Amyloid status was deﬁned by a ﬂorbetapir SUVR value of 1.11
(Landau et al., 2012). Neurodegeneration status was deﬁned by two
diﬀerent measures: baseline hippocampal volume (corrected for ICV)
and annual hippocampal atrophy rate. As done previously (Petersen
et al., 2013; Jack Jr et al., 2012; Knopman et al., 2013), the cut-oﬀ
point for the cross-sectional measure was obtained by taking the 90th
percentile of the A+ participants with AD dementia. The 90th percentile for the longitudinal measure provided a cut-oﬀ point of −0.22,
which is not reﬂective of active neurodegeneration. We therefore chose
a stricter cut-oﬀ point at the 80th percentile. A cut-oﬀ point of 2044 mL
for ICV-corrected hippocampal volume and −0.80%/year for hippocampal atrophy rate was established with this approach.

2. Materials and methods
2.1. Participants
We used data from ADNI-GO/2 (see Supplementary material) from
276 MCI participants with ﬂorbetapir and MRI scans at baseline and
within 7–18 months after.
To establish cut-oﬀ points for neurodegenerative measures, we used
data from amyloid positive (A+) participants (see Group deﬁnitions)
with AD dementia for whom a baseline and follow-up (7–18 months
after baseline) MRI scan were available (n = 66). Additionally, amyloid
negative (A−) cognitively normal older adults with MRI scans at these
points (n = 76) were used as a reference for the analyses in the diﬀerent
SNAP- and pAD-deﬁned groups.
The study was approved after ethical review of each site's local review board and all participants provided informed written consent.

2.5. Statistical analyses
Cross-sectional cognitive and biomarker proﬁle for the diﬀerentially
deﬁned SNAP groups was analyzed using analyses of variance for
normally distributed data, Mann-Whitney U tests for non-normally
distributed data and Pearson χ2 tests for categorical data. In a second
analysis, we corrected for age, gender and education for the cognitive
tests in cases where there was a signiﬁcant group diﬀerence. Moreover,
we performed linear mixed-eﬀects models (Laird and Ware, 1982) with
group, time and a group*time interaction term to assess a group difference in cognitive decline over time. The ﬁxed eﬀects in the mixedeﬀects model included the above three terms and covariates (the speciﬁc cognitive task at baseline, age, gender and education). Subjectspeciﬁc random intercept and slope for time were included in the
mixed-eﬀects model to account for correlations among repeated measures of the cognitive outcomes.

2.2. Imaging and bioﬂuid markers
For hippocampal volume, baseline 3T T1-MRI scans were used.
Hippocampal volume was measured using a previously published multiatlas segmentation method (Wang et al., 2011). Hippocampal atrophy
rates were computed with an unbiased deformation-based morphometry technique (described in (Yushkevich et al., 2010)) that measures
change in hippocampal volume between baseline and follow-up MRI.
See details in Supplementary material. Hippocampal volume at baseline
was corrected for intracranial volume (ICV), obtained as described
below. The diﬀerence in hippocampal volume between the two time
points was expressed as percentage volume loss per year. An average
over the two hemispheres was used for both measures.
ICV, white matter hyperintensity (WMH) volume, standardized
uptake value ratio (SUVR) for the ﬂorbetapir and FDG-PET images,

3. Results
3.1. Cross-sectional characterization of the SNAP groups
3.1.1. SNAP/L− vs SNAP/L+
Fifty-ﬁve MCI patients were considered SNAP with 25.9% receiving
this designation based on only the cross-sectional measure (SNAP/L−)
and 74.1% also meeting the longitudinal deﬁnition of neurodegeneration (SNAP/L+) (Table 1). SNAP/L− had a larger percentage of males,
more years of education both at a trend level, and, interestingly, a
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(Fig. 1). SNAP/L− did not diﬀer from A- CN, whereas SNAP/L+
showed a steeper increase on the CDR and a steeper decline on the
MMSE and delayed memory, but not the TMT-B (Fig. 2).

Table 1
Description of the two SNAP groups.
SNAP/L−

SNAP/L+

A- CN group

Number (%)
Age (years)
Gender (% men)
Education (years)
APOE-ɛ4 (%)
HV (mL)
HV rate (%/year)

14 (25.9%)
71.6 (7.6)
12 (85.7%)a*,b*
17.7 (2.0)a*
6 (42.9)a,b
1769 (210)b
1.02 (2.27)a,b

76
72.4 (6.0)
45 (59.2%)
16.9 (2.6)
13 (17.1)
2126 (230)
−1.31 (1.66)

Follow up time MRI (days)
FDG-PET◊

317 (95)
−0.14 (1.12)

SPARE-AD score

−0.65 (1.00)b

Florbetapir (SUVR)
CSF Aβ pg/mL
WMH◊

1.02 (0.04)
207 (45)b
−0.10 (1.22)a

MMSE score
Delayed memory at baseline◊

27.4 (1.7)a,b
−1.22 (1.02)b

TMT-B◊

−0.78 (1.04)b

CDR SUM
Conversion to dementia over
5 years (%)

1.5 (0.7)b
0 (0)

40 (74.1%)
74.0 (6.8)
23 (57.5%)
16.3 (2.6)
6 (15.0)
1743 (249)c
−2.90
(2.07)c
330 (89)
−0.39
(0.89)c
−0.41
(1.00)c
1.00 (0.06)
205 (40)c
−0.86
(0.89)c
28.5 (1.5)c
−1.11
(1.15)c
−0.91
(0.78)c
1.3 (0.7)c
5 (12.5)c

3.2.2. SNAP vs second reference group MCI A-C-LWe also compared the two SNAP groups to those MCI patients who
were amyloid negative without evidence of neurodegeneration using
either measures (Amyloid Negative, Cross-sectional neurodegeneration
negative and Longitudinal neurodegeneration negative; A-C-L-), as a
second reference group (n = 44; mean age = 67.3 ± 7.0 years; 40.9%
male; mean MMSE = 28.9 ± 1.1). There were no diﬀerences between
A-C-L- and SNAP/L-, except for CDR-SB which was due to a signiﬁcant
decrease in CDR-SB in A-C-L- (i.e. improvement) as compared to SNAP/
L- (Supplementary Fig. 1). SNAP/L+ displayed a signiﬁcantly steeper
increase on the CDR-SB, decline on the MMSE and, at a trend level, on
delayed recall as compared to A-C-L- (Supplementary Fig. 2). No differences were found for the TMT-B.

304 (96)
0.00 (1.00)
−1.34 (0.46)
1.01 (0.05)
236 (27)
0.00 (1.00)

3.3. Cross-sectional and longitudinal characterization of the pAD groups

29.2 (1.1)
0.00 (1.00)

3.3.1. Cross-sectional characterization
pAD was deﬁned as A+ with evidence of neurodegeneration [either
cross-sectional alone (pAD/L−) or both cross-sectional and longitudinal (pAD/L+) evidence of neurodegeneration]. pAD/L+ and
pAD/L− do not diﬀer on any of the biomarkers, nor on any of the
cognitive tasks, with the notable exception of a higher score on the
CDR-SB, a higher percentage of APOE-ɛ4 carriers, both at a trend level,
a higher atrophy rate, by deﬁnition, and smaller hippocampal volume
in pAD/L+ (Supplementary Table 1). Both pAD groups diﬀer signiﬁcantly from the A- CN group on all neuroimaging and bioﬂuid
markers and all cognitive tasks. Correcting above analyses for age,
gender, and education (for the cognitive tasks) did not notably change
the results.

0.00 (1.00)
0.0 (0.1)
2 (2.6)

Signiﬁcant diﬀerences between: a) SNAP/L- and SNAP/L+; b) SNAP/L- and A- CN group;
c) SNAP/L+ and A- CN group ⁎p < 0.10; ◊ z-score. Results reported in the table are not
corrected for age, gender and education (for the cognitive tasks), see the Results section
for corrected results.
SNAP = suspected non-AD pathology; L−/+ = neurodegeneration negative/positive as
deﬁned by a longitudinal measure; A- = amyloid negative; CN = cognitively normal;
HV = hippocampal volume; FDG-PET = Fludeoxyglucose Postron Emission Tomography;
SPARE-AD = Spatial Pattern of Abnormality for Recognition of Early Alzheimer's Disease;
SUVR = standardized uptake value ratio; CSF = cerebrospinal ﬂuid; WMH = white
matter hyperintensity; MMSE = Mini Mental Status Examination; TMT = Trail Making
Test; CDR = Clinical Dementia Rating.

3.3.2. Longitudinal characterization
pAD/L+ displayed a signiﬁcantly higher conversion rate (55.8%
versus 26.3%; also after correcting for age and gender), a signiﬁcant
steeper increase in CDR-SB and a slightly steeper decline at a trend level
delayed recall than pAD/L- (Supplementary Fig. 3). Both groups show a
signiﬁcantly worse prognosis than the A- CN group with regard to
conversion to dementia (also after correcting for age and gender), the
CDR-SB and all selected cognitive tasks, except for the comparison of
the pAD/L− group with the A- CN group for delayed recall which
reached a trend level.

higher percentage of APOE-ɛ4 carriers. SNAP/L+ by deﬁnition showed
a higher atrophy rate than SNAP/L− and was also characterized by a
larger WMH volume. The groups did not diﬀer on any of the other
neuroimaging biomarkers, including baseline hippocampal volume.
With regard to clinical and cognitive status, the groups did not diﬀer
except for a slightly lower MMSE score in the SNAP/L− group.
3.1.2. SNAP vs A- CN
SNAP/L− had a larger percentage of males, at a trend level, and
APOE-ɛ4 carriers than A- CN, smaller hippocampal volume, by deﬁnition, higher SPARE-AD score (higher is more abnormal) and lower CSF
Aβ values. The atrophy rate in SNAP/L− was, interestingly, less than in
A- CN. Additionally, compared to A- CN, SNAP/L− performed worse on
the selected cognitive tasks. SNAP/L+ was not diﬀerent from A- CN
with regard to demographics, but showed more abnormal values on
most of the biomarkers, including FDG-PET and WMHs, and worse
performance on all selected cognitive tasks. Notably, neither group
diﬀered from A- CN on ﬂorbetapir SUVR.
Correcting above analyses for age, gender, and education (for the
cognitive tasks) did not notably change the results.

3.4. Comparison of SNAP and pAD groups on longitudinal cognition
3.4.1. Comparison of the SNAP/L− and pAD/L− groups
The pAD/L− shows a signiﬁcantly steeper increase on the CDR-SB
and a steeper decline on MMSE and TMT-B, as well as a trend level on
delayed recall as compared to the SNAP/L−, indicating worse progression in the context of amyloid even in the absence of longitudinal
neurodegeneration.
3.4.2. Comparison of the SNAP/L+ and pAD/L+ groups
The pAD/L+ shows a signiﬁcantly steeper increase on the CDR-SB
and a steeper decline on all cognitive tests as compared to the SNAP/L
+, again, indicating worse progression in the context of amyloid.

3.2. Longitudinal characterization of the SNAP groups

4. Discussion

3.2.1. SNAP groups vs each other and A- CN
SNAP/L+ qualitatively, though not signiﬁcantly, has a higher, although modest, conversion rate (12.5% versus 0.0%), which is signiﬁcantly diﬀerent from A- CN (and at a trend level after correcting for
age and gender; Table 1). Although we found no signiﬁcant diﬀerences
between the two SNAP groups, SNAP/L+ trended towards more decline on the MMSE and delayed memory as compared to SNAP/L−

We showed that approximately 3/4 of the subjects with SNAP, deﬁned according to a cross-sectional neurodegeneration measure of
hippocampal volume, also met our criteria of neurodegeneration based
on a longitudinal measure of hippocampal atrophy rate while 1/4 did
not. Further examination of these two groups showed that both had
409
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Fig. 1. Comparison of longitudinal performance of the SNAP/L− and SNAP/L+ group on the CDR-SB, MMSE, delayed recall and TMT-B. The group*time interactions reached a trend
level for MMSE and delayed recall (p = 0.0501). SNAP/L−/+ = Suspected Non-Alzheimer's pathophysiology with or without additional longitudinal evidence of neurodegeneration;
CDR-SB=Clinical Dementia Rating Sum of Boxes; MMSE = Mini Mental Status Examination; TMT-B = Trail Making Test B.

Fig. 2. Comparison of longitudinal performance of the MCI SNAP/L+ and CN A- group on the CDR-SB, MMSE, delayed recall and TMT-B. The group*time interactions reached
signiﬁcance for CDR-SB, MMSE and delayed recall. SNAP/L + =Suspected Non-Alzheimer's pathophysiology with additional longitudinal evidence of neurodegeneration; CN A= Amyloid negative Cognitively Normal older adults; CDR-SB = Clinical Dementia Rating Sum of Boxes; MMSE = Mini Mental Status Examination; TMT-B = Trail Making Test B.

4.1. Snap

abnormal values on other cross-sectional neurodegeneration biomarkers, as well as cognitive impairment as compared to the A- CN
group. However, SNAP/L+ had a larger WMH volume as compared to
the SNAP/L− group and the A- CN group. Most importantly, SNAP/L+
had a worse prognosis with a higher conversion rate and steeper decline
on cognitive tasks. The SNAP/L− group showed no diﬀerences in terms
of conversion rate or cognitive decline as compared to the A- CN group.

As has been pointed out previously, SNAP is likely a heterogeneous
group with regard to their etiology (e.g. (Mormino et al., 2016)). This
heterogeneity is reﬂected in the wide range of reported outcomes in
those with SNAP-MCI (Caroli et al., 2015; Prestia et al., 2013; Wisse
et al., 2015; Schreiber et al., 2017). We hypothesized that utilizing a

410

NeuroImage: Clinical 18 (2018) 407–412

L.E.M. Wisse et al.

explains the neurodegeneration and memory impairments in this group
given the normal values on this marker. Interestingly, this group also
had a surprisingly high rate of APOE-ɛ4 carriers, which has been associated with smaller hippocampi even in young adults (O'Dwyer et al.,
2012), potentially supporting a developmental hypothesis. With regard
to the amyloid markers, in this group also a hint of lower CSF Aβ levels
was observed as compared to the A- CN group, but with normal ﬂorbetapir levels. It therefore remains to be determined if there is a role for
subthreshold amyloid deposition in this group as well. Regardless, the
ﬁnding of a lack of signiﬁcant progressive atrophy in this group should
give pause as to the conceptual meaning of neurodegeneration.

longitudinal deﬁnition of neurodegeneration in addition to a crosssectional one might partly explain this observed heterogeneity. Indeed
the SNAP/L+ group had a poorer prognosis while there was no clear
diﬀerence between SNAP/L− and the A- CN group. This may indicate
that part of the “noise” in the SNAP construct may be due to individuals
who do not have evidence of ‘active’ neurodegeneration and their
structural abnormalities (e.g. small hippocampi) may be related to
developmental factors or slow aging eﬀects that may have made their
memory vulnerable to fall within the MCI category (see below). In that
context, this group would not be expected to demonstrate clinical
progression beyond that of controls, as was observed. Alternatively,
SNAP/L+ likely represents a group with a more pathological, or active,
process and would be expected to be at greater risk for clinical progression. This distinction supports the potential added value of using a
dynamic measure of neurodegeneration in addition to a cross-sectional
one in staging models (see (Jack Jr et al., 2016)). Alternatively, these
ﬁndings also may support the idea that one neurodegeneration measure
serves as conﬁrmatory test for the other and that having positivity for
both is the most rigorous way of testing neurodegeneration with the
least likelihood of false positives. It is worth noting that FDG-PET values were also abnormal in SNAP/L+, but less so in the SNAP/L- group.
While this diﬀerence was not signiﬁcant, it may suggest that FDG-PET
may be somewhat sensitive to individuals with active neurodegeneration as measured by longitudinal hippocampal atrophy rate.
Besides the impact of using these cross-sectional and longitudinal
neurodegeneration deﬁnitions on outcomes, we also aimed to gain
understanding in the potential underlying etiology of SNAP.
Interestingly, the SNAP/L+ group had signiﬁcantly more WMHs
compared to the SNAP/L− group. Although cause and consequence
cannot be disentangled here, it seems likely that cerebrovascular disease is a major driver of the ongoing hippocampal atrophy and cognitive decline observed in this group. In a posthoc correlation analysis, we
found an association of WMHs with hippocampal atrophy rate in AMCI patients (r = 0.25, p = 0.01; for A+ MCI patients: r = 0.03,
p = 0.76), indeed conﬁrming this hypothesis. It would be interesting to
see if future larger studies can replicate this ﬁnding with other measures of cerebrovascular disease or the degree to which there is a pattern of atrophy that can be distinguished from a more typical one of
prodromal AD. Finally, a hint of lower levels of CSF Aβ can be observed
with both measures of neurodegeneration as compared to the A- CN
group. However, this diﬀerence with the A- CN group was not observed
for the other measure of amyloid, ﬂorbetapir, and it is therefore unclear
what the signiﬁcance is of this ﬁnding. Previous ﬁndings on the role of
subthreshold amyloid in SNAP have also not been straightforward
(Wisse et al., 2015; Mormino et al., 2016; Mormino et al., 2014; Vos
et al., 2016).
Given that neurodegeneration is generally conceptualized as a dynamic process, what is the explanation for the SNAP group that only
showed abnormality on the cross-sectional measure? One possibility is
that they simply had developmentally smaller hippocampal volumes
which crossed the threshold of abnormality in the context the “normal”
volume loss associated with aging. This may make these individuals
more susceptible to age-associated memory decline. Alternatively, this
group may have experienced previous neuronal injury or a very slow
rate of neurodegeneration that – given the relatively short imaging
follow-up period (mean ~317 days) – resulted in our longitudinal
measure being insensitive. Such a slow rate of progression may be
consistent with the hippocampal neurodegeneration expected with
primary age-related tauopathy (Jack Jr., 2014) in which neuroﬁbrillary
tangle pathology is thought to accumulate at a slower rate than in the
setting of cerebral amyloidosis. Tau PET imaging will ultimately be
helpful in determining if those with smaller cross-sectional hippocampi
are more likely to have tangle pathology in the absence of amyloid.
Although it should be noted that one recent study did not ﬁnd elevated
tau levels in CN SNAP participants measured with AV-1451 PET
(Mormino et al., 2016). It seems unlikely that vascular pathology

4.2. pAD
We also investigated the impact of using a longitudinal measure of
neurodegeneration in addition to a cross-sectional one in the context of
amyloid. As for SNAP, a considerable portion of ~20% of pAD patients
as deﬁned by a cross-sectional measure of neurodegeneration displayed
no longitudinal hippocampal atrophy (pAD/L−). This indicates that
the pAD group might also be heterogeneous in terms of the driver of
current cognitive symptoms or disease stage and prognosis. Indeed, the
pAD/L+ group showed a signiﬁcantly larger conversion rate to dementia over ﬁve years as compared to the pAD/L− group, 55.8 vs
26.3%. This was also supported by a steeper increase in CDR and decline on the delayed recall task compared to pAD/L− group.
Interestingly, the groups did not diﬀer on most of the other biomarkers,
except that the pAD/L− group somewhat paradoxically had smaller
cross-sectional hippocampal volumes as compared to the pAD/L+
group. As with SNAP/L−, it is possible that pAD/L− includes individuals with smaller hippocampi due to other factors, such as developmental diﬀerences and/or age-related eﬀects that make this group
vulnerable to memory loss, but that they have concomitant AD pathology that may reﬂect an earlier stage of disease pathophysiology
than the pAD/L+ group. It is also possible that these groups simply
diﬀer in the aggressiveness of the disease or the spatial distribution of
neurodegeneration. One possibility that seems unlikely in light of the
slower rate of clinical decline is that the pAD/L− group are at a later
stage of disease and that we are observing “ﬂoor eﬀects”.
Limitations of the current study are the lack of a deﬁnitive approach
for deﬁning thresholds, the small sample size and the potential diﬀerences in the noise of the measures. That is, while both neurodegeneration markers are subject to measurement error, longitudinal measures of neurodegeneration inherently have greater variability due to
the additional processing required. This may have aﬀected the precision
of the determination of neurodegeneration status. An additional limitation is that the follow up time to determine atrophy rate is somewhat
arbitrary (1 year). It is unclear whether atrophy rate is constant over
time and whether a longer or shorter follow-up time would have resulted in diﬀerent group designations. Finally, while this study is investigating the conceptual meaning of neurodegeneration by comparing
a cross-sectional measure with a longitudinal one, it might be impractical in clinical practice to obtain longitudinal imaging and certainly less desirable than being able to provide more deﬁnitive prediction at baseline. That said, our results indicate that WMH volume is
related to higher longitudinal atrophy rates and might potentially be a
useful cross-sectional biomarker to aid in predicting which SNAP subjects will worsen over time.
In conclusion, this study showed that deﬁning neurodegeneration
by both a cross-sectional and a longitudinal measure of hippocampal
volume leads to the identiﬁcation of a SNAP group enriched in individuals with signiﬁcant cognitive and clinical decline over time, for
which cerebrovascular disease could be an important driver. Indeed,
conceptually a longitudinal measure of neurodegeneration is more in
keeping with the dynamic and progressive nature of this process. Placed
in the context of the recent ATN staging model (Jack Jr et al., 2016;
Jack Jr et al., 2017) in which neurodegeneration is generally measured
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in a cross-sectional manner, the current results suggest that such a
designation may be limited and that those with concomitant evidence
of both an accelerated rate of atrophy and reduced volume may represent a distinct group in the presence or absence of cerebral amyloid.
Future studies will need to conﬁrm these results in larger cohorts and
with other measures of neurodegeneration, such as FDG-PET or CSF
markers of neurodegeneration.
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