
RESEARCH ARTICLE

Clinicopathologic Factors Associated With Reversion
to Normal Cognition in Patients With Mild
Cognitive Impairment
Zonghua Li, PhD, Michael G. Heckman, MS, Takahisa Kanekiyo, PhD, Yuka A. Martens, PhD,

Gregory S. Day, MD, Maria Vassilaki, MD, PhD, Chia-Chen Liu, PhD, David A. Bennett, MD,

Ronald C. Petersen, MD, PhD, Na Zhao, MD, PhD,* and Guojun Bu, PhD*

Neurology® 2022;98:e2036-e2045. doi:10.1212/WNL.0000000000200387

Correspondence

Dr. Bu

bu.guojun@mayo.edu

Abstract
Background and Objectives
To identify clinicopathologic factors contributing to mild cognitive impairment (MCI)
reversion to normal cognition.

Methods
We analyzed 3 longitudinal cohorts in this study: the Mayo Clinic Study of Aging (MCSA), the
Religious Orders Study and Memory and Aging Project (ROSMAP), and the National Alz-
heimer’s Coordinating Center (NACC). Demographic characteristics and clinical outcomes
were compared between patients with MCI with or without an experience of reversion to
normal cognition (referred to as reverters and nonreverters, respectively). We also compared
longitudinal changes in cortical thickness, glucose metabolism, and amyloid and tau load in a
subcohort of reverters and nonreverters in MCSA with MRI or PET imaging information from
multiple visits.

Results
We identified 164 (56.4%) individuals inMCSA, 508 (66.8%) individuals in ROSMAP, and 280
(34.1%) individuals in NACC who experienced MCI reversion to normal cognition. Cox
proportional hazards regression models showed that MCI reverters had an increased chance of
being cognitively normal at the last visit in MCSA (HR 3.31, 95% CI 2.14–5.12), ROSMAP
(HR 3.72, 95% CI 2.50–5.56), and NACC (HR 9.29, 95% CI 6.45–13.40) and a reduced risk of
progression to dementia (HR 0.12, 95% CI 0.05–0.29 in MCSA; HR 0.41, 95% CI 0.32–0.53 in
ROSMAP; and HR 0.29, 95% CI 0.21–0.40 in NACC). Compared with MCI nonreverters,
reverters had better-preserved cortical thickness (β = 0.082, p <0.001) and glucose metabolism
(β = 0.119, p = 0.001) and lower levels of amyloid, albeit statistically nonsignificant (β = −0.172,
p = 0.090). However, no difference in tau load was found between reverters and nonreverters
(β = 0.073, p = 0.24).

Discussion
MCI reversion to normal cognition is likely attributed to better-preserved cortical structure and
glucose metabolism.
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Mild cognitive impairment (MCI) is considered the symptom-
atic predementia stage of Alzheimer disease (AD).1-3 Individuals
with MCI have impairments in one or more cognitive domains;
however, their independent functional abilities are preserved.4-6

Studies have shown that patients with MCI have an increased
risk of progression to dementia, with an annual conversion rate
of 3%–10% in community settings and 10%–15% in specialty
clinics.7,8 Interestingly, it was also reported that reversion to
normal cognition is common among individuals with MCI
(around 20% in clinical settings and 40% in community
settings).9-11 However, reverters still have increased dementia
risk vs cognitively normal individuals, raising the possibility that
reversion can also be a result of cognitive fluctuation.11 Although
multiple demographic and genetic factors have been associated
with reversion,12,13 the pathophysiologic underpinnings of cog-
nitive reversion remain understudied.

The goal of this study is to identify the clinicopathologic char-
acteristics of MCI reverters that contribute to their reversion to
normal cognition by leveraging clinical and in vivo brain imaging
data from 3 well-established longitudinal cohorts: the Mayo
Clinic Study of Aging (MCSA),14 Religious Orders Study and
Memory and Aging Project (ROSMAP),15 and National Alz-
heimer’s Coordinating Center (NACC) database.16

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The MCSA was approved by Mayo Clinic and Olmsted Medical
Center institutional review boards. Written informed content was
obtained from all participants at enrollment. ROSMAP was ap-
proved by the institutional review board of Rush University
Medical Center. All participants signed written informed consent
and an Anatomic Gift Act when recruited. For NACC, informed
consent from theparticipants or their proxieswas obtained through
an institutional review board–approved protocol at each site.

Participant Selection
MCSA is a population-based, longitudinal study of the resi-
dents in Olmsted County, Minnesota.14 Participants in MCSA
underwent neurologic and neuropsychological evaluations ap-
proximately every 15 months. ROSMAP constitutes 2 sub-
cohorts: ROS and MAP. ROS recruited nuns, priests, and
brothers across the United States and MAP enrolled partici-
pants from Chicago, Illinois.15 All participants in ROSMAP
underwent annual neurologic and neuropsychological evalua-
tions and agreed to brain donation at death. NACC data (2020

February freeze) were collected from 37 past and present
Alzheimer Disease Research Centers (ADRCs) in the United
States, funded by the National Institute on Aging (NIA).
Participants of NACC came from clinician referral, self-referral,
or public recruitment and were followed approximately annu-
ally. This study included participants from the 3 cohorts
meeting the following inclusion criteria: (1) Because the vast
majority of study subjects are White (97.5% in MCSA, 92.9%
in ROSMAP, and 83.1% in NACC), leaving only small
numbers of participants identified as another race or ethnicity
(5 reverters and 1 nonreverter in MCSA; 32 reverters and 23
nonreverters in ROSMAP; 0 reverters and 70 nonreverters in
NACC), we only included White participants for the analysis;
(2) participants were cognitively normal at baseline (re-
cruitment visit); (3) participants were cognitively normal, or
diagnosed with MCI or dementia at all visits; (4) participants
were diagnosed with MCI at least once during follow-up; (5)
participants were followed for a minimum of 2 years after their
initial diagnosis of MCI. Among the includedMCI cases (359 in
MCSA, 825 in ROSMAP, and 1,004 inNACC), individuals who
had been diagnosed as cognitively normal at any visit within 2
years after MCI onset were classified as reverters; all other par-
ticipants were classified as nonreverters. The demographic and
clinical characteristics of the participants are summarized in
Table 1. A subset of participants inMCSAwithMRI or PETdata
from at least 2 visits were included for neuroimaging analysis.

Cognitive Assessment and
Neurologic Diagnosis
Cognitive composite scores in all cohorts were constructed
with a battery of cognitive tests, and the domain-specific
scores were scaled against the mean and SD of the scores of
cognitively normal individuals in each cohort (eMethods
1, links.lww.com/WNL/B898). The diagnostic criteria for
cognitively normal, MCI, and dementia varied slightly between
cohorts. Briefly, the diagnosis of cognitively normal and
MCI in MCSA was based on the consensus diagnosis of 3
independent evaluators, incorporating neuropsychological
test results, clinical examinations, and additional assessments
(e.g., the Short Test of Mental Status and the Clinical De-
mentia Rating scale (CDR).17,18 The diagnosis in NACC
incorporated the CDR and neuropsychological tests. The
diagnosis in ROSMAP was primarily dependent upon cog-
nitive test results. A detailed description of the criteria is in-
cluded in eMethods 2.

MRI and PET Imaging
A subset of participants in MCSA had MRI (n = 177) and
PET (n = 88 for FDG-PET, n = 98 for amyloid-PET, and n =

Glossary
AD = Alzheimer disease; ADRC = Alzheimer Disease Research Center; CDR = Clinical Dementia Rating; HR = hazard ratio;
IQR = interquartile range; MCI = mild cognitive impairment; MCSA = Mayo Clinic Study of Aging; NACC = National
Alzheimer’s Coordinating Center; NIA = National Institute on Aging; ROI = region of interest; ROSMAP = Religious Orders
Study and Memory and Aging Project.
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25 for tau-PET) imaging data acquired at the normal or MCI
diagnosis. The imaging acquisition has been described pre-
viously.19 Briefly, MRI was performed using a 3T scanner.
The cortical thickness measure was a FreeSurfer (version 5.3)
derived meta-region of interest (ROI), which was calculated
as the surface area–weighted average of mean thickness in the
entorhinal cortex, fusiform, inferior temporal, and middle
temporal gyri. The amyloid-, tau-, and FDG-PET imaging
were acquired with Pittsburgh compound B, 18F-flortaucipir,
and 18F-fluorodeoxyglucose, respectively, and processed with
in-house processing pipelines. The PET meta-ROIs were
calculated as voxel number weighted averages of the median
uptake in a set of target regions divided by the median uptake
in a reference region. The amyloid-PET meta-ROI included

the prefrontal, orbitofrontal, parietal, temporal, anterior, and
posterior cingulate and precuneus regions and the tau-PET
meta-ROI included the amygdala, entorhinal cortex, fusiform,
parahippocampal, and inferior temporal and middle temporal
gyri. Both the amyloid and tau-PET measures were normal-
ized by the cerebellar crus gray matter. The FDG-PET meta-
ROI included angular gyrus, posterior cingulate, and inferior
temporal regions and was normalized to the uptake in pons
and vermis. In addition, the regional analysis of FDG-PET,
amyloid-PET, and tau-PET imaging was done using the cin-
gulum, insula, medial temporal cortex, occipital lobe, orbito-
frontal cortex, paracentral lobule, orbitofrontal cortex,
paracentral lobule, parietal cortex, postcentral gyrus, pre-
frontal cortex, precentral gyrus, precuneus, primary visual

Table 1 Clinical and Demographic Characteristics of Reverters and Nonreverters

MCSA ROSMAP NACC

Reverters
(n = 164)

Nonreverters
(n = 127)

p
Value

Reverters
(n = 508)

Nonreverters
(n = 252)

p
Value

Reverters
(n = 280)

Nonreverters
(n = 542)

p
Value

Male 87 (53.0) 77 (60.6) 0.24 150 (29.5) 57 (22.6) 0.054 136 (48.6) 222 (41.0) 0.044

Copy number of APOE4
alleles

0.77 0.019 0.002

0 113 (68.9) 87 (68.5) 401 (78.9) 182 (72.2) 208 (74.3) 354 (65.3)

1 47 (28.7) 36 (28.3) 99 (19.5) 63 (25.0) 70 (25.0) 163 (30.1)

2 3 (1.8) 4 (3.1) 3 (0.6) 6 (2.4) 2 (0.7) 25 (4.6)

Education, y 13.0 (12.0 to
16.0)

13.0 (12.0 to
15.5)

0.49 17.0 (14.0 to
19.0)

16.0 (13.0 to
18.0)

0.037 16.0 (14.0 to
18.0)

16.0 (14.0 to
18.0)

0.73

Age at MCI onset, y 81.5 (75.1 to
85.8)

83.5 (78.4 to
87.2)

0.019 82.4 (77.9 to
86.9)

84.8 (79.9 to
89.2)

<0.001 79.8 (72.8 to
86.1)

82.5 (76.1 to
88.6)

<0.001

Memory Z score at MCI
onset

−0.66 (−1.17 to
−0.04)

−1.14 (−1.60 to
−0.70)

<0.001 0.15 (−0.38 to
0.62)

−0.42 (−0.72 to
0.00)

<0.001 0.26 (−0.23
to 0.73)

−0.13 (−0.64 to
0.46)

<0.001

Attention Z score at MCI
onset

−0.48 (−1.14 to
−0.03)

−1.11 (−1.89 to
−0.28)

<0.001 −0.063 (−0.54
to 0.42)

−0.22 (−0.55 to
0.26)

0.055 0.14 (−0.28
to 0.86)

−0.036 (−0.46 to
0.58)

<0.001

Language Z score at MCI
onset

−0.33 (−0.84 to
0.00)

−0.81 (−1.26 to
−0.32)

<0.001 0.12 (−0.29 to
0.46)

−0.12 (−0.59 to
0.15)

<0.001 0.22 (−0.07
to 0.54)

−0.01 (−0.36 to
0.34)

<0.001

MMSE at MCI onset 27.0 (25.0 to
27.0)

25.0 (24.0 to
27.0)

0.001 28.0 (27.0 to
29.0)

27.0 (25.0 to
28.0)

<0.001 29.0 (27.0 to
30.0)

28.0 (27.0 to
29.0)

<0.001

CDR-sum at MCI onset 0.5 (0.0 to 1.0) 0.5 (0.0 to 1.5) 0.005 NA NA NA 0.5 (0.5 to
1.0)

0.5 (0.5 to 1.0) <0.001

Total follow-up, y 7.8 (5.5 to
10.4)

6.6 (5.1 to 9.3) 0.037 11.0 (7.0 to
15.6)

10.2 (7.0 to 14.0) 0.34 7.7 (4.5 to
10.5)

7.6 (5.7 to 10.1) 0.15

Follow-up before MCI
onset, y

2.8 (1.7 to 5.2) 2.6 (1.4 to 3.9) 0.003 3.2 (2.0 to 7.1) 3.5 (1.1 to 7.1) 0.89 2.9 (1.2 to
4.8)

3.0 (1.3 to 5.1) 0.76

Follow-up after MCI
onset, y

3.8 (1.5 to 6.3) 3.7 (2.7 to 5.1) 0.77 5.7 (3.0 to 9.5) 5.3 (3.4 to 8.0) 0.24 3.3 (1.8 to
5.8)

3.7 (2.7 to 5.5) 0.16

MCI affected domains:
single domain

109 (66.5) 75 (59.1) 0.24 NA NA NA 204 (72.9) 327 (60.3) <0.001

MCI subtype: aMCI 115 (70.1) 100 (78.7) 0.13 NA NA NA 201 (71.8) 449 (82.8) <0.001

Abbreviations: aMCI = amnesticmild cognitive impairment; CDR-sum= Clinical Dementia Rating scale sum;MCI =mild cognitive impairment;MCSA =MayoClinic Study
of Aging;MMSE=Mini-Mental State Examination;NACC= National Alzheimer’s Coordinating Center; ROSMAP= ReligiousOrders Study andMemory andAging Project.
MCI-affected domains contain 2 categories: single-domainMCI andmultidomainMCI; MCI type has 2 categories: aMCI and nonamnestic MCI; MMSE inMCSA
was derived from the Short Test of Mental Status. p Values were calculated from 2-tailed t test and χ2 test for continuous and categorical variables,
respectively. Values are n (%) or median (interquartile range).
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cortex, rolandic operculum, supplementary motor area, and
temporal cortex regions.

Statistical Analysis
Demographic and clinical characteristics were compared be-
tween reverters and nonreverters using an unpaired t test
(continuous variables) and χ2 test (categorical variables). The
risk of progression to dementia or reversion to normal inMCI
reverters and nonreverters was assessed with Cox pro-
portional hazards regression models; age at first MCI di-
agnosis was used as the baseline time point. For the risk of
progression to dementia, censoring occurred at the date of the
last clinical visit in individuals whose last diagnosis was MCI
or cognitively normal. All models were adjusted for the age at
first MCI diagnosis (MCI onset), sex, the copy number of
APOE4 alleles, and years of education. In additional models,
MCI subtypes (amnestic/nonamnestic and single domain/
multiple domains) were included as covariates when the in-
formation was available. The cumulative incidence of de-
mentia in MCI reverters and nonreverters was shown with
Kaplan-Meier curves.

Changes in cortical thickness and PET imaging of Aβ, tau, and
FDG in relation to the age atMCI onset was analyzed withmixed-
effects linear regression models adjusting for sex, the APOE4 allele
copy number, and years of education, allowing for random inter-
cepts and slopes. All statistical tests were 2-sided and performed
with R 4.0.1.20

Results
Demographics
A total of 359 participants in MCSA, 825 participants in ROS-
MAP, and 1,004 participants in NACC met the inclusion criteria
for this study (Figure 1). The demographics and clinical charac-
teristics of participants are shown in Table 1. A total of 164
(56.4%) participants in MCSA, 508 (66.8%) participants in
ROSMAP, and 280 (34.1%) participants in NACC were MCI
reverters. Compared to nonreverters, reverters were younger and
had better cognitive performance in memory, attention, and lan-
guage domains at MCI diagnosis (MCI onset). Although no
notable difference in the APOE4 allele frequency between

Figure 1 Flowchart of Participant Selection

Inclusion criteria for participant selection. MCI = mild cog-
nitive impairment; MCSA =Mayo Clinic Study of Aging; NACC
= National Alzheimer’s Coordinating Center; ROSMAP = Re-
ligious Orders Study and Memory and Aging Project.
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reverters and nonreverters was observed inMCSA (p = 0.77), we
found a lower allele frequency ofAPOE4 in reverters in ROSMAP
(p = 0.019) and NACC (p = 0.002). In addition, there was a
higher percentage of single-domain MCI (p < 0.001) and a lower
percentage of amnestic MCI (p < 0.001) among reverters relative
to nonreverters in NACC. Interestingly, medications commonly
prescribed in patients with dementia were more commonly
reported in nonreverters, including memantine (p < 0.001),
olanzapine (p < 0.001), and rivastigmine (p < 0.001) in NACC
and donepezil in bothNACC (p < 0.001) andMCSA (p = 0.005;
eTable 1, links.lww.com/WNL/B898).

Reverters Have a Lower Dementia Risk
Than Nonreverters
Clinically, individuals with MCI may have 4 potential cognitive
outcomes21,22: (1) progression to dementia; (2) reversion to
normal cognition without further change (stable normal); (3)
remain stable at MCI (diagnosed as MCI at all subsequent
visits); (4) fluctuation between normal cognition and MCI
(fluctuation). As shown in Figure 2, most nonreverters had
stable MCI (46.4% in MCSA and 42.5% in NACC) or pro-
gressed to dementia (33% in MCSA and 52.7% in NACC),
whereas;45% became stable normal after reversion in MCSA

(with a median [interquartile range (IQR)] follow-up of 3.4
[1.3, 5.1] years) andNACC (with a median [IQR] follow-up of
2.2 [1.0, 4.2] years) (Figure 2, A and C). In ROSMAP, a lower
percentage (27.8%) of reverters became stable normal (with a
median [IQR] follow-up of 3.0 [1.0, 6.9] years) and a higher
percentage of reverters progressed to dementia (36.1%, com-
pared with reverters in MCSA and NACC; Figure 2B). The
Kaplan-Meier curve showed a higher cumulative chance of
being cognitively normal (hazard ratio [HR] [95% CI] 3.31
[2.14 to 5.12] in MCSA, 3.72 [2.50 to 5.56] in ROSMAP, and
9.29 [6.45 to 13.40] in NACC) and a lower risk of developing
dementia (HR [95% CI] 0.12 [0.05 to 0.29] in MCSA, 0.41
[0.32 to 0.53] in ROSMAP, and 0.29 [0.21 to 0.4] inNACC) in
reverters than nonreverters during the follow-up (Figure 3,
A–C and Table 2).

Reverters Have Greater Cortical Thickness and
Brain Glucose Metabolism
To evaluate whether the reduced dementia risk in reverters is
associated with a lower burden of AD neuropathologic change
(Aβ and tau burden), we examined subsets of participants in
MCSA with MRI (n = 177), FDG-PET (n = 88), amyloid-
PET (n = 98), or tau-PET (n = 25) imaging data from at least

Figure 2 Cognitive Outcomes of Reverters and Nonreverters

Cognitive outcomes at the last visit of reverters
and nonreverters in (A) Mayo Clinic Study of
Aging, (B) Religious Orders Study and Memory
and Aging Project, and (C) National Alzheimer’s
Coordinating Center. MCI = mild cognitive
impairment.

Figure 3 Kaplan-Meier Curve Depicting the Cumulative Frequency of Dementia Among Reverters and Nonreverters

Kaplan-Meier curve showing the cumulative frequency of dementia among reverters and nonreverters in (A) Mayo Clinic Study of Aging, (B) Religious Orders
Study and Memory and Aging Project, and (C) National Alzheimer’s Coordinating Center. MCI = mild cognitive impairment.
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2 visits using mixed-effects linear regression models (eTable 2,
links.lww.com/WNL/B898). We found that reverters had
greater cortical thickness on average (p < 0.001) and a slower
cortical thinning rate (p = 0.002) than nonreverters (Figure 4A
and Table 3). The decline rate of glucose metabolism detected
by FDG-PET (measured by meta-ROI of AD-vulnerable brain
regions) showed a difference between reverters and non-
reverters, although not significant (Table 3; p = 0.070). Re-
verters also showed higher average glucose metabolism
compared to nonreverters (p < 0.001, Figure 4B) and a lower
amyloid load that approached statistical significance (p =
0.090). Amyloid accumulation rates were not different between
groups (p = 0.60; Figure 4C and Table 3). In an exploratory
analysis of 25 participants with tau-PET data, no differences in
average tau burden were observed between reverters and
nonreverters (p = 0.24) and tau accumulation rate (p = 1.00;
Figure 4D and Table 3). Interestingly, the PET imaging results
did not appear region-specific (eTable 3).

Discussion
This study analyzed 3 well-characterized longitudinal cohorts,
aiming to address the clinicopathologic characteristics

associated with reversion to normal cognition in participants
with MCI. We show that reverters have a lower dementia risk
than nonreverters. Amyloid-, tau-, and FDG-PET imaging
data suggest that this lower risk may be attributed to the
better-preserved cortical structure and brain glucose metab-
olism in reverters vs nonreverters, which may support pres-
ervation or reversion of cognitive functions.

Reversion to normal cognition is common in MCI. Evidence
suggests that reverters still have a higher risk of progression to
MCI and dementia during follow-up than cognitively normal
individuals.9,11,12 This observation raises the possibility that
reversion is partially a random event due to cognitive fluctu-
ation in the MCI to dementia trajectory. Contrary to this, our
findings suggest that reverters and nonreverters have different
cognitive trajectories and longer-term dementia risks. Re-
verters in this series had a lower dementia risk relative to
nonreverters, a finding that aligns with that reported by other
groups.9,11 Structural (MRI), functional (FDG-PET), and
molecular (amyloid-PET and tau-PET) imaging also suggest
that reverters have greater cortical thickness, slower cortical
thinning, higher glucose metabolism, and potentially lower
cerebral amyloid deposition. Together, these observations

Table 2 Cox Proportional Hazards Regression Model Estimate of the Risk of Having Dementia or Not at the Last Visit

Revert to normal Progress to dementia

Hazard ratio (95% CI) p Value Hazard ratio (95% CI) p Value

MCSA

Reverters 3.31 (2.14 to 5.12) <0.001a 0.12 (0.05 to 0.29) <0.001a

Age at first MCI diagnosis 1.00 (0.97 to 1.03) 0.98 1.07 (1.01 to 1.13) 0.017a

Sex: Male 1.10 (0.78 to 1.56) 0.58 1.07 (0.57 to 2.00) 0.83

Copy number of APOE4 alleles 0.96 (0.67 to 1.37) 0.82 1.47 (0.83 to 2.60) 0.19

Education, y 1.00 (0.95 to 1.06) 0.92 1.16 (1.05 to 1.27) 0.002a

ROSMAP

Reverters 3.72 (2.50 to 5.56) <0.001a 0.41 (0.32 to 0.53) <0.001a

Age at first MCI diagnosis 1.04 (1.01 to 1.06) 0.001a 1.13 (1.10 to 1.15) <0.001a

Sex: Male 1.21 (0.91 to 1.60) 0.19 1.27 (0.95 to 1.69) 0.11

Copy number of APOE4 alleles 0.73 (0.53 to 1.01) 0.060 1.35 (1.07 to 1.72) 0.012a

Education, y 1.01 (0.97 to 1.04) 0.72 0.99 (0.96 to 1.02) 0.49

NACC

Reverters 9.29 (6.45 to 13.40) <0.001a 0.29 (0.21 to 0.40) <0.001a

Age at first MCI diagnosis 0.97 (0.95 to 0.98) <0.001a 1.04 (1.02 to 1.05) <0.001a

Sex: Male 1.24 (0.94 to 1.64) 0.12 1.00 (0.79 to 1.27) 0.99

Copy number of APOE4 allele 0.64 (0.48 to 0.87) 0.005a 1.28 (1.05 to 1.55) 0.015a

Education, y 1.01 (0.96 to 1.05) 0.82 0.99 (0.95 to 1.03) 0.56

Abbreviations: MCI = mild cognitive impairment; MCSA = Mayo Clinic Study of Aging; NACC = National Alzheimer’s Coordinating Center; ROSMAP = Religious
Orders Study and Memory and Aging Project.
a Significant.
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suggest that MCI reverters and nonreverters represent path-
ophysiologically heterogeneous groups.

Cortical thinning has been associated with cognitive decline and
conversion to AD in MCI.23-25 Individuals with cognitive im-
pairments display greater cortical thinning than normal con-
trols,23 and the thinning rate in specific cortical regions may
predict conversion from MCI to AD dementia with high
accuracy.26,27 Glucose hypometabolism has also been associated
with cognitive decline in patients with MCI and patients with
AD dementia.28 Patients with MCI who convert to dementia
due to AD have lower FDG-PET signals than nonconverters or
cognitively normal controls.29 Furthermore, longitudinal studies
showed a positive correlation between the decline rate in brain
glucose metabolism and cognitive deterioration in MCI and
AD.30 Thus, better preservation of cognitive functions in MCI
reverters than nonreverters may be attributed to their lower
cortical thinning and higher glucose metabolism in the brain.

Faster Aβ and tau accumulation in MCI have also been asso-
ciated with accelerated cognitive decline28,29 and higher de-
mentia risk,30-33 potentially through mechanisms independent
of cortical thinning and glucose hypometabolism.28,31 However,
we did not find significant differences in the accumulation rates

of Aβ and tau between reverters and nonreverters, although
cerebral amyloid levels were lower in reverters (approaching
statistical significance). This observation suggests a thresholding
effect of amyloid; that is, the amyloid load only affects its lon-
gitudinal accumulation after reaching a threshold, and lower
levels of amyloid may indicate a lower likelihood of underlying
AD neuropathology in nonreverters, which potentially con-
tributes to cognitive resilience. Other participant-specific factors
may also have contributions, including the use of medications
approved for the treatment of symptomatic AD (e.g., cholin-
esterase inhibitors) or associated behavioral and psychiatric
symptoms of dementia (e.g., antidepressants). However, several
drugs commonly prescribed in patients with dementia were
more commonly reported in nonreverters inNACC andMCSA
(eTable 1, links.lww.com/WNL/B898), suggesting that these
medications were likely prescribed in response to increasing
clinical symptoms in nonreverters, and were less likely associ-
ated with resilience. Cerebrovascular disease is associated with
increased risks of cognitive impairment and dementia.32,33 Data
pertaining to cerebrovascular conditions were not available for
participants included in our study. Further studies are needed to
address the effect of cerebrovascular diseases onMCI reversion.
In addition, multiple genetic and demographic factors have been
associated with MCI reversion, such as absence of the APOE4

Figure 4 MRI and PET Imaging Outcomes of Reverters and Nonreverters in the Mayo Clinic Study of Aging

(A) Cortical thinning rate detected byMRI in reverters and nonreverters. The cutoff point for neurodegeneration is indicated by the dashed red line (2.68mm).
(B) Changes in brain glucose metabolism detected by FDG-PET in reverters and nonreverters. The cutoff point for abnormal glucose metabolism is indicated
by the dashed red line (1.47). (C) Brain amyloid accumulation measured by Pittsburgh compound B (PiB)–PET in reverters and nonreverters. The cutoff point
for amyloid positivity is indicated by the dashed red line (1.48). (D) Brain tau pathology detected by 18F-flortaucipir-PET in reverters and nonreverters. The
cutoff point for tau positivity is indicated by the dashed red line (1.25). MCI = mild cognitive impairment.
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allele and higher education.12,34 Accordingly, we also observed a
lower APOE4 allele frequency in reverters in ROSMAP and
NACC and higher education levels in reverters in ROSMAP.
Recent studies also suggest a role of bile acid and branched-
chain amino acidmetabolism–related genes in the acquisition of
the resilient phenotype.35 In addition, 8 cortical proteins asso-
ciated with cognitive resilience have been identified, including
NRN1 and ACTN4.36 However, it is unclear whether and how
these genes/proteins can contribute to the preservation of
cortical structure and glucose metabolism of the brain.

Data in this study come from 3 well-characterized longitudinal
cohorts with a high rate of follow-up and comprehensive
neuropsychological assessments. The participants included in
this study are from different cohorts with diverse de-
mographic and clinical characteristics, which makes our
conclusions robust. However, this study also has limitations.
(1) The inclusion of 3 cohorts with different MCI diagnosis
criteria may induce confounding factors such as different MCI
reversion rates, which should be considered when interpreting
results. (2)We do not have etiologic diagnoses of MCI, which
prohibited us from studying the etiologic contribution toMCI
reversion. (3) PET imaging data were only available for a
subset of participants from MCSA but not for those from
ROSMAP or NACC. (4) The number of participants with
imaging data, especially tau-PET imaging (n = 25) in MCSA,
was relatively small. Therefore, this analysis should be viewed
as exploratory. Due to the limited sample size, the possibility
of a type II error (i.e., a false-negative finding) needs to be
considered. (5) The factors associated with cortical thickness/
metabolism preservation in the cohorts remain unknown,
leaving questions unanswered concerning the contributions
of cerebrovascular health to resilience to structural, functional,
and molecular brain changes. (6) Only White participants

were included in this study due to the small number of indi-
viduals from other racial backgrounds. Further study is
needed to test our findings in diverse populations.

Individuals with MCI who reverted to normal cognition had
better preservation of cognitive function, cortical structure,
and metabolism than nonreverters. Our study provides im-
portant information for MCI prognosis that may help to
identify cognitive-preserving factors and develop cognitive-
preserving therapeutics for patients with MCI.
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Table 3 Mixed Effect Model Estimate of Neuroimaging Changes

MRI (n = 177) FDG-PET (n = 88) Amyloid-PET (n = 98) Tau-PET (n = 25)

Coefficient
(95% CI)

p
Value

Coefficient
(95% CI)

p
Value

Coefficient
(95% CI)

p
Value

Coefficient
(95% CI)

p
Value

Reversion: reverters 0.082 (0.036 to 0.130) <0.001a 0.119 (0.06 to 0.186) 0.001a −0.172 (−0.369 to
0.034)

0.090 0.073 (−0.052 to
0.187)

0.24

Time to MCI onset
× reverters

0.008 (0.003 to 0.013) 0.002a 0.009 (0.000 to 0.019) 0.070 −0.004 (−0.021 to
0.012)

0.60 0.000 (−0.030 to
0.035)

1.00

Time to MCI
onset, y

−0.018 (−0.021 to
−0.014)

<0.001a −0.026 (−0.034 to
−0.019)

<0.001a 0.048 (0.035 to
0.062)

<0.001a 0.011 (−0.011 to
0.034)

0.35

Sex: female −0.014 (−0.054 to
0.029)

0.49 −0.041 (−0.103 to
0.023)

0.21 −0.018 (−0.205 to
0.173)

0.85 0.058 (−0.064 to
0.189)

0.33

APOE4 allele
copy number

0.008 (−0.034 to
0.051)

0.69 −0.039 (−0.102 to
0.022)

0.22 0.180 (0.014 to
0.361)

0.040a −0.036 (−0.149 to
0.069)

0.52

Education, y 0.003 (−0.004 to
0.011)

0.44 −0.002 (−0.012 to
0.008)

0.69 0.023 (−0.007 to
0.052)

0.13 0.014 (−0.005 to
0.034)

0.16

Abbreviation: MCI = mild cognitive impairment.
Coefficients, 95% CIs, and p values result from mixed effect models accounting for random slopes and intercepts.
a Significant.
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