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Abstract
Objectives: This study aimed to investigate the predictive value of cognitive/functional measures in combination with 
hippocampal volume (HCV) on the probability of conversion from mild cognitive impairment (MCI) to Alzheimer’s disease 
(AD).
Methods: The Rey Auditory Verbal Learning Test for immediate memory, Mini-Mental State Examination, a functional 
assessment for independent daily activities and Alzheimer’s Disease Assessment Scale were used as cognitive/functional 
measures and HCV as neuroimaging measure. Logistic regression and Cox proportional hazard analyses were used to 
explore the measures’ predictive values for AD conversion and time to conversion.
Results: The probability of conversion from MCI to AD was associated with cognitive function, but this was moderated 
by HCV: higher at lower HCV and lower at higher HCV. General cognitive/functional measures were less predictive than 
immediate memory in predicting time to conversion to AD at small HCVs.
Conclusion: Effectiveness of cognitive measures and subtle functional abnormality in predicting conversion from MCI to 
AD is dependent on HCV, thus combined evaluation should be considered. A combination of HCV and immediate memory 
appear to perform best in predicting time to conversion.
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Alzheimer’s disease (AD) is a progressive degenerative 
disorder that involves cognitive decline severe enough to 
substantially impair daily activities. Cognitive decline ac-
companied by preserved daily activities has been specified 
as mild cognitive impairment (MCI), and is commonly 
known to be the prodromal phase of AD (Petersen et al., 
1999). Approximately half of those with MCI progress to 
AD within 5 years (Pandya, Clem, Silva, & Woon, 2016). 
Identifying those who will progress to AD and predicting 
time to conversion remains an important clinical challenge.

Cognitive and functional performance is the central 
component of AD/MCI diagnostic. Thus, it is to be ex-
pected that cognitive performance is a sensitive predictor 
of conversion from MCI to AD (Belleville et  al., 2017). 
A combination of measures from a range of domains typ-
ically provides a better predictor of disease progression 
(Belleville et al., 2017). Additionally, although intact daily 
function is the main clinical differentiator of MCI and 
AD diagnosis, subtle decline in daily function, while it re-
mains in the normal range, is still predictive of conversion 
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from MCI to AD (Gomar et  al., 2011; Li et  al., 2017). 
Furthermore, a combination of cognitive/functional meas-
ures with neuroimaging measures has been reported to 
produce significantly higher predictive accuracy (Devanand 
et al., 2008; Falahati, Westman, & Simmons, 2014; Moradi 
et al., 2015). Our recent study showed that the combina-
tion of a new hippocampal index—hippocampus to cer-
ebellum volume ratio, HCCR—and Mini-Mental State 
Examination (MMSE) could reliably identify those who 
progress from MCI to AD within 5 years with an area under 
receiver operating characteristic curve of 0.9 (Tabatabaei-
Jafari, Walsh, Shaw, & Cherbuin, 2018).

Cognitive/functional impairment is positively associ-
ated with neurodegeneration, but this association is not 
straightforward and there is a mismatch between the extent 
of neural pathology and the severity of cognitive/functional 
impairment (Steffener & Stern, 2012). Although a combi-
nation of cognitive performance and neuroimaging meas-
ures has been previously shown to have a higher predictive 
value compared with either measure alone, the relative con-
tribution of these measures to each other across their range 
is not well understood. To answer these important ques-
tions, this study aimed to investigate the predictive value 
of cognitive/functional measures across the range of hip-
pocampal volumes (HCVs), in those who have a diagnosis 
of MCI and convert to AD within 5 years. HCV and cog-
nitive/functional measures were selected on the basis of es-
tablished associations with MCI and AD (Jack et al., 2005; 
Li et al., 2017; Tabatabaei-Jafari, Shaw, & Cherbuin, 2015; 
Tabatabaei-Jafari et al., 2018). We hypothesized that HCV 
would moderate the predictive value of cognitive/func-
tional performance. Additionally, we aimed to investigate 
how well a combination of these measures would predict 
time to conversion from MCI to AD.

Method
Study Participants
Data used in the preparation of this article were obtained 
from the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) database (adni.loni.usc.edu). The ADNI was 
launched in 2003 as a public–private partnership, led by 
Principal Investigator Michael W.  Weiner, MD. The pri-
mary 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 pro-
gression of MCI and early AD.

All participants of ADNI 1/GO/2 who were diagnosed 
with MCI at baseline were considered for inclusion. Those 
who were stable for at least 6 months after baseline diag-
nosis were included if they converted to AD within 5 years 
(MCIc; n = 183) or remained stable for more than 5 years 
(MCIs; n = 112).

Details of the diagnostic criteria can be found at the 
ADNI web site (http://www.adni-info.org/Scientists/

AboutADNI.aspx). Briefly, participants were classified 
as MCI if they had an MMSE greater than 24, a CDR of 
0.5, a subjective report of memory concern, an objective 
memory loss, preserved daily living activity and did not 
meet diagnostic criteria for dementia. Participants were 
classified as having AD if they had MMSE scores less than 
26, CDR 0.5 or 1.0 and fulfill criteria for clinically prob-
able AD according to the Institute of Neurological and 
Communicative Diseases and Stroke/Alzheimer’s Disease 
and Related Disorders Association.

Neuroimaging Acquisition and Processing

Participants underwent high-resolution MRI brain scans 
on 1.5 (N = 165) or 3 T (N = 130) scanners from General 
Electric, Siemens, or Philips (Milwaukee, WI; Germany; 
the Netherlands, respectively) using a standardized ADNI 
acquisition protocol for 3D MP-RAGE sequence (Jack et al., 
2008). Images which had undergone specific ADNI prepro-
cessing correction steps to standardize images from different 
sites and platforms, were obtained for this study: (a) Grad 
wrap; a specific correction of image geometry distortion due 
to nonlinearity, (b) B1 nonuniformity; B1 calibration to cor-
rect the image intensity nonuniformity that results when RF 
transmission is performed with a more uniform body coil 
while reception is performed with a less uniform head coil, 
(c) N3 correction; a histogram peak sharpening algorithm 
applied after grad wrap and B1 correction.

FreeSurfer version 5.3 (http://surfer.nmr.mgh.harvard.edu/) 
was used for automatic volumetric segmentation. The output 
images were visually checked for accurate segmentation.

Measures

One neuroimaging, three cognitive and one functional 
measure that have been extensively used for diagnostic 
purposes and cognitive and functional evaluation in clini-
cal trials (Estévez-Gonzalez, Kulisevsky, Boltes, Otermin, & 
Garcia-Sanchez, 2003; Ito, Hutmacher, & Corrigan, 2012; 
Petersen et  al., 2005) and with established associations 
with AD and predictive of MCI conversion (Ito et al., 2012; 
Li et al., 2017) were considered.

Hippocampal Volume

The hippocampus is one of the first brain areas to be 
impacted by AD pathology, and one of the areas with great-
est shrinkage over the course of the disease (Tabatabaei-
Jafari et al., 2015). It is also the most sensitive structural 
predictor of AD conversion in MCI individuals (Eckerstrom 
et al., 2008). Therefore, HCV, the total volume of the left 
and right hippocampi adjusted for age, field strength, and 
ICV using the residual regression method described else-
where (Pintzka, Hansen, Evensmoen, & Haberg, 2015) was 
investigated as neuroimaging predictor.
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Mini-Mental State Examination

The MMSE (Folstein, Folstein, & McHugh, 1975) is the 
most widely used screening instrument for AD/dementia 
(Arevalo-Rodriguez et al., 2015). It consists of 11 items with 
total scores ranging between 0 and 30, which lower scores 
reflecting more severe cognitive impairment. The items 
evaluate orientation in time and space (10 points), imme-
diate recall (3 points), attention and calculation (5 points), 
delayed recall (3 points), language naming (2 points), fol-
lowing command (3 points), repetition (1 point), reading (1 
point), writing (1 point), and visuospatial (1 point).

The Alzheimer’s Disease Assessment Scale

The modified 13-items Alzheimer’s Disease Assessment 
Scale (ADAS)-cog version (Petersen et al., 2005) was used 
here to assess general cognitive function. The modified 
ADAS consists of word recall (10 items), commends (5 
items), construction (5 items), naming (5 items), ideational 
praxis (5 items), orientation (8 items), word recognition 
(12 items), recall instruction (5 items), spoken language (5 
items), word finding (5 items), comprehension (5 items), 
delayed word recall (10 items), and number cancelation (5 
items) in total 85 scores, which the higher score the severest 
the cognitive impairment.

Rey Auditory Verbal Learning Test

The Rey Auditory Verbal Learning Test (RAVLT) was used 
to evaluate episodic memory (Rey, 1941, 1964). It involves 
free recall of a list of 15 words in any order over five se-
quential trials. It is followed by recall of a second list of 
15 words. Finally, the participant is asked to remember as 
many words as possible from the first list immediately fol-
lowing the second list recall and after 30 min. The scoring 
system of the RAVLT based on the correct number of 
words in each trial (5 in total) and evaluates a wide diver-
sity of learning and memory functions including immediate 
memory, learning, and forgetting. The immediate recall 
score, RAVLT immediate, was considered for this study 
based on our introductory analyses that showed better 
predictive value for immediate memory compared with 
RAVLT learning and percentage of forgetting. The RAVLT 
immediate was computed as the total scores of trials 1–5.

The Functional Assessment Questionnaire

The Functional Assessment Questionnaire (FAQ) assesses 
abilities of daily living with total scores ranging from 0 to 
30. A  score of 0 indicates “no impairment” and 30  “se-
verely impaired” (Ito et al., 2012; Pfeffer, Kurosaki, Harrah, 
Chance, & Filos, 1982). The total FAQ score is the sum of 
10 daily activities, with each activity being rated from 0 to 3 
(0 = normal, 1 = has difficulty but does by self, 2 = requires 
assistance, 3  =  dependent). Evaluated activities are (a) 

writing checks, paying bills, or balancing a checkbook, (b) 
assembling tax records, business affairs, or other papers, (c) 
shopping alone for clothes, household necessities, or gro-
ceries, (d) playing a game of skill such as bridge or chess 
or working on a hobby, (e) heating water, making a cup of 
coffee, turning off the stove, (6) preparing a balanced meal, 
(f) keeping track of current events, (g) paying attention to 
and understanding a TV program, book, or magazine, (h) 
remembering appointments, family occasions, holidays, 
medications, and (i) traveling out of the neighborhood, 
driving, or arranging to take public transportation.

Statistical Analysis

Statistical analyses were performed using the R statistical 
software (version 3.3.2). No missing values were present 
in the measures of interest. Mahalanobis distance was used 
for detection of univariate and multivariate outliers. No in-
fluential outlier was detected. Group differences in dem-
ographic variables were assessed by t-test for continuous 
variables and chi square tests for categorical variables. 
Univariate and bivariate models were used to investigate 
prediction of conversion from MCI to AD within 5 years as 
well as prediction of the time to conversion. Each bivariate 
model consisted of standardized values of HCV and one of 
four cognitive/functional measures as well as their interac-
tion. The alpha level was set at <0.05.

Prediction of AD Conversion

Logistic regression analysis (package Stats; version 3.3.2 
and package Caret; version 6.3–73) was used to quan-
tify the magnitude of predictive values of the measures 
for predicting MCI conversion to AD. Univariate and bi-
variate models were applied. The odds ratios were used 
to quantify the magnitude of the main and interaction 
effects of the predictors. To graphically illustrate the ef-
fect of HCV, the probability of conversion for the cogni-
tive/functional measures at different categories of HCV 
was investigated. Participants were categorized into 
three groups; small HCV for those with HCV less than 
5,500  mm3 (smaller than 1 SD), medium HCV for the 
volume between 5500 and 7500 mm3 (within 1 SD), and 
large HCV for those with larger than 7,500 mm3 (larger 
than 1 SD).

Prediction of Time to AD Conversion

Cox proportional hazard analysis (package survival; 
version 2.40-1) was used to predict the time to AD con-
version using the univariate and bivariate models. The 
hazard ratio for 1 SD change in the measures was used to 
quantify the magnitude of the main and interactive effects 
of the measures. In the case of the presence of interac-
tive effect, to better interpret the effect the analyses were 
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repeated with HCV as a categorical variable (small, me-
dium, and large) in the model. To graphically illustrate the 
contribution of cognitive/functional measures and HCV 
on probability of remaining MCI over time, separate 
Kaplan–Meier curves were plotted for different combina-
tions of categorical levels of HCV (small, medium, and 
large as defined above) and cognitive/functional meas-
ures (low and high). Cognitive/functional measures were 

categorized into low and high based on the median: 27 
for MMSE, 13 for ADAS, 2 for FAQ, and 31 for RAVLT. 
Participants were categorized into six combinations for 
each cognitive/functional measure (Supplementary Figure 
1). For example, for ADAS, they were categorized into 
small HCV/low ADAS, small HCV/high ADAS, medium 
HCV/low ADAS, medium HCV/high ADAS, large HCV/
low ADAS, and large HCV/high ADAS.

Table 1. Participants Characteristics and Measurements

Characteristics/Measures MCIs MCIc Group difference

Sample size 112 183
Age; year, mean (SD) 71.95 (7.65) 74.31 (6.90) Yes
Age range, year 57–88 55–89 —
Male sex; N (%) 72 (64.29) 112 (61.20) No
Education; year, mean (SD) 15.75 (3.03) 16.03 (2.73) No
APOE e4; N (%) 40 (35.71) 124 (67.76) Yes
 One allele 32 (28.57) 93 (49.21) Yes
 Two alleles 8 (7.14) 31 (17.32) Yes
Age at diagnosis change; year, mean (SD) — 76.83 (7.05) —
Time to diagnosis change; year, mean (SD) — 2.40 (0.89) —
MMSE, mean (SD) 28.11 (1.49) 26.93(1.73) Yes
ADAS, mean (SD) 13.45 (5.45) 20.19 (5.49) Yes
RAVLT immediate, mean (SD) 38.40 (10.34) 28.85 (7.11) Yes
FAQ, mean (SD) 1.75 (3.00) 4.96 (4.62) Yes
HCV,a mm3, mean (SD) 7052.82 (909.03) 6223.92 (875.56) Yes

Note. MCIc = mild cognitive impairment converted to Alzheimer’s disease within 5 years; MCIs = mild cognitive impairment stable for 5 or more years; APOE 
e4 = apolipoprotein E allele 4; MMSE = mini-mental state examination; ADAS = Alzheimer Disease Assessment Scale (cognitive subscale); RAVLT = Rey Auditory 
Verbal Learning Test; FAQ = functional assessment questionnaire.
aAdjusted by age, field strength, and intracranial volume.

Table 2. Logistic Regression and Cox Proportional Hazard Results: Bivariate Models

 Prediction of conversion Prediction of time to conversion

Variables Coef. SE OR (95% CI) Z, p value Coef. SE HR (95% CI) Z, p value

HCV and MMSE
HCV −0.92 0.16 0.40 (0.29–0.54) −5.67, p < .0001 −0.53 0.08 0.59 (0.51–0.68) −6.89, p < .00001
MMSE −0.63 0.15 0.53 (0.39–0.71) −4.17, p < .0001 −0.40 0.08 0.66 (0.57–0.78) −5.01, p < .0001
HCV: MMSE −0.35 0.17 0.71 (0.50–0.98) −2.05, p < .05 −0.25 0.08 0.78 (0.66–0.91) −3.18, p = .002
HCV and ADAS
HCV −0.66 0.17 0.52 (0.37–0.72) −3.86, p = .0001 −0.41 0.08 0.67 (0.57–0.78) −5.05, p < .0001
ADAS 1.18 0.19 3.26 (2.27–4.83) 6.16, p < .0001 0.64 0.08 1.91 (1.62–2.25) 7.79, p < .0001
HCV: ADAS 0.34 0.22 1.41 (0.92–2.14) 1.59, p = .11 0.23 0.09 1.26 (1.07–1.49) 2.70, p < .01
HCV and FAQ
HCV −0.95 0.17 0.39 (0.27–0.54) −5.56, p < .0001 −0.50 0.07 0.61 (0.53–0.70) −6.99, p < .0001
FAQ 1.05 0.22 2.84 (1.90–4.55) 4.72, p < .0001 0.38 0.06 1.46 (1.30–1.65) 6.28, p < .0001
HCV: FAQ 0.15 0.23 1.16 (0.73–1.77) 0.65, p = 0.52 0.06 0.06 1.06 (0.95–1.19) 1.09, p = 0.28
HCV and RAVLT
HCV −0.92 0.17 0.40 (0.28–0.55) −5.44, p < .0001 −0.49 0.08 0.61 (0.53–0.71) −6.46, p < .0001
RAVLT −0.18 0.20 0.31 (0.21–0.44) −6.04, p < .0001 −0.75 0.10 0.47 (0.39–0.58) −7.45, p < .0001
HCV: RAVLT −0.09 0.22 0.91 (0.59–1.40) −0.41, p = .68 −0.17 0.84 0.84 (0.70–1.01) −1.84, p = .07

Note. MMSE = mini-mental state examination (standardized); ADAS = Alzheimer Disease Assessment Scale (standardized); RAVLT = Rey Auditory Verbal Learn-
ing Test (immediate; standardized); FAQ = Functional Assessment Questionnaire (standardized); HCV = hippocampal volume adjusted by age, field strength, and 
intracranial volume (standardized).
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Results
Participants’ Characteristics
Two hundred ninety-five MCI participants were catego-
rized as MCI who subsequently converted to AD within 
5  years (MCIc; n  =  183), and MCI who were stable for 
more than 5 years (MCIs; n = 112). MCIs participants were 
about 2 years younger than MCIc but there were no sig-
nificant differences in sex ratio or education between the 
two groups. The proportion of APOE e4 carriers was sig-
nificantly higher in MCIc than MCIs. All the measures of 
interest (HCV and cognitive/functional measures) were sig-
nificantly different between the groups (Table 1).

Prediction of AD Conversion

HCV, MMSE, ADAS, RAVLT, and FAQ were evaluated 
separately (univariate model) and all were significant 
predictors of AD conversion. Each cognitive/functional 
predictor remained a significant predictor of conversion 
from MCI to AD when HCV was added to the model, and 
HCV also remained a significant predictor. Additionally, 
HCV had additive effects with ADAS, RAVLT, and FAQ, 
whereas HCV and MMSE had interactive effects (Table 
2). A graphical illustration (Figure 1) of the probability of 
conversion for the measures at three different categories 
of HCV (small, medium, and large) suggests that having a 
medium to large HCV had a protective effect against con-
version in MMSE from 24 to 30. However that protective 
effect was smaller at lower MMSE scores. The same pattern 
was demonstrated in the normal range of FAQ, that is, hav-
ing a medium to large HCV had a protective effect against 
conversion but the protection was lower when FAQ scores 
were closer to upper limit of the normal range. The pattern 
was relatively different for ADAS and RAVLT, where larger 
HCV was protective in medium ADAS or RAVLT.

Prediction of Time to Conversion

All the measures significantly predicted time to AD con-
version in separate univariate analyses (likelihood ratio 
test between 33 and 90, df = 1, p < .0001). Each cognitive/
functional predictor remained a significant predictor when 
HCV was added to the model, and HCV also remained 
a significant predictor. Additionally, HCV had additive 
effects with RAVLT, and FAQ, whereas HCV and MMSE, 
and HCV and ADAS had interactive effects (Table 2).

The analyses were repeated using categories of HCV 
(small, medium, and large) in the models instead of HCV 
as a continuous variable (Table 3). The results revealed that 
MMSE was not a predictor of conversion in small HCV, 
and that having a medium to large HCV, respectively, as-
sociated with 45% and 81% lower risk of conversion 
from MCI to AD over time compared with small HCV. 
An additional 32% decrease in the risk of conversion was 

Figure 1. Predicted probabilities of conversion to Alzheimer’s: 
Predicted probabilities of cognitive measures at different hippocam-
pal volumes. HCV has a reciprocal impact on predicted probability 
of the cognitive measures for conversion to Alzheimer’s. HCV = hip-
pocampal volume adjusted by age, field strength, and intracranial 
volume; MMSE = mini-mental state examination; ADAS = Alzheimer 
Disease Assessment Scale (cognitive subscale); RAVLT = Rey Auditory 
Verbal Learning Test (immediate memory subscale); FAQ = Functional 
Assessment Questionnaire.
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demonstrated for every 1 SD higher MMSE score in me-
dium HCV but not in large HCV in comparison with small 
HCV. Similarly, ADAS was not predictive in small HCV and 
having a medium to large HCV was associated with 90% 
and 99.5% lower risk of conversion over time compared 
with small HCV. An additional 10% increase in the risk of 
conversion was demonstrated for every 1 SD higher ADAS 
score in medium HCV but not in large HCV in comparison 
with small HCV. In contrast, RAVLT was predictive in all 
HCV categories including small HCV, although an addi-
tional 4% decrease in the risk of conversion was detected 
for every 1 SD higher RAVLT in medium HCV.

Kaplan–Meier curves (Figure 2) revealed that the con-
tribution of cognitive/functional measures in predicting 
the probability of remaining MCI over time was not con-
stant at all HCV categories. For example, MMSE was not 
a determinant factor at small HCV, while it was at medium 
to large HCV.

Discussion
This study aimed to investigate the predictive value of 
cognitive/functional measures in combination with HCV 
to predict conversion from MCI to AD within 5 years, as 
well as their capacity to predict time to conversion. The 

results demonstrated that the predictive value of cognitive/
functional measures is dependent on HCV. The findings re-
vealed that (a) in predicting the conversion from MCI to 
AD, the predictive value of cognitive/functional measures 
was higher at lower HCV, while it was lower at higher HCV, 
and (b) in predicting the time to AD conversion, the cog-
nitive/functional measures were somewhat more predictive 
when HCV was in the medium range (5,500 to 7,500 mm3) 
than at smaller or larger volumes, except for the immediate 
memory test that remained predictive across all HCV. The 
effect of HCV in predicting time to conversion was inter-
active with general cognitive measures (MMSE and ADAS) 
but additive with the functional assessment (FAQ) and im-
mediate memory test (RAVLT).

These findings are important because they demon-
strate that severity of cognitive impairment or subtle 
functional impairment and severity of neural pathology 
are both important in predicting probability of AD con-
version. Although cognitive/functional performance is 
closely linked with neuropathology, the association is not 
straightforward. There is an imperfect overlap between 
cognitive deficit and pathology severity (Neuropathology 
Group, Medical Research Council Cognitive & Aging, 
2001). Individual variability in brain/cognitive reserve 
is the most likely explanation for this effect (Medaglia, 

Table 3. Risk of Conversion from MCI to AD Over Time (Cox Proportional Hazard) by Hippocampal Volume Categories

Variables Coef. SE HR (95% CI) Z, p Value

MMSE and HCV
Medium HCV category −0.59 0.18 0.55 (0.39–0.79) −3.29, p = .001
Large HCV category −1.68 0.31 0.19 (0.10–0.35) −5.35, p < .0001
MMSE −0.07 0.14 0.93 (0.70–1.23) −0.5, p = .61
Medium HCV category: MMSE −0.38 0.17 0.68 (0.49–0.96) −2.21, p = .03
Large HCV category: MMSE −0.60 0.31 0.55 (0.30–1.00) −1.95, p = .05
ADAS and HCV
Medium HCV category −2.28 0.69 0.10 (0.03–0.39) −3.33, p = .0008
Large HCV category −3.11 1.05 0.04 (0.01–0.35) −2.96, p = .003
ADAS 0.03 0.03 1.03 (0.97–1.08) 0.94, p = .35
Medium HCV category: ADAS 0.10 0.03 1.10 (1.04–1.17) 3.14, p = .003
Large HCV category: ADAS 0.10 0.06 1.10 (0.99–1.23) 1.71, p = .09
FAQ and HCV
Medium HCV category −0.63 0.25 0.53 (0.33–0.87) −2.53, p = .01
Large HCV category −2.08 0.44 0.13 (0.05–0.30) −4.74, p < .0001
FAQ 0.06 0.03 1.06(1.00–1.13) 1.89, p = .06
Medium HCV category: FAQ 0.03 0.04 1.03 (0.96–1.10) 0.81, p = .42
Large HCV category: FAQ 0.08 0.06 1.09 (0.97–1.21) 1.47, p = .14
RAVLT and HCV
Medium HCV category 0.82 0.66 2.27 (0.62–8.28) 1.25, p = .21
Large HCV category 1.11 1.42 3.02 (0.19–49.31) 0.78, p = .44
RAVLT −0.04 0.02 0.96 (0.93–0.99) −2.05, p = .04
Medium HCV category: RAVLT −0.04 0.02 0.96 (0.92–0.99) −2.01, p = .045
Large HCV category: RAVLT −0.09 0.05 0.92 (0.83–1.01) −1.86, p = .06

Note. MMSE = mini-mental state examination (standardized); ADAS = Alzheimer Disease Assessment Scale (standardized); RAVLT = Rey Auditory Verbal Learn-
ing Test (immediate; standardized); FAQ = Functional Assessment Questionnaire (standardized); HCV = hippocampal volume adjusted by age, field strength, and 
intracranial volume (standardized).

1398 Journals of Gerontology: PSYCHOLOGICAL SCIENCES, 2020, Vol. 75, No. 7



Pasqualetti, Hamilton, Thompson-Schill, & Bassett, 
2017; Steffener & Stern, 2012; Stern, 2009). Taking the 
severity of the pathology into account when evaluating 

cognitive/functional performance is a practical way to 
take into account the moderating effect of brain/cogni-
tive reserve.

There is accumulating evidence showing that individ-
uals with larger brain/cognitive reserve may cope better 
with neural damage, that is, at a given level of observed 
pathology, cognitive impairment is lower in those with 
larger brain/cognitive reserve (Stern, 2009). Diversity in 
efficacy and capacity of neural networks as well as com-
pensatory neural mechanisms such as using alternative 
neural networks may underlie this coping mechanism 
such that cognitive function may be maintained for some 
time in the context of increasing neurodegeneration. 
When brain/cognitive reserve is exhausted, further neu-
rodegeneration cannot be compensated for and failure in 
cognitive processes clinically manifest as conversion from 
CN to MCI or MCI to AD (Steffener & Stern, 2012). 
Therefore, since individuals vary in their levels of brain/
cognitive reserve, cognitive and functional performance 
alone is not a perfect predictor of decline. Cognitive 
reserve has been indirectly estimated in the literature 
by proxy variables including education, IQ, literacy, 
occupational complexity, participation in leisure activi-
ties and even personality variables (Steffener & Stern, 
2012). However, the accurate measurement of brain/cog-
nitive reserve is still the subject of ongoing research and 
much controversy (Steffener, Brickman, Rakitin, Gazes, 
& Stern, 2009; Steffener, Reuben, Rakitin, & Stern, 
2011; Stern et al., 2008; Zarahn, Rakitin, Abela, Flynn, 
& Stern, 2007). Altogether, a practical way to deal with 
the concealing effect of cognitive reserve is to take into 
account the severity of neuropathology when evaluating 
cognitive/functional performance.

In addition to predicting the likelihood of converting 
from MCI to AD, the prediction of time to conversion is also 
of clinical significance but has proven difficult to achieve. 
Our results suggest that combining HCV and cognitive/
functional measures is more effective in predicting time to 
conversion. However, the effect of HCV differs for different 
cognitive/functional measures. It has an interactive effect 
with MMSE and ADAS but an additive effect with FAQ or 
RAVLT immediate. That is, the increase in the risk of AD 
conversion for each one-point decrease in the MMSE (or 
increase in ADAS) is not constant at different HCV values 
and is smaller at larger HCV. In contrast, the increase in the 
risk is constant for every one-point decrease on the RAVLT 
immediate (or higher FAQ) at any HCV values. This may 
be because HCV is more reflective of AD related pathology 
than MMSE and ADAS. As a consequence, at HCV less 
than 5,500 mm3, one unit difference in MMSE (or ADAS) 
is less influential than at larger HCV. This may explain 
the fact that MMSE and ADAS are not predictive of time 
to conversion at HCV less than 5,500 mm3 and at more 
than 7,500 mm3, but predictive in the mid-range of HCV 
(5,500–7,500 mm3).

In contrast, the combined evaluation of performance in a 
specific domain (such as immediate memory) and the brain 

Large HCV/ High MMSE

Large HCV/ Low MMSE
Medium HCV/ High MMSE

Medium HCV/ Low MMSE
Small HCV/ High MMSE
Small HCV/ Low MMSE

Hippocampal volume/ Mini Mental State Examina�on 

Hippocampal volume/ Alzheimer’s Disease Assessment Scale 

Small HCV/ Low ADAS

Small HCV/ High ADAS
Medium HCV/ High ADAS

Large HCV/ Low ADAS

Medium HCV/ Low ADAS
Large HCV/ High ADAS

Hippocampal volume/ Func�onal Assessment Ques�onnaire  

Small HCV/ Low FAQ

Small HCV/ High FAQ
Medium HCV/ High FAQ

Large HCV/ Low FAQ

Medium HCV/ Low FAQ
Large HCV/ High FAQ

Hippocampal volume/ Rey Auditory verbal Learning Test  

Small HCV/ Low RAVLT

Small HCV/ High RAVLT

Medium HCV/ High RAVLT
Large HCV/ Low RAVLT

Medium HCV/ Low RAVLT

Large HCV/ High RAVLT

Figure 2. Kaplan–Meier plots for remaining stable over time: Illustrating 
the contribution of cognitive/functional measure and hippocampal 
volume on probability of remaining stable over time in MCI. Participants 
were categorized into six combinations based on three levels of HCV 
(small, medium, and large) and two levels of cognitive/functional meas-
ures (low and high). HCV = hippocampal volume adjusted by age, field 
strength, and intracranial volume; MMSE = mini-mental state examina-
tion; ADAS = Alzheimer Disease Assessment Scale (cognitive subscale); 
RAVLT  =  Rey Auditory Verbal Learning Test (immediate memory sub-
scale); FAQ = Functional Assessment Questionnaire.
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structure underpinning that performance (HCV) may pro-
vide a more precise evaluation of the degree of neurodegen-
eration and the level of brain/cognitive reserve exhaustion. 
This may explain our findings that RAVLT immediate and 
HCV are more sensitive predictors of time to conversion. It 
may also explain the lack of interactive effect between these 
two measures.

It is important to note that because MMSE, ADAS, 
and FAQ evaluate performance across a larger number of 
neural networks, they may reflect the development of AD 
pathology across any of those networks and thus also pre-
dict the risk of AD conversion. However, because only part 
of their variability is related to hippocampal function, they 
do not appear to be as predictive of time to conversion than 
RAVLT immediate.

Many studies conducted to date have focused on 
combining MRI and cognitive/functional measures for 
improved diagnosis or prediction of AD conversion. Our 
study, in contrast, investigated the nature of the interaction 
between MRI and cognitive/functional measures in predict-
ing AD conversion and time to conversion. Understanding 
the relationship between structural and cognitive/func-
tional measures not only emphasizes the benefit of com-
bining these measures for diagnostic/ prognostic purpose, 
it may also help better conceptualize the impact of brain/
cognitive reserve on clinical/MRI measures.

In conclusion, AD is pathologically characterized by de-
generative processes, the severity of which can be measured 
with neuroimaging techniques. The functional consequence 
of the degeneration can be concurrently assessed with 
cognitive/functional tools. A  combination of both neuro-
imaging and cognitive/functional indexes are superior in 
predicting disease progression than either alone. However, 
the present findings indicate that the relative contribu-
tion of neuroimaging and cognitive/functional measures is 
not constant in predicting progression from MCI to AD. 
Cognitive/functional measures are predictors of conver-
sion but their predictive values are not constant at all levels 
of HCVs. Additionally, the most effective combination of 
measures to predict time to conversion is likely to involve 
those that assess hippocampal volume in conjunction with 
one of its main functions, immediate memory.
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