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Abstract
Background: The amnestic presentation of mild cognitive impairment (aMCI) represents
the most common prodromal stage of Alzheimer's disease (AD) dementia. There is, however, some evidence of aMCI with typical amnestic syndrome but showing long-term
clinical stability. The ability to predict stability or progression to dementia in the aMCI
condition is important, particularly for the selection of candidates in clinical trials. We
aimed to establish the role of in vivo biomarkers, as assessed by cerebrospinal fluid (CSF)
measures and [18F]fluorodeoxyglucose (FDG)-positron emission tomography (PET) imaging, in predicting prognosis in a large aMCI cohort.
Methods: We conducted a retrospective study, including 142 aMCI subjects who had
a long follow-up (4–19 years), baseline CSF data and [18F]FDG-PET scans individually
assessed by validated voxel-based procedures, classifying subjects into either limbic-pre-
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dominant or AD-like hypometabolism patterns.
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the aMCI group with a limbic-predominant [18F]FDG-PET pattern showed clinical sta-
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Results: The two aMCI cohorts were clinically comparable at baseline. At follow-up,
bility over a very long follow-up (8.20 ± 3.30 years), no decline in Mini-Mental State
Examination score, and only 7% conversion to dementia. Conversely, the aMCI group
with an AD-like [18F]FDG-PET pattern had a high rate of dementia progression (86%) over
a shorter follow-up (6.47 ± 2.07 years). Individual [18F]FDG-PET hypometabolism patterns predicted stability or conversion with high accuracy (area under the curve = 0.89),
sensitivity (0.90) and specificity (0.89). In the limbic-predominant aMCI cohort, CSF biomarkers showed large variability and no prognostic value.
Conclusions: In a large series of clinically comparable subjects with aMCI at baseline,
the specific [18F]FDG-PET limbic-predominant hypometabolism pattern was associated
with clinical stability, making progression to AD very unlikely. The identification of a

Abbreviations: Aβ, amyloid-β; AD, Alzheimer's disease; ADNI, Alzheimer's Disease Neuroimaging Initiative; aMCI, amnestic mild cognitive impairment; ANOVA, analysis of variance;
CDR, Cognitive Dementia Rating scale; CI, confidence interval; CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; FAQ, Functional Activities Questionnaire; FDG,
fluorodeoxyglucose; HR, hazard ratio; HSR, San Raffaele Hospital; IADL, instrumental activities of daily living; LATE, limbic-predominant age-related TDP-43 encephalopathy; MMSE,
Mini-Mental State Examination; MCI, mild cognitive impairment; PET, positron emission tomography; p-tau, phosphorylated-tau; SD, standard deviation; SPM, statistical parametric
mapping; t-tau, total tau.
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biomarker-based benign course in aMCI subjects has important implications for prognosis
and in planning clinical trials.
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I NTRO D U C TI O N

In the context of the above, there is a need to better describe
clinical trajectories and to define clinical outcomes in the aMCI pop-

Mild cognitive impairment (MCI) is an intermediate condition be-

ulation using baseline biomarkers, such as [18F]FDG-PET brain hy-

tween cognitive changes of normal aging and dementia [1]. MCI

pometabolism patterns.

subjects may progress to Alzheimer's disease (AD) or to other neu-

In the present study, we aimed to define the role of in vivo bio-

rodegenerative dementias, or may remain stable or even revert to

markers of neurodegeneration and pathology, as assessed by [18F]

normal cognition [2]. The selection of candidates for clinical trials

FDG-PET and CSF measures, in a large aMCI cohort. We assessed

in AD should be very accurate, in order to identify subjects clini-

the accuracy of [18F]FDG-PET, the influence of CSF biomarkers and

cally mimicking AD dementia or MCI due to AD, but who will re-

AT(N) classification (amyloid [A], tau [T] and neurodeneration [N]) in

main stable over time [3]. The biomarker-based estimation of risk of

estimating outcomes. In vivo biomarkers are crucial for personalized

conversion to dementia and the identification of MCI subjects with

medicine, in planning clinical trials, and for the choice of therapeutic

a benign course have important implications for prognosis and in

approaches, especially in the case of MCI, in order to avoid detri-

planning clinical trials [4]. The progression from MCI to AD has been

mental diagnostic and prognostic mistakes.

related to several biomarker characteristics [5]. Low cerebrospinal
fluid (CSF) levels of amyloid-β (Aβ) 42 are valid proxies for amyloidosis in AD [6], while high CSF levels of phosphorylated tau (p-tau)
and total tau (t-tau), targeting cerebral fibrillar tau deposition and
neurodegeneration, respectively, are unspecific [7]. The presence

M E TH O D S
Subjects

of neurodegeneration assessed by magnetic resonance imaging is
also not specific for AD [8–10]. [18F]fluorodeoxyglucose (FDG)-

Subjects were retrospectively included from the Neurology

positron emission tomography (PET), a biomarker of neuronal dys-

Departments at San Raffaele Hospital (HSR), Milan, Italy (HSR-

function associated with neurodegenerative processes, is able to

aMCI cohort), and from the Alzheimer's Disease Neuroimaging

predict conversion to dementia conditions [11–13] or long-term

Initiative (ADNI) database (adni.loni.usc.edu), screening the ADNI-

stability in patients with MCI [3]. In MCI, a negative [18F]FDG-PET

1, ADNI-GO and ADNI-2 phases (ADNI-aMCI cohort). The ADNI

brain scan or, conversely, brain hypometabolism in temporoparietal

is a US public–private partnership launched in 2003 and led by

regions, provides high accuracy in the prediction of clinical stability

Principal Investigator Michael W. Weiner, MD. The primary goal of

or conversion to AD dementia, respectively [3,14]. The amnestic

ADNI has been to collect data on MCI subjects and AD patients,

presentation of MCI (aMCI) represents the most common prodro-

as well as on healthy controls, evaluating the combined prognostic

mal stage of AD [1], with an annual conversion rate of up to 30%

value of several AD biomarkers and of clinical and neuropsycho-

[15]. Limited but important evidence shows that aMCI subjects

logical assessments. For up-to-date information, see www.adni-

with a predominant amnestic syndrome of hippocampal type, asso-

info.org.

ciated with imaging features of medial temporal lobe dysfunction,

Inclusion criteria were: (i) aMCI diagnosis according to Petersen

are characterized by clinical stability over time [16–19]. Recently,

criteria [22]; (ii) observational time for disease duration ≥4 years, as

our research group described aMCI subjects with long-lasting clin-

an appropriate timeframe to detect progression from the aMCI con-

ical stability or slow progression of episodic memory deficits, with

dition to dementia; (iii) CSF measures at baseline; (iv) [18F]FDG-PET

18

no or limited evidence of cortical amyloid load and an [ F]FDG-

scan performed at baseline and analysed using the optimized statis-

PET pattern of medial temporal lobe dysfunction at the individual

tical parametric mapping (SPM) procedures [23,24] showing one of

level [20]. These results suggested non-AD pathology as the main

the two specific brain hypometabolism patterns, namely, temporo

trigger of neurodegeneration, such as argyrophilic grain disease,

medial hypometabolism (limbic-predominant pattern) [20] or tempo-

primary age-related tauopathy or limbic-predominant age-related

roparietal, posterior cingulate and precuneus hypometabolism (AD-

TDP-43 encephalopathy (LATE). LATE has indeed been proposed

like pattern) [24].

as the prominent aetiology in suspected non-AD pathology sub-

In detail, the HSR-aMCI cohort was obtained by screening 280

jects and in subjects with evidence of neurodegeneration without

aMCI subjects. We excluded 176 subjects due to lack of base-

concomitant tauopathy, especially in the presence of focal tempo-

line [18 F]FDG-PET scan or CSF analysis, and/or short follow-up

ral lobe dysfunction [21].

(<4 years). By evaluating the [18 F]FDG-PET scan of the remaining

|
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Overall, the sample selection strategy led to the inclusion of 142

those subjects showing the limbic-predominant pattern (N = 40)

subjects with aMCI, of whom 80 (mean follow-up 8.2 ± 3.30 years)

or the AD-like pattern (N = 20), excluding subjects with normal

comprised the group with an [18F]FDG-PET limbic-predominant hy-

[18 F]FDG-PET scans or patterns attributable to other neurode-

pometabolism pattern, and 62 (mean follow-up 6.47 ± 2.07 years)

generative diseases (i.e., frontotemporal dementia, dementia with

comprised the group with an [18F]FDG-PET AD-like hypometabo-

Lewy bodies, cortico-basal degeneration, and others). Similarly,

lism pattern (Table 1).

the ADNI-aMCI cohort was created by excluding from the ini-

The study was approved by the San Raffaele Hospital Ethics

tial sample of 818 subjects with aMCI those with missing base-

Committee and performed in compliance with the Declaration of

line CSF and [18 F]FDG-PET scans and/or a lack of an adequate

Helsinki for the protection of human subjects. Written informed

follow-up period (≥4 years), resulting in a cohort of 247 patients

consent was obtained from all participants.

with aMCI. From this sample, after evaluating the specific [18 F]
FDG-PET single-subject metabolism patterns, we selected only

Clinical and cognitive evaluation

the subjects with limbic-predominant aMCI (N = 40) or the AD18

like aMCI (N = 42), thus excluding the subjects with normal [ F]
FDG-PET scans or patterns specific to other neurodegenerative

The Mini-Mental State Examination (MMSE) and Clinical Dementia

diseases (i.e., frontotemporal dementia, dementia with Lewy bod-

Rating scale (CDR) global score were available at baseline and at

ies, cortico-basal degeneration, and others) (Figure S1).

the last available follow-up to evaluate global cognitive status and

TA B L E 1 Demographic, clinical and cerebrospinal fluid features in the subjects with amnestic mild cognitive impairment

Female/male ratio, n/n

Limbic-predominant
aMCI at baseline (n = 80)

AD-like aMCI at
baseline (n = 62)

32/48

35/27

Limbic-predominant aMCI at
follow-up (n = 80)

p
–

–

–
–

p
–

Education, years

13.69 ± 4.56

13.95 ± 4.57

0.733

Age, years

74.28 ± 5.40

71.14 ± 6.39

0.002

78.78 ± 5.26

73.76 ± 6.87

0.000

Disease duration,
years

4.05 ± 2.44

4.05 ± 2.51

0.557

8.20 ± 3.30

6.47 ± 2.70

0.000

MMSE adjusted score

25.73 ± 2.06

25.40 ± 1.81

0.481

25.05 ± 2.58

19.67 ± 5.71

0.000

CDR global score

0.50 ± 0.00

0.50 ± 0.00

0.56 ± 0.34

0.70 ± 0.25

0.000

IADL questionnaire
scorea

6.77 ± 1.31

7.01 ± 1.55

0.199

6.33 ± 1.13

5.45 ± 1.99

0.111

FAQ b

4.14 ± 5.98

4.14 ± 4.03

0.239

6.85 ± 8.83

9.98 ± 6.69

0.009

CSF Aβ42 pathological
levels, n (%)

43 (54)

55 (89)

–

–

–

–

CSF t-tau pathological
levels, n (%)

35 (44)

40 (65)

–

–

–

–

CSF p-tau pathological
levels, n (%)

51 (64)

58 (94)

–

–

–

–

t-tau/Aβ42
pathological ratio
,n (%)

56 (70)

56 (90)

–

–

–

–

p-tau/Aβ42
pathological ratio,
n (%)

63 (79)

62 (100)

–

–

–

–

APOE 23, %

10

2

–

–

–

–

-

–

AD-like aMCI at
follow-up (n = 62)

–

APOE 33, %

44

38

–

–

–

–

APOE 34, %

34

48

–

–

–

–

APOE 44, %

12

12

–

–

–

–

Note: Data are mean ± SD, unless otherwise indicated.
Abbreviations: AD, Alzheimer's disease; aMCI, amnestic mild cognitive impairment; APOE, apolipoprotein E; CDR, Cognitive Dementia Rating
scale; CSF, cerebrospinal fluid; FAQ, Functional Activities Questionnaire; IADL, instrumental activities of daily living; MMSE, Mini-Mental State
Examination; n, number of subjects; p-tau, phosphorylated tau; SD, standard deviation; t-tau, total tau.
a

Only San Raffaele Hospital cohort (limbic-like, N = 40 and AD-like, N = 20).

b

Only Alzheimer's Disease Neuroimaging Initiative cohort (limbic-like, N = 40 and AD-like, N = 42).
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progression. An index of progression was also calculated as the

(Innogenetics, Ghent, Belgium) as described previously [28,29]. We

number of MMSE points lost per year (MMSE score at follow-up

used “UPENNBIOMK_MASTER” data files, setting the normal val-

– MMSE score at baseline/years of follow-up) [25]. Functional

ues at ≥ 192 pg/ml for Aβ 42, ≤ 93 pg/ml for t-tau and ≤ 23 pg/ml for

abilities were evaluated with the Instrumental Activities of Daily

p-tau, using previously defined cut-off values [28].

Living (IADL) questionnaire for the HSR-aMCI cohort and with the
Functional Assessment Questionnaire (FAQ) for the ADNI-aMCI
cohort. Clinical and cognitive baseline-to-follow-up differences in

AT(N) evaluation

the aMCI cohorts were examined using one-way analysis of variance (ANOVA) and the Kruskal–Wallis test (statistical threshold

The AT(N) classification system, evaluating the available biomarkers,

set at p < 0.05).

classified the whole aMCI sample into subjects with an AT(N) nonAD profile (i.e., A − T − [N+] and A – T + [N+]), and subjects with an
AT(N) AD profile (i.e., A + T − [N+] and A + T + [N+]).

[18F]FDG-PET imaging

We considered, in the whole aMCI cohort, Aβ 42 and p-tau CSF
levels to define amyloid and tau pathology, respectively. Brain hy-

In the HSR-aMCI cohort, [18 F]FDG-PET acquisition was performed

pometabolism, as detected by [18F]FDG-PET, was considered a

at the Nuclear Medicine Unit of the San Raffaele Hospital (Milan,

marker of neuronal injury, thus was present in both the AD-like and

Italy), in accordance with the European Association of Nuclear

the limbic-predominant groups [30].

Medicine guidelines [26], with a Discovery STE multi-ring PET-

One-way ANOVA and the Kruskal–Wallis test were used to

computed tomography system (GE Medical Systems, Milwaukee,

evaluate differences between the group with an aMCI with AT(N)

WI, USA). In the ADNI-aMCI cohort, raw [18 F]FDG-PET images

AD profile and the group with an AT(N) non-AD profile (statistical

obtained at baseline were downloaded from the ADNI database.

threshold set at p < 0.05).

The acquisition procedure is described in the “ADNI PET technical
procedures manual, version 9.5” (http://adni.loni.usc.edu/wpcon
tent/upload s/2010/09/PET-Tech_Proced ures_Manual_v9.5.pdf).
Raw [18 F]FDG-PET images were downloaded from ADNI and preprocessed to obtain a single NIFTI file containing the last 15 min
of PET acquisition.

Statistical analysis
Analysis of single-subject [18F]FDG-PET statistical
parametric mapping

Image pre-processing was performed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software),

implemented

in

MATLAB

Each [18F]FDG-PET single-subject scan was tested for brain “hypo-

(MathWorks, Sherborn, MA, USA). We adopted an optimized SPM

metabolism” using a two-sample t-test comparison with a validated

procedure implementing a standardized SPM [18F]FDG demen-

[18F]FDG-PET database of healthy controls (N = 112) on a voxel-by-

tia-specific template [23] for spatial normalization of [18F]FDG-PET

voxel basis, including age as a covariate [23]. The statistical thresh-

scans. This optimized method has been validated in both MCI and

old was set at p = 0.05, family-wise error-corrected, with voxels of

dementia patients at the single-subject level, showing high accuracy

cluster extent (Kep) ≥ 100 voxels. This method was validated in sub-

and reliability in estimating specific metabolic patterns in different

jects whose data were acquired with different PET scanners, allow-

conditions [11,12,24]. Images were smoothed with an 8-mm full

ing us to obtain comparable results from different cohorts [31]. The

width at half maximum Gaussian kernel. To remove inter-subject

evaluation of each single-subject brain metabolic pattern was made

global variation in PET intensity, proportional scaling was used, fol-

by three experts in [18F]FDG-PET brain imaging, blinded to the clini-

lowing a previously validated procedure [23].

cal data. The experts had near-perfect agreement in the SPM hypometabolism map (t-map) classification (‘Cohen's kappa’ > 0.95), thus
the independent classifications were merged into a single variable

Cerebrospinal fluid assessment

(i.e., SPM t-map classification), in which the classification obtained
from the majority of raters was considered to be final.

In the HSR-aMCI cohort, measurements of CSF Aβ 42, t-tau and
p-tau levels were obtained using commercially available enzymelinked immunosorbent assay (ELISA) kits, according to the manufac-

Predictive value of [18F]FDG-PET

turer's protocol. Normal values were set as follows: ≥ 500 ng/L for
Aβ 42, ≤ 450 ng/L (if age was 51–70 years) or < 500 ng/L (if age was

Clinical progression was defined according to changes in the latest

>71 years) for t-tau and ≤ 61 ng/L for p-tau, according to the ELISA

follow-up diagnosis available in the HSR and ADNI databases, in-

kit guidelines and literature recommendations [27].

cluding stability or conversion from aMCI to dementia.

In the ADNI-aMCI cohort, CSF Aβ 42, t-tau and p-tau lev-

We estimated the predictive value of [18F]FDG-PET SPM hy-

els were measured using the multiplex xMAP Luminex platform

pometabolism patterns for conversion or stability in the aMCI co-

(Luminex Corp, Austin, TX, USA) with the INNO-BIA AlzBio3 kit

hort. Hazard ratios (HRs) for the variable of interest, namely, [18F]

1
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FDG-PET, were estimated via a Cox proportional hazards model

questionnaire and FAQ), and no significant cognitive/clinical differ-

with a univariate approach. The threshold was set at p < 0.05, with a

ences were observed between the limbic-predominant and AD-like

lower limit of 95% HR confidence interval (CI) >1 for risk factors, and

aMCI subjects (Figure 2).

an upper limit <1 for protective factors.
The prognostic performance of the [18F]FDG-PET single-subject
SPM t-maps in the risk of progression or stability was also evalu-

Cognitive and clinical features at follow-up

ated by using measures of sensitivity, specificity and accuracy, considering the follow-up clinical diagnosis as the diagnostic reference.

At the last available follow-up, limbic-predominant aMCI subjects did

Receiver-operating characteristic curve analysis was performed to

not show clinical and global cognitive changes in comparison to base-

find the optimal cut-off to discriminate between stable aMCI and

line, as measured by MMSE, CDR global score, the IADL questionnaire

aMCI showing progression to dementia.

and the FAQ. A total of 74 subjects (93%) remained clinically stable
and only six subjects (7%) converted to a diagnosis of AD dementia.
Conversely, AD-like aMCI subjects showed significantly worsened

Predictive value of cerebrospinal fluid

follow-up MMSE scores compared to the baseline assessment and
significant impairment in CDR global score and functional abilities

Each CSF measure was dichotomously classified as positive or negative

(Table 1). Fifty-three of these (86%) converted to AD dementia, while

for AD according to validated ADNI and HSR cut-off values [27,28,32].

nine subjects (14%) had a stable clinical profile. The follow-up evalu-

Dichotomic CSF measures of Aβ42, t-tau and p-tau and t-tau/Aβ42 and

ation revealed significantly worse scores in the MMSE, CDR global

p-tau/Aβ42 ratios were used as independent variables in separate re-

score and FAQ in AD-like aMCI cohort than in limbic-predominant

gression models to avoid multi-collinearity. We estimated the predic-

aMCI cohort (Figure 2, Table 1). Limbic-predominant aMCI subjects

tive power of CSF biomarkers by means of multiple logistic regression

had a significantly longer disease duration in comparison to AD-like

models, with diagnosis at follow-up (stable aMCI vs. progression to

aMCI subjects. As underlined by the MMSE Index of Progression,

dementia) as the dependent variable, including age, sex, education and

limbic-predominant aMCI was associated with no global cognitive de-

MMSE adjusted score at baseline as variables of nuisance.

cline in contrast to AD-like aMCI (MMSE points per year −0.20 ± 0.70
and −1.50 ± 1.43, respectively; p < 0.001).
No clinical variable of interest included in the analysis, that is,

Other predictive biomarkers

age, sex, educational level, MMSE at baseline or disease duration
predicted stability or conversion to dementia.

We evaluated whether global cognitive efficiency (MMSE) and demographic variables (age, sex, education) at baseline were able to
predict cognitive changes, by means of linear regression analysis,

Predictive value of [18F]FDG-PET

using the index of progression as the dependent variable, representing progression of cognitive deterioration at follow-up. The signifi-

The predictive value of [18F]FDG-PET was evaluated with regard to

cance threshold was set at p ≤ 0.05. We performed all statistical

clinical conversion or stability at follow-up in the whole aMCI cohort.

analyses using SPSS version 23.0 (IBM Corp., Armonk, NY, USA).

[18F]FDG-PET indicated that the AD-like hypometabolism pattern was
strongly associated with a greater risk of clinical progression to dementia
(HR 11.81 95% CI 5.06–27.55; p < 0.0001 [Figure 4a]). Very few patients

R E S U LT S

with AD-like aMCI did not progress to dementia (9/62). Furthermore,

Analysis of [18F]FDG-PET statistical parametric
mapping

very few limbic-predominant aMCI patients progressed clinically (6/80),
leading to a highly accurate prediction of clinical stability for the limbicpredominant hypometabolism pattern. The predictive performance of
[18F]FDG-PET with regard to progression, as tested by receiver-oper-

18

Figure 1 shows results from the [ F]FDG-PET SPM single-sub-

ating characteristic curve analysis, yielded an overall high accuracy of

ject analysis: the limbic-predominant hypometabolism pattern

0.90 (95% CI 0.84–0.95), with high sensitivity 0.90 and specificity 0.89,

(Figure 1a), and the AD-like pattern (Figure 1b).

in converter versus non-converter classification (Figure 4b).

Cognitive and clinical features at baseline

Cerebrospinal fluid findings

Table 1 shows baseline and follow-up cognitive features in the aMCI

The number of patients with pathological measures of Aβ42, t-tau, p-tau,

groups.

t-tau/Aβ42 and p-tau/Aβ42 ratios in the whole aMCI sample are shown

At baseline, all aMCI subjects had normal MMSE and CDR

in Table 1. CSF levels of Aβ42, t-tau and p-tau showed high variability

global score values, with no impairment in functional abilities (IADL

in limbic-predominant aMCI. 54% had pathological Aβ42 levels, while

1128
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F I G U R E 1 Examples of single-subject [18F]fluorodeoxyglucose-positron emission tomography hypometabolic patterns. (a) Limbicpredominant amnestic mild cognitive impairment (aMCI): brain hypometabolism limited to the medial temporal structures in single
cases (from 1 to 7), to a variable extent within other limbic structures. (b) Alzheimer's disease (AD)-like aMCI: temporoparietal AD-like
hypometabolism in single cases (from 8 to 14). Statistical parametric mapping single-subject analysis: one patient versus 112 control
subjects; p < 0.05, family-wise error-corrected at the voxel level with k > 100 voxels [Colour figure can be viewed at wileyonlinelibrary.com]
44% and 64% of subjects had pathological levels of t-tau and p-tau, re-

AT(N) AD profile (32 subjects with A + T + [N+] and 11 subjects with

spectively. Conversely, in 89% of the AD-like aMCI cohort, Aβ42 CSF

A + T − [N+]), while 37 subjects (46%) had an AT(N) non-AD profile

levels were low, whereas t-tau and p-tau were high in 65% and 94% of

(19 A – T + [N+] and 18 A − T − [N+]; Figure 3). Of the AD-like aMCI

subjects, respectively. A pathological t-tau/Aβ42 ratio was found in 70% of

cohort, 89% were classified as having an AD profile (51 subjects with

the limbic-predominant aMCI cohort and in 90% of the AD-like aMCI co-

A + T + [N+] and four subjects with A + T − [N+]), showing CSF evi-

hort, while a pathological p-tau/Aβ42 ratio was present in 79% of the lim-

dence of amyloidopathy (Figure 3).

bic-predominant aMCI cohort and in 100% of the AD-like aMCI cohort.

In the limbic-predominant aMCI cohort, no differences were
found between the two groups with different likelihood of AD pa-

Cerebrospinal fluid predictive value

thology (i.e., AT(N)-AD vs. non-AD profiles) in global cognitive functioning at baseline and follow-up evaluations, or in the index of
progression.

None of the CSF variables predicted stability or conversion to dementia in the limbic-predominant aMCI cohort. The AD-like aMCI cohort
showed consistency in CSF biomarkers, indicating AD pathology.

AT(N) classification

DISCUSSION
The present results support differences in the aMCI population, with
one group having a stable clinical profile during a very long followup, [18F]FDG-PET pattern of limbic-predominant hypometabolism

According to the AT(N) classification, within the limbic-predomi-

and heterogeneous CSF biomarkers, and the other group showing

nant aMCI cohort, 43 subjects (54%) were classified as having an

a shorter disease duration with large conversion to AD dementia,

BIOMARKER-BASED STABILITY IN LIMBIC-PREDOMINANT aMCI
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F I G U R E 2 Cognitive and clinical baseline-to-follow-up differences between amnestic mild cognitive impairment (aMCI) cohorts. Global
cognitive functioning differences between aMCI cohorts at (a) baseline and (b) follow-up evaluation, as measured by mean Mini-Mental State
Examination (MMSE) and Functional Activities Questionnaire (FAQ) scores and Cognitive Dementia Rating scale (CDR) global scores. Followup scores were obtained from the last available follow-up evaluation in subjects who did not convert to dementia, and from the evaluation at
time of conversion in subjects who converted to dementia. Limbic-predominant aMCI subjects did not show significant differences in global
cognitive functioning as compared to those with Alzheimer's disease (AD)-like aMCI at baseline evaluation. Conversely, subjects with AD-like
aMCI had a significantly lower MMSE adjusted score and higher FAQ score and CDR global score at follow-up evaluation [Colour figure can
be viewed at wileyonlinelibrary.com]

F I G U R E 3 AT(N) classification (amyloid, tau, neurodegeneration) in the two amnestic mild cognitive impairment (aMCI) cohorts. Pie
charts represent the percentage of limbic-predominant (a) and Alzheimer's disease (AD)-like (b) aMCI subjects with non-AD profile (dark
green and light green) and AD profile (brick-red and light brick-red). The charts reflect the great variability in biomarker alterations in the
limbic-predominant group, while an AD profile was prominent in the AD-like group [Colour figure can be viewed at wileyonlinelibrary.com]

typical AD-like hypometabolism pattern and CSF biomarkers sug-

previously reported cases affected by temporal lobe dysfunction,

gesting AD pathology (Figure 1, Table 1).

which were characterized by cognitive impairment strictly related to

At baseline, subjects in the two aMCI cohorts had the same

episodic memory, as well as a slower rate of cognitive decline than

amnestic phenotype, without differences in global cognitive func-

that observed in typical AD cases [17–19]. Clinical information alone

tioning and functional abilities (Figure 2). The cognitive profile

is not accurate in anticipating the prognosis, stressing the need for

of the limbic-predominant aMCI group was comparable to that of

a biomarker able to predict either disease progression or stability.
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F I G U R E 4 Survival and receiver-operating characteristic curves. (a) Survival curves indicating the probability of clinical stability during
disease duration at time of conversion in subjects stratified according to [18F]fluorodeoxyglucose (FDG)-positron emission tomography (PET)
patterns, namely, the limbic-predominant (yellow) and Alzheimer's disease-like (blue) brain hypometabolism. (b) Accuracy of [18F]FDG-PET
single-subjects maps in predicting conversion toward dementia obtained with the receiver-operating characteristic curve analysis. SPM,
statistical parametric mapping [Colour figure can be viewed at wileyonlinelibrary.com]
In this context, based on the typical temporoparietal pattern of hy-

value of CSF and β-amyloidosis is null, while the specific [18F]FDG-

pometabolism in AD, [18F]FDG-PET is recommended for evaluating

PET metabolic pattern confirms the reliability in predicting the ab-

subjects with MCI suspected of having underlying AD [13,33–36].

sence of progression in these aMCI subjects, overcoming the role of

Notably, a negative [18F]FDG-PET is associated with long-term clin-

amyloidopathy [3,20].

ical stability even in amyloid-positive individuals [3]. Our results
18

According to the AT(N) classification, aMCI subjects were

indicate that [ F]FDG-PET SPM classification was the most accu-

grouped as having either an AD profile or non-AD profile [6]. Within

rate biomarker, correctly differentiating subjects who converted

the limbic-predominant aMCI group, 54% of subjects had a profile

to AD dementia from those who remained stable (Figure 4). Each

compatible with AD neuropathology changes, corresponding to the

subject with limbic-predominant aMCI shared the same non-AD

AD spectrum, whereas a considerable percentage (46%) of subjects

brain hypometabolism pattern, with a focal vulnerability in the me-

were classified in the non-AD spectrum of disease (Figure 3) [6].

dial temporal lobes. The [18F]FDG-PET limbic-predominant pattern,

Notably, these two groups did not differ in the clinical follow-up,

evaluated at single-subject level, was associated with an 80% chance

both showing stability.

of remaining clinically stable after up to 8 years of disease duration,

In the limbic-predominant aMCI group, the clinical benign course

strongly supporting a non-AD aetiology (Figure 4a). By contrast,

over a long follow-up period and the [18F]FDG-PET hypometabolic

the Cox proportional hazards model showed a significantly higher

pattern exclude AD, suggesting different pathological substrates.

risk of conversion to dementia in those with aMCI with an AD-like

These include neurodegenerative tauopathies, argyrophilic brain

hypometabolism pattern. Accordingly, [18F]FDG-PET single-subject

disease, hippocampal sclerosis and primary age-related tauopathy

SPM presented high accuracy (0.90), sensitivity (0.90) and specificity

[37].

(0.89) in classifying converters versus non-converters in aMCI populations (Figure 4b), in agreement with previous studies [3,13].

It has been suggested that, given the association of neurodegeneration with tauopathy in AD, in subjects whose neurodegen-

A crucial finding in the present study was the lack of correspon-

erative changes are due to non-AD comorbidity, LATE aetiology

dence between CSF biomarker alterations and clinical outcome. The

could be advocated [21]. LATE has been proposed as the promi-

CSF biomarkers, expressed both as single measures or ratios, were

nent aetiology in subjects with suspected non-AD pathology and

not able to predict prognosis in the limbic-predominant aMCI pop-

in subjects with evidence of neurodegeneration without concom-

ulation. The great variability in CSF biomarkers (Table 1) suggests

itant tauopathy, especially in the presence of focal temporal lobe

the presence of different possible aetiologies for neurodegenera-

dysfunction [21]. Crucially, episodic memory deficits in LATE clini-

tion in our sample. Conversely, the aMCI subjects who converted

cally mimic the level of impairment typical of AD. In addition, LATE

to dementia presented a homogeneous CSF profile indicative of AD

and AD neuropathological changes can often coexist, increasing

pathology. In the limbic-predominant aMCI cohort, the prognostic

with older age.
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facilitated by the Foundation for the National Institutes of Health

rate of mixed pathology was revealed in people with MCI showing

(www.fnih.org). The grantee organization is the Northern California

a stable cognitive profile during their lifetime, while MCI converting
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examination, which limits our ability to explain the aetiology conclusively. Nevertheless, this study implies major clinical findings.
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