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Abstract

INTRODUCTION: Not all individuals who experience mild cognitive impairment (MCI)
transition through progressive stages of cognitive decline at the same rate, if at all.
Previous observational studies have identified the retrosplenial cortex (RSC) as an
early site of hypometabolism in MCI which seems to be predictive of later transition
to Alzheimer’s disease (AD).

METHODS: We examined N = 399 MClI subjects with baseline 8F-fluorodeoxyglucose
positron emission tomography. Subjects were classified based on whether their
diagnosis converted from MCl to AD.

RESULTS: Whole-brain metabolism was decreased in converters (MCI-AD). This effect
was more prominent at the RSC, where MCI-AD subjects showed even greater
hypometabolism. Observations of RSC hypometabolism and its utility in predicting
transition from MCI-AD withstood statistical analyses in a large retrospective study.
DISCUSSION: These results point to the utility of incorporating RSC hypometabolism
into predictive models of AD progression risk and call for further examination of
mechanisms underlying this relationship.

KEYWORDS
biomarkers, cognitive decline, FDG-PET, metabolic impairment, neurodegeneration

Highlights

* Not all individuals who develop MCI will progress to AD.

* Individuals with MCI who progress to AD show early whole-brain hypometabolism.
* Early hypometabolism is particularly prominent at the RSC.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder wherein
many affected individuals transition through prodromal stages of mild
cognitive impairment (MCI) to progressive dementia. However, not all
individuals who experience MCl transition through these stages of cog-
nitive decline at the same rate, if at all.1~ In fact, some individuals do
not progress, or convert from MCI to AD. To better intervene in the
early stages of AD it is imperative that we understand the signs and risk
factors that predict conversion between MCl and AD.

The retrosplenial cortex (RSC) (BA29/30) is a site of particular inter-
est in the study of AD progression as recent findings have suggested
that the connectivity of the RSC is an important mediator of healthy
cognitive aging.®~8 Nearly 30 years ago the RSC was observed to be one
of the earliest areas of dysfunction in AD.?~1! Here, hypometabolism
has been observed during the early prodromal stages of MCI. The mag-
nitude of RSC hypometabolism was greatest in individuals who would
later progress to AD.22-14 These early studies played critical roles high-
lighting the RSC as an early site of dysfunction with potential predictive
power over the transition from MCI to AD.13151¢ However, limited
sample sizes restrict the potential significance of these findings.

In the present study, we took advantage of the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database which contains a large
cohort of standardized subject imaging to revisit the question of RSC
hypometabolism as a predictor of MCl to AD conversion. To extend and
validate prior findings, we compared subjects that had been classified
as non-converters (MCI) or converters (MCI-AD) to assess whether
RSC hypometabolism during the early stages of MCl is able to predict
subsequent disease progression.

2 | METHODS
2.1 | Subjects

Data used in the preparation of this manuscript were obtained from
the ADNI database (https://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
tomography (PET), other biological markers, and clinical and neuropsy-
chological assessment can be combined to measure the progression of
MCI and early AD. For up-to-date information, see http://www.adni-
info.org.

Subjects from the ADNI-1, ADNI-GO, and ADNI-2 phases were
screened for the following inclusion criteria: (1) MClI diagnosis upon ini-
tial screening; (2) baseline 18F-fluorodeoxyglucose positron emission
tomography (FDG-PET) scan; (3) structural T1-weighted MRI imaging
(MP-RAGE sequence) within 1 year of the FDG-PET scan; and (4) Mini-
Mental State Examination (MMSE) scores from baseline to a two-year
follow-up timepoint. All scans were manually inspected for quality con-
trol prior to analysis. Amyloid-beta (AB) positivity was not required for
inclusion as, in clinical practice, many subjects living with MCI have

RESEARCH IN CONTEXT

1. Systematic review: The authors extensively reviewed
literature (eg, PubMed), meeting abstracts, and presenta-
tions. Based on the available literature, the identification
of the retrosplenial cortex (RSC) as an early site of
metabolic dysfunction was based on small sample sizes
with limited statistical analysis. With access to large ret-
rospective databases, these early questions can be revis-
ited and extended. Relevant citations are appropriately
cited.

2. Interpretation: Our findings indicate that in a large sam-
ple of MCI subjects, early brain hypometabolism is pre-
dictive of the later development of AD. Furthermore, the
metabolic impairment observed in individuals who will
later develop AD is even more pronounced when analy-
ses are tuned to the RSC. This suggests that the metabolic
activity of the RSC may serve as an early biomarker for
the risk of cognitive decline.

3. Futuredirections: Future studies could examine potential
mechanisms through which RSC hypometabolism arises
within the context of early mild cognitive impairment.

an unknown AS status and Af positivity does not mean progression in
the majority of MCl subjects.” However, when available, Ag- and tau-
positivity were considered during analyses using published amyloid
(18F-florbetapir) and tau (18F-flortaucipir) PET datasets.’® Individu-
als with a brain-wide standardized uptake value ratio (SUVr) of >1.0
in either of these measures were considered to be positive for their
respective pathologies.

Neuroimaging data and MMSE scores were downloaded from the
ADNI repository on February 13, 2024. Ethical approval was obtained
by the ADNI investigators at each participating ADNI site, and all par-
ticipants provided written informed consent. All analysis of human
neuroimaging data was conducted with the approval of the University
of Calgary Conjoint Health Research Ethics Board (REB22-0776).

2.2 | Conversion criteria

Subjects in the ADNI database are labeled as cognitively normal (CN),
MCI, or AD; however, changes in diagnosis over time are also reported.
In the current study, only subjects who were classified as MCI during
baseline diagnostic assessments were considered. Further information
on ADNI diagnostic criteria can be obtained from the ADNI website
(https://adni.loni.usc.edu/methods/documents/).

Subjects whose diagnosis did not change over the course of the trial,
according to ADNI guidelines, were considered to be non-converters
(MCI). However, subjects whose symptoms worsened to meet AD cri-

teria were classified as converters (MCI-AD). ADNI conversion status
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was verified in the current study by comparing the stability of MMSE

scores over time.

2.3 | Neuroimage preprocessing

Specific details about the imaging protocols employed across ADNI
sites can be found on the ADNI website (http:/adni.loni.usc.edu/
methods/). All images were retrieved from the ADNI database
in their most pre-processed format. Scans were processed using
SPM12 software (https://www:.fil.ion.ucl.ac.uk/spm/software/spm12/)
and the PETPVE12 toolbox (https:/github.com/GGonEsc/petpve12)
using previously described pipelines.'? Briefly, structural MRI images
were skull-stripped; segmented into grey matter, white matter, and
cerebrospinal fluid; and normalized in Montreal Neurological Insti-
tute (MNI) space with co-registered FDG-PET scans.2° FDG-PET scans
were corrected for partial volume effects using the 3-compartmental
voxel-wise Miiller-Gartner method.?!

2.4 | Spatial normalization and quantification

Statistical parametric mapping was performed using SPM12 software.
Voxel-wise t-test comparisons were performed between MCl and MCl-
AD groups to assess relative hypometabolism from FDG-PET scans. For
subsequent analyses, each scan was matched to a brain parcellation
atlas using DARTEL registration.?2-24 Intensity values were normal-
ized based on the mean voxel intensity across the cerebellum to yield
an SUVr.2425 The SUVr obtained from bilateral regions of interest
(ROIs) corresponding to the RSC was then compared between groups.
The bilateral RSC seeds each measured 5 mm in diameter and were
centered about MNI coordinates x = + 6, y = =50, z = 10, based on
expected local activity maxima for this region.242” The SUVr across the
rest of the brain not included within these seeds was also assessed as a

measure of brain-wide glucose metabolism.

2.5 | Statistics and data visualization

Statistical parametric mapping analyses were performed in SPM12
using MATLAB (MathWorks Inc., R2020a). From these comparisons, t-
score maps were thresholded based on a family-wise error-corrected
p < 0.05.

TABLE 1 Subject demographics and baseline cognitive scores.
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All other statistical analyses were performed in Prism (GraphPad
Software, Version 9.4.0). FDG-PET SUVr within the RSC and across
the rest of the brain was analyzed using two-way analysis of variance
(ANOVA). Multiple logistic regression analyses were used to assess the
extent to which RSC FDG-PET SUVr, brain-wide FDG-PET SUVr, AgB-
PET SUVTr, sex, and tau-PET SUVr were predictive of conversion from
MCl to AD.

Hypothesis testing was complemented by estimation statistics for
each comparison using https:/estimationstats.com.?® For these esti-
mation statistics, the effect size (Cohen’s d) was calculated using a
bootstrap sampling distribution with 5000 resamples along with a 95%
confidence interval (Cl; bias-corrected and accelerated). All plots were
generated in either MATLAB or Prism and all figures were compiled in
Adobe Photoshop.

3 | RESULTS
3.1 | Subject demographics

Following the application of subject inclusion and conversion criteria,
we were left with four groups: male MCI, female MCI, male MCI-AD,
and female MCI-AD. These groups contained 114, 88, 121, and 76
subjects, respectively. Demographics have been outlined in Table 1.

MCI to AD conversion criteria were also assessed by comparing
the stability of MMSE scores at 6-month intervals across two years
(Figure 1). We observed a decrease in MMSE scores in both male
and female MCI-AD groups (three-factor mixed-effects ANOVA; Time
x Conversion Status Interaction: Fi41211) = 16.01, p < 0.0001). The
slopes of linear regression lines fitted to these data differ signifi-
cantly from zero in the MCI-AD groups (male MCI-AD: F(syg) = 35.61,
p < 0.0001; female MCI-AD: F(3,5) = 49.40, p < 0.0001). This was not
the case with the MCI groups, where MMSE scores remained stable
across this period (male MCI: F(433 = 0.5811, p = 0.4463; female MCl:
F(329) =2.334,p=0.1275).

3.2 | Retrosplenial hypometabolism precedes
conversion from MCI to AD

FDG-PET signals were compared between male and female MCI and

MCI-AD groups upon intake into the ADNI trial. This approach allowed

Male MCI Female MCI Male MCI-AD Female MCI-AD
N 114 88 121 76
Age (years) 75.28 + 6.50 74.28 + 7.56 75.46 + 6.54 7411 + 6.89
Education (years) 16.57 + 2.710 15.73 + 2.80 16.31 + 2.61 15.29 + 2.83
Race (% White) 93.86% 88.64% 97.52% 96.05%
AMMSE (2 years) -0.48 + 2.337 —-0.50 + 1.88 -2.27 + 3.30 -2.81 + 285

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination.
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— Male MCI Y = -0.01059*X + 27.77
— Female MCI Y =-0.01872*X + 28.15
— Male MCI-AD Y =-0.09461*X + 27.08
Female MCI-AD Y =-0.1222*X + 26.75
30+
(L',')' -XT i}
S 25- iw\%
= I
20 T T T 1
0 6 12 18 24

Months

FIGURE 1 Stability of MMSE scores over time. Black lines
represent linear regression lines for each group. The equations for
each of these lines have been provided in the figure legend. Data are
presented as mean + SEM. AD, Alzheimer’s disease; MCI, mild
cognitive impairment; MMSE, Mini-Mental State Examination; SEM,
standard error of the mean.

us to assess whether metabolic changes can be found prior to the
transition to AD. Statistical parametric mapping revealed several clus-
ters of hypometabolism in MCI-AD groups relative to MCI groups
(Figure 2A,B). Peaks of hypometabolic activity were observed at MNI
coordinates considered to be part of the RSC in males (MNI: -2, —56,
26;T=06.72; prwe-corr < 0.001) and females (MNI: —4, —64, 32; T=6.70;
PrwE-corr < 0.001). Additional peaks were observed in the angular gyri
in both sexes and in the left fusiform gyrus in females (Table 2).

To follow up on these results with a targeted analysis of the RSC,
the FDG-PET SUVr of this region was compared between male and
female MCI and MCI-AD groups (Figure 2C). A significant decline in
RSC FDG-PET SUVr was observed; wherein the MCI-AD group showed
hypometabolism prior to conversion to AD (two-factor ANOVA; main
effect of conversion status: F3¢4) = 30.97, p < 0.0001).

To ensure that the effects observed in the RSC were region-
specific and not the product of global hypometabolism, the global SUVr
from across the entire brain, excluding the RSC seeds, was analyzed.
Decreased brain-wide FDG-PET SUVr was observed in the MCI-AD
groups (Figure 2D; two-factor ANOVA; main effect of conversion sta-
tus: F(zesy = 8.258, p = 0.0043). However, the effect size of global
hypometabolism was marginal in male MCI-AD converters (Cohen’s
d = —0.183). The difference in brain-wide FDG-PET SUVr between
MCI and MCI-AD was more prominent in female MCI-AD converters
(Cohen’s d = —0.497). However, the effect size was greatest and much
more balanced between sexes when analyses were targeted to the
RSC (males: Cohen’s d = —0.475; females: Cohen’s d = —0.659). These
results suggest that RSC-targeted analyses of glucose metabolism
may improve our ability to predict the conversion from MCI to AD,

particularly in male subjects.

3.3 | Retrosplenial hypometabolism improves the
ability to predict conversion from MCI to AD in
individuals without Ag or tau pathology

Using global AB- and tau-PET SUVr, subjects were classified as positive
or negative for AD pathology. Decreased FDG-PET SUVr was observed
in pathology-positive subjects who would later convert from MCl to AD
at both the level of RSC (Figure 2E; two-factor ANOVA; main effect
of conversion status: F(p43 = 19.17, p < 0.0001) and across the rest
of the brain (Figure 2F; two-factor ANOVA; main effect of conversion
status: F(244) = 9.780, p=0.0020). Examining individuals who were neg-
ative for both A and tau pathology, decreased FDG-PET SUVr was
only observed in the RSC of MCI-AD subjects (Figure 2G; two-factor
ANOVA; main effect of conversion status: F44) = 4.727, p = 0.0351)
and not on a brain-wide level (Figure 2H). Furthermore, using multi-
ple logistic regression with sex, AB-PET SUVr, tau-PET SUVr, and either
RSC FDG-PET SUVr or brain-wide FDG-PET SUVr, it was determined
that RSC FDG-PET SUVr is a significant predictor of transition from
MCI to AD (|Z] = 3.181, p = 0.0015) while the FDG-PET SUVr is not
(1Z] = 1.390,p = 0.1645).

4 | DISCUSSION

In the present study, we utilized the extensive collection of FDG-PET
scans in the ADNI database to compare the metabolic activity of the
RSC in MCI subjects who later converted to AD to those MCI subjects
who did not convert. We identified peaks in hypometabolic activity in
the converters compared to the non-converters corresponding to the
RSC in males and females and the left and right angular gyri, albeit
to a lesser extent in males than females. Thus, the hypometabolism of
the RSC seems to be the best predictor region when considering both
males and females. In addition, the morphology and connectivity of
the angular gyrus is known to be highly variable across individuals.2?
Therefore, subsequent analyses focused on the metabolic activity of
the RSC compared to the rest of the brain. We identified that while
brain-wide metabolic activity is decreased in subjects who later tran-
sition to AD, this effect was more pronounced when the scope of the
analyses was restricted to the RSC. Importantly, the metabolic activity
of the RSC was decreased in individuals who converted from MCl to AD
regardless of whether they expressed measurable AS or tau pathology.
Conversely, brain-wide hypometabolism was predictive of conversion
to AD only in AB and tau-positive individuals. These results support
the utility of the RSC as an early site of metabolic impairment and a
predictor of later transition from MCl to AD.

These results point to the metabolic activity of the RSC as a poten-
tial biomarker to aid in identifying those MCI subjects who are most at
risk for further cognitive decline to AD. The identification of strongly
predictive biomarkers is particularly important when considering that
approximately 10% to 15% of individuals living with MCI progress to
further stages of AD each year. Currently, very few of the already
identified biomarkers currently being used to assist in predicting the
transition from MCI to AD show exceptional predictive power on their
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FIGURE 2 (AB) Differences in brain metabolism between subjects with MCl who do and do not transition to AD. Statistical parametric
mapping highlighting peaks of hypometabolism in male (A) and female (B) subjects who transition from MCl to AD relative to FDG-PET activity in
subjects who do not transition from MCI. (C) Bar plot (left) showing FDG-PET SUVr at the RSC. Cumming estimation plot (right) showing the effect
size of the difference in metabolic activity between MCl and MCI-AD in male and female groups. (D) Bar plot (left) showing FDG-PET SUVr across
the rest of the brain. Cumming estimation plot (right) showing the effect size of the difference in metabolic activity between MCl and MCI-AD in
male and female groups. (E,F) Bar plots (left) showing FDG-PET SUVr at the RSC (E) or across the rest of the brain (F) of individuals with positive A8
and/or tau status. Cumming estimation plots (right) showing the effect size of the difference in metabolic activity between MCl and MCI-AD in
male and female groups. (G,H) Bar plots (left) showing FDG-PET SUVr at the RSC (G) or across the rest of the brain (H) of individuals with negative
Ap and/or tau status. Cumming estimation plots (right) showing the effect size of the difference in metabolic activity between MCl and MCI-AD in
male and female groups. AB, amyloid beta; AD, Alzheimer’s disease; MCI, mild cognitive impairment; FDG-PET, 18F-fluorodeoxyglucose positron
emission tomography; RSC, retrosplenial cortex; SUVr, standardized uptake value ratios.
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TABLE 2 Statistical parametric mapping of hypometabolic activity between subjects who transition from MCl to AD and subjects who do not.
MALE
Set Cluster-level Peak-level MNI coordinates
p c Prwe ke Puncorr Prwe T (Ze) Puncorr X Y z
<0.001 3 <0.001 1536 <0.001 <0.001 7.07 6.72 <0.001 -2 -56 26
Retrosplenial cortex
0.006 184 0.124 0.005 4.85 4.73 <0.001 —44 -74 42
Left angular gyrus
0.010 127 0.195 0.017 4.53 4.43 <0.001 50 -62 38
Right angular gyrus
FEMALE
Set Cluster-level Peak-level MNI coordinates
p c Prwe ke Puncorr Prwe T (Zg) Puncorr X Y z
<0.001 4 <0.001 2135 <0.001 <0.001 7.05 6.58 <0.001 —48 —-60 -28
Left angular gyrus
<0.001 2558 <0.001 <0.001 6.70 6.28 <0.001 -4 -64 32
Retrosplenial cortex
<0.001 682 0.006 <0.001 5.60 5.34 <0.001 42 -72 48
Right angular gyrus
0.002 297 0.044 0.002 5.11 4.92 <0.001 —-60 —-40 -14

Note: MNI coordinates are presented in mm.

Left fusiform gyrus

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; MNI, Montreal Neurological Institute.

own.%% However, the inclusion of multiple classifiers in predictive mod-
els of AD progression has proven to be very powerful at predicting not
only the overall risk of conversion but also the rate.>30-33 Therefore,
the inclusion of RSC hypometabolism, another early biomarker, may
help to strengthen overall prediction models.

In providing further support for the RSC as an early site of dysfunc-
tion in subjects who are at risk of developing AD, these results invite
targeted analyses of mechanisms underlying the relationship between

RSC hypometabolism and cognitive decline.

5 | CONCLUSIONS

The present study demonstrates that hypometabolic activity can be
observed in the RSC during the early prodromal stages of MCIl. We
show here that the magnitude of this RSC hypometabolism is fur-
ther decreased in subjects who will later transition from MCI to AD.
Furthermore, the effect size of the metabolic impairments observed
between individuals who do and do not progress to AD is greater at
the RSC than it is on a brain-wide level. Ultimately, these results point
to the RSC as a region of interest in the study and diagnosis of AD

progression.

AUTHOR CONTRIBUTIONS
Dylan J. Terstege: Study design, PET analyses, statistical analyses, writ-
ing the original draft, reviewing, and editing; Liisa A. M. Galea: Study

design, reviewing, and editing; Jonathan R. Epp: Funding acquisition,
supervision, study design, statistical analyses, writing the original draft,

reviewing, and editing.

ACKNOWLEDGMENTS

Neuroimaging data used in the preparation of this manuscript were
obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database, which was funded by the National Institutes of Health (Grant
U01 AG024904) and DOD ADNI (Department of Defense award num-
ber W81XWH-12-2-0012). ADNI is funded by the National Institute on
Aging, the National Institute of Biomedical Imaging and Bioengineer-
ing, and through generous contributions from the following: AbbVie,
Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation; Ara-
clon Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli
Lilly and Company; Eurolmmun; F. Hoffmann-La Roche Ltd and its
affiliated company Genentech, Inc.; Fujirebio; GE Healthcare; IXICO
Ltd.; Janssen Alzheimer Immunotherapy Research & Development,
LLC.; Johnson & Johnson Pharmaceutical Research & Development
LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics,
LLC.; NeuroRx Research; Neurotrack Technologies; Novartis Pharma-
ceuticals Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda
Pharmaceutical Company; and Transition Therapeutics. The Canadian
Institutes of Health Research is providing funds to support ADNI clini-
cal sites in Canada. Private sector contributions are facilitated by the

Foundation for the National Institutes of Health (www.fnih.org). The

85U8017 SUOWIWOD SA 181D 3 dedt dde au Aq peusenob afe sajole YO ‘8SN Jo Sa|NJ Joj Aeiq18UIJUO AB]IAA UO (SUOPUOD-PUE-SWB)LIOO"AB | 1M Afe.d 1[oul [UO//:SdNL) SUOIPUOD Pue SWLe | 8u 89S *[6202/TO/yT] Uo ARiqiTauliuo A8im ‘Aebed JO AiseAln Aq 85zyT Z[e/z00T 0T/I0p/wW0d A8 1w ARiq puljuo's fpuanol-zfe//sdiy Wolj pepeojumoa ‘2T ‘v202 '62262SST


http://www.fnih.org

TERSTEGEET AL.

Alzheimer’s &Dementia® | ges

grantee organization is the Northern California Institute for Research
and Education, and the study is coordinated by the Alzheimer’s Ther-
apeutic Research Institute at the University of Southern California.
ADNI data are disseminated by the Laboratory for Neuro Imaging
at the University of Southern California. A complete listing of ADNI
investigators can be found at: http://adni.loni.usc.edu/wp-content/
uploads/how_to_apply/ADNI_Acknowledgement_List.pdf. Funding for
this study was provided by an Alzheimer’s Society Research Program
(ASRP) New Investigator Grant (#21-05) and a Women'’s Brain Health
Initiative Grant in partnership with Brain Canada (#5542) to Jonathan
R. Epp. Dylan J. Terstege received a doctoral fellowship from NSERC
(PGS D).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest. Author disclosures are

available in the Supporting Information.

CONSENT STATEMENT

The ADNI was approved by medical ethics committees of all partic-
ipating institutions. Written informed consent was obtained from all
participants.

ORCID

Dylan J. Terstege "= https://orcid.org/0000-0002-5903-0875

REFERENCES

1. Poulakis K, Pereira JB, Mecocci P, et al. Heterogeneous patterns of
brain atrophy in Alzheimer’s disease. Neurobiol Aging. 2018;65:98-108.

2. ChenXR,ShaoY, Sadowski MJ, Alzheimer’s Disease Neuroimaging Ini-
tiative. Segmented linear mixed model analysis reveals association of
the APOE ¢4 allele with faster rate of Alzheimer’s disease dementia
progression. J Alzheimers Dis. 2021;82:921-937.

3. Demetrius LA, Eckert A, Grimm A. Sex differences in Alzheimer’s dis-
ease: metabolic reprogramming and therapeutic intervention. Trends
Endocrinol Metab. 2021;32:963-979.

4. Tahami Monfared AA, Byrnes MJ, White LA, Zhang Q. Alzheimer’s dis-
ease: epidemiology and clinical progression. Neurol Ther. 2022;11:553-
569.

5. Caminiti SP, De Francesco S, Tondo G, et al. FDG-PET markers of
heterogeneity and different risk of progression in amnestic MCI.
Alzheimers Dement. 2024,;20:159-172.

6. Dillen KNH, Jacobs HIL, Kukolja J, et al. Aberrant functional connectiv-
ity differentiates retrosplenial cortex from posterior cingulate cortex
in prodromal Alzheimer’s disease. Neurobiol Aging. 2016;44:114-126.

7. Ash JA, Lu H, Taxier LR, et al. Functional connectivity with the ret-
rosplenial cortex predicts cognitive aging in rats. Proc Natl Acad Sci .
2016;113:12286-12291.

8. Trask S, Fournier DI. Examining a role for the retrosplenial cor-
tex in age-related memory impairment. Neurobiol Learn Mem.
2022;189:107601.

9. Minoshima S, Giordani B, Berent S, Frey KA, Foster NL, Kuhl DE.
Metabolic reduction in the posterior cingulate cortex in very early
Alzheimer’s disease. Ann Neurol. 1997;42:85-94.

10. Nestor PJ, Fryer TD, Smielewski P, Hodges JR. Limbic hypometabolism
in Alzheimer’s disease and mild cognitive impairment. Ann Neurol.
2003;54:343-351.

11. Chetelat G, Villain N, Desgranges B, Eustache F, Baron J-C. Pos-
terior cingulate hypometabolism in early Alzheimer’s disease: what

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

is the contribution of local atrophy versus disconnection?. Brain.
2009;132:€133-e133.

Huang C, Wahlund L-O, Svensson L, Winblad B, Julin P. Cingulate
cortex hypoperfusion predicts Alzheimer’s disease in mild cognitive
impairment. BMC Neurol. 2002;2:9.

Nestor PJ, Fryer TD, Ikeda M, Hodges JR. Retrosplenial cortex (BA
29/30) hypometabolism in mild cognitive impairment (prodromal
Alzheimer’s disease). Eur J Neurosci. 2003;18:2663-2667.

Chételat G, Desgranges B, de la Sayette V, Viader F, Eustache F, Baron
J-C. Mild cognitive impairment: can FDG-PET predict who is to rapidly
convert to Alzheimer’s disease?. Neurology. 2003;60:1374-1377.
Frisoni GB, Boccardi M, Barkhof F, et al. Strategic roadmap for an early
diagnosis of Alzheimer’s disease based on biomarkers. Lancet Neurol.
2017;16:661-676.

Yang Z, Cummings JL, Kinney JW, Cordes D, Alzheimer’s Disease
Neuroimaging Initiative. Accelerated hypometabolism with disease
progression associated with faster cognitive decline among amy-
loid positive patients. Front Neurosci. 2023;17:1151820. doi:10.3389/
fnins.2023.1151820

laccarino L, Sala A, Perani D, Alzheimer’s Disease Neuroimaging Initia-
tive. Predicting long-term clinical stability in amyloid-positive subjects
by FDG-PET. Ann Clin Transl Neurol. 2019;6:1113-1120.

Landau SM, Ward TJ, Murphy A, et al. Quantification of amyloid
beta and tau PET without a structural MRI. Alzheimers Dement.
2023;19:444-455.

Gonzalez-Escamilla G, Lange C, Teipel S, Buchert R, Grothe MJ. PET-
PVE12: an SPM toolbox for partial volume effects correction in brain
PET—application to amyloid imaging with AV45-PET. Neuroimage.
2017;147:669-677.

Gaser C. Partial volume segmentation with adaptive maximum A
posteriori (MAP) approach. Neuroimage. 2009;47:5121.
Miiller-Gartner HW, Links JM, Prince JL, et al. Measurement of radio-
tracer concentration in brain gray matter using positron emission
tomography: MRI-based correction for partial volume effects. J Cereb
Blood Flow Metab. 1992;12:571-583.

Ashburner J. A fast diffeomorphic image registration algorithm. Neu-
roimage. 2007;38:95-113.

Klein A, Andersson J, Ardekani BA, et al. Evaluation of 14 nonlin-
ear deformation algorithms applied to human brain MRI registration.
Neuroimage. 2009;46:786-802.

Martino ME, de Villoria JG, Lacalle-Aurioles M, et al. Comparison of
different methods of spatial normalization of FDG-PET brain images
in the voxel-wise analysis of MCl patients and controls. Ann Nucl Med.
2013;27:600-609.

Bonte S, Vandemaele P, Verleden S, et al. Healthy brain ageing
assessed with 18F-FDG PET and age-dependent recovery factors
after partial volume effect correction. Eur J Nucl Med Mol Imaging.
2017;44:838-849.

Kaboodvand N, Backman L, Nyberg L, Salami A. The retrosplenial cor-
tex: a memory gateway between the cortical default mode network
and the medial temporal lobe. Hum Brain Mapp. 2018;39:2020-2034.
Shine JP, Valdés-Herrera JP, Hegarty M, Wolbers T. The human retro-
splenial cortex and thalamus code head direction in a global reference
frame. J Neurosci. 2016;36:6371-6381.

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. Moving
beyond P values: data analysis with estimation graphics. Nat Methods.
2019;16:565-566.

Niu M, Palomero-Gallagher N. Architecture and connectivity of the
human angular gyrus and of its homolog region in the macaque brain.
Brain Struct Funct. 2023;228:47-61.

Maheux E, Koval |, Ortholand J, et al. Forecasting individual progres-
sion trajectories in Alzheimer’s disease. Nat Commun. 2023;14:1-15.
Dubois B, Feldman HH, Jacova C, et al. Advancing research diagnos-
tic criteria for Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol.
2014;13:614-629.

85U8017 SUOWIWOD SA 181D 3 dedt dde au Aq peusenob afe sajole YO ‘8SN Jo Sa|NJ Joj Aeiq18UIJUO AB]IAA UO (SUOPUOD-PUE-SWB)LIOO"AB | 1M Afe.d 1[oul [UO//:SdNL) SUOIPUOD Pue SWLe | 8u 89S *[6202/TO/yT] Uo ARiqiTauliuo A8im ‘Aebed JO AiseAln Aq 85zyT Z[e/z00T 0T/I0p/wW0d A8 1w ARiq puljuo's fpuanol-zfe//sdiy Wolj pepeojumoa ‘2T ‘v202 '62262SST


http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://orcid.org/0000-0002-5903-0875
https://orcid.org/0000-0002-5903-0875
https://doi.org/10.3389/fnins.2023.1151820
https://doi.org/10.3389/fnins.2023.1151820

e9ss | Alzheimer’s &Dementia’

TERSTEGE ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

32. Cerami C, Della Rosa PA, Magnani G, et al. Brain metabolic maps in
mild cognitive impairment predict heterogeneity of progression to
dementia. Neurolmage Clin. 2015;7:187-194.

33. Strom A, laccarino L, Edwards L, et al. Cortical hypometabolism
reflects local atrophy and tau pathology in symptomatic Alzheimer’s
disease. Brain. 2022;145:713-728.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Terstege DJ, Galea LAM, Epp JR.
Retrosplenial hypometabolism precedes the conversion from
mild cognitive impairment to Alzheimer’s disease. Alzheimer’s
Dement. 2024,20:8979-8986.
https://doi.org/10.1002/alz.14258

85U8017 SUOWIWOD SA 181D 3 dedt dde au Aq peusenob afe sajole YO ‘8SN Jo Sa|NJ Joj Aeiq18UIJUO AB]IAA UO (SUOPUOD-PUE-SWB)LIOO"AB | 1M Afe.d 1[oul [UO//:SdNL) SUOIPUOD Pue SWLe | 8u 89S *[6202/TO/yT] Uo ARiqiTauliuo A8im ‘Aebed JO AiseAln Aq 85zyT Z[e/z00T 0T/I0p/wW0d A8 1w ARiq puljuo's fpuanol-zfe//sdiy Wolj pepeojumoa ‘2T ‘v202 '62262SST


https://doi.org/10.1002/alz.14258

	Retrosplenial hypometabolism precedes the conversion from mild cognitive impairment to Alzheimer’s disease
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Subjects
	2.2 | Conversion criteria
	2.3 | Neuroimage preprocessing
	2.4 | Spatial normalization and quantification
	2.5 | Statistics and data visualization

	3 | RESULTS
	3.1 | Subject demographics
	3.2 | Retrosplenial hypometabolism precedes conversion from MCI to AD
	3.3 | Retrosplenial hypometabolism improves the ability to predict conversion from MCI to AD in individuals without Ab or tau pathology

	4 | DISCUSSION
	5 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


