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Table 2. Correlation results between cortical thickness of
eight neocortical ROIs and total hippocampal volume in all
ADNI participants (n=724).

Regions of

Interest HvV CMF ERC IPL ITG ISC LOC MOF TP
HV 1 029 066 032 045 036 028 041 051
CMF 1 038 079 065 060 064 043 042
ERC 1 043 063 043 036 044 072
IPL 1 0.74 067 074 044 044
ITG 1 063 064 051 064
ISC 1 052 050 043
LOC 1 038 038
MOF 1 0.48
TP 1

Spearman’s rank correlation coefficients listed, all p-values significant at

, 0.0001. All analyses included age, gender, education, and APOE-e4 carrier
status as co-variates. HV = Hippocampal volume, CMF = Caudal portion of
middle frontal gyrus thickness, ERC =Entorhinal cortex thickness, IPL = Inferior
parietal lobule thickness, ITG = Inferior temporal gyrus thickness, ISC =Isthmus
portion of cingulate cortex thickness, LOC = Lateral portion of occipital cortex
thickness, MOF = Medial portion of orbital frontal cortex thickness,

TP =Temporal pole thickness.

doi:10.1371/journal.pone.0012853.t002

individual ROIs and total hippocampal volume. Separate linear
regression models were constructed for the amyloid positive,
amyloid negative, p-tau positive and p-tau negative MCI and AD
individuals, with the baseline thickness of the individual ROIs as
predictors for hippocampal atrophy rate. Logistic regression
models and multivariate analysis of variance (MANOVA) were
used to compare whether baseline thickness of the individual ROIs
significantly differentiated amyloid positive from amyloid negative
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as well as p-tau positive from p-tau negative CN individuals. In all
of the analyses performed, age, gender, education, and APOE-e4
carrier status were additionally included.

Results

Correlations between regional neocortical thickness and
hippocampal volume

Opverall, the hippocampus demonstrated the largest magnitude
of correlation with the entorhinal cortex (Spearman’s r =0.66,
p, 0.001), temporal pole (Spearman’s r =0.51, p, 0.001), inferior
temporal gyrus (Spearman’s I =0.45, p, 0.001) and the medial
portion of the orbital frontal cortex (Spearman’s r =0.41,
p, 0.001) (Table 2). The inferior parietal lobule and caudal
portion of the middle frontal gyrus showed the strongest
magnitude of correlation with each other and with the other
neocortical regions (Table 2). Within the AD cohort, the
hippocampus did not demonstrate any significant correlations
with any of the lateral frontal, occipital, or parietal regions
including the isthmus portion of the cingulate cortex (Spearman’s
r =0.12, p. 0.05) but correlated significantly with the entorhinal
cortex (Spearman’s I =0.57, p, 0.001), temporal pole (Spear-
man’s I =0.38, p, 0.001), inferior temporal gyrus (Spearman’s
r =0.23, p, 0.01), and the medial portion of the orbital frontal
cortex (Spearman’s I =0.33, p, 0.001) (Table 3). In comparison,
within MCI cohort, the hippocampus correlated significantly with
each neocortical region (Table 4) and similarly, within the CN
cohort the hippocampus correlated significantly with all neocor-
tical regions except the lateral portion of the occipital cortex
(Spearman’s r =0.03, p. 0.05) (Table 5).

Regional cortical thickness, Ab, and p-tau as predictors of

hippocampal atrophy
Linear regression models amongst the MCI and AD individuals
demonstrated that decreased Ab levels (B-coefficient =2 0.08,
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Table 3. Correlation results between cortical thickness of eight neocortical ROIs and total hippocampal volume in only AD
individuals (n=163).
Regions of Interest HV CMF ERC IPL ITG ISC LOC MOF TP
HV 1 0.02 0.57 0.03 0.23 0.12 0.12 0.33 0.38
(NS) (0.0001) (NS) (0.003) (NS) (NS) (0.0001) (0.0001)
CMF 1 0.17 0.77 0.56 0.58 0.59 0.27 0.24
(0.02) (0.0001) (0.0001) (0.0001) (0.0001) (0.0005) (0.002)
ERC 1 0.12 0.49 027 0.19 0.38 0.67
(NS) (0.0001) (0.007) (0.01) (0.0001) (0.0001)
IPL 1 0.63 0.64 0.67 0.24 0.23
(0.0001) (0.0001) (0.0001) (0.001) (0.01)
ITG 1 0.58 0.51 0.46 0.61
(0.0001) (0.0001) (0.0001) (0.0001)
ISC 1 0.49 0.42 0.34
(0.0001) (0.0001) (0.0001)
LOC 1 0.36 0.29
(0.0001) (0.0001)
MOF 1 0.52
(0.0001)
TP 1
Spearman’s rank correlation coefficients listed with p-values in parentheses. All analyses included age, gender, education, and APOE-e4 carrier status as co-variates.
HV = Hippocampal volume, CMF = Caudal portion of middle frontal gyrus thickness, ERC = Entorhinal cortex thickness, IPL =Inferior parietal lobule thickness,
ITG = Inferior temporal gyrus thickness, ISC = Isthmus portion of cingulate cortex thickness, LOC = Lateral portion of occipital cortex thickness, MOF = Medial portion of
orbital frontal cortex thickness, TPC =Temporal pole thickness, NS =Not significant.
doi:10.1371/journal.pone.0012853.t003
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Table 4. Correlation results between cortical thickness of
eight neocortical ROIs and total hippocampal volume in only
MCI individuals (n=353).

Regions of

Interest HV CMF ERC IPL ITG ISC LOC MOF TP
HV 1 018 061 021 036 028 027 032 048
CMF 1 027 076 063 057 059 043 034
ERC 1 031 055 031 030 037 073
IPL 1 072 065 071 040 037
ITG 1 058 061 047 059
ISC 1 048 048 037
LOC 1 033 031
MOF 1 0.43
TP 1

Spearman’s rank correlation coefficients, all p-values significant at , 0.0001. All
analyses included age, gender, education, and APOE-e4 carrier status as co-
variates. HV = Hippocampal volume, CMF = Caudal portion of middle frontal
gyrus thickness, ERC = Entorhinal cortex thickness, IPL = Inferior parietal lobule
thickness, ITG = Inferior temporal gyrus thickness, ISC =Isthmus portion of
cingulate cortex thickness, LOC = Lateral portion of occipital cortex thickness,
MOF = Medial portion of orbital frontal cortex thickness, TPC = Temporal pole
thickness.

doi:10.1371/journal.pone.0012853.t004

95% Confidence Interval (CI)=2 0.01 to 2 0.003, p, 0.01) and
increased p-tau levels (B-coefficient=0.02, 95% CI=0.006 to
0.03, p, 0.01) significantly predicted hippocampal atrophy rate.
Within the amyloid positive MCI and AD individuals, baseline
thickness of the entorhinal cortex (B-coefficient=2 0.79, 95%
CI=21.20 to 20.37, p, 0.0001) and inferior temporal gyrus (B-
coefficient=2 1.04, 95% CI=22.14 to 2 0.06, p, 0.05) signifi-
cantly predicted the atrophy rate of the hippocampus. Similarly,
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within the p-tau positive individuals, baseline thickness of the
entorhinal cortex (B-coefficient=2 0.66, 95% CI=21.09 to
20.23, p, 0.01) and inferior temporal gyrus (B-coeffi-
cient=21.20, 95% CI=22.31 to 20.10, p, 0.05) significantly
predicted the atrophy rate of the hippocampus (Figure 2). Within
the amyloid negative and p-tau negative MCI and AD individuals,
none of the neocortical regions significantly predicted longitudinal
hippocampal atrophy.

Regional cortical thinning in cognitively normal older
individuals

Logistic regression models amongst the CN cohort demonstrat-
ed that APOE-e4 carrier status (Odds Ratio (OR)=0.08, 95%
CI=0.02 to 0.27, p, 0.0001) and thinning in the medial portion
of the orbital frontal cortex (OR=5.77, 95% CI=1.12 to 44.80,
p, 0.05) significantly differentiated the amyloid positive from
amyloid negative older individuals whereas thinning of the
entorhinal cortex (OR=2.99, 95% CI=1.10 to 9.73, p, 0.05)
significantly differentiated the p-tau positive from p-tau negative
older individuals (Figure 3). None of the other measures, including
baseline hippocampal volume, showed any significant effects. A
MANOVA confirmed that only APOE-e4 carrier status (FF=18.5,
p,» 0.0001) and thinning of the medial orbital frontal cortex
significantly (F=3.73, p, 0.05) differentiated amyloid positive
from amyloid negative individuals and only thinning of the
entorhinal cortex (F=3.58, p, 0.05) significantly discriminated p-
tau positive from p-tau negative individuals.

Discussion

Our results demonstrate that 1) amongst cognitively normal
older participants and individuals with MCI and AD, select
heteromodal association cortices correlate with hippocampal
volume, 2) amongst MCI and AD individuals, gray matter
thinning within the same two neocortical regions predicts
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Table 5. Correlation results between cortical thickness of eight neocortical ROIs and total hippocampal volume in only CN
individuals (n=208).
Regions of Interest HV CMF ERC IPL ITG ISC LOC MOF TP
HV 1 0.16 0.36 0.15 0.20 0.19 0.03 0.29 0.23
(0.02) (0.0001) (0.02) (0.003) (0.005) (NS) (0.0001) (0.0005)
CMF 1 0.27 0.76 051 0.49 0.62 0.34 0.38
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.0005) (0.002)
ERC 1 0.35 0.52 031 0.28 0.37 0.56
(0.0001) (0.0001) (0.007) (0.0001) (0.0001) (0.0001)
IPL 1 0.63 051 0.75 0.38 0.40
(0.0001) (0.0001) (0.0001) (0.001) (0.01)
ITG 1 048 0.57 0.38 0.49
(0.0001) (0.0001) (0.0001) (0.0001)
ISC 1 0.44 0.38 0.23
(0.0001) (0.0001) (0.0005)
LOC 1 0.31 0.31
(0.0001) (0.0001)
MOF 1 0.35
(0.0001)
TP 1
Spearman’s rank correlation coefficients listed with p-values in parentheses. All analyses included age, gender, education, and APOE-e4 carrier status as co-variates.
HV = Hippocampal volume, CMF = Caudal portion of middle frontal gyrus thickness, ERC = Entorhinal cortex thickness, IPL =Inferior parietal lobule thickness,
ITG = Inferior temporal gyrus thickness, ISC = Isthmus portion of cingulate cortex thickness, LOC = Lateral portion of occipital cortex thickness, MOF = Medial portion of
orbital frontal cortex thickness, TPC =Temporal pole thickness, NS =Not significant.
doi:10.1371/journal.pone.0012853.t005
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Figure 2. General linear model analyses demonstrating the prediction of longitudinal hippocampal atrophy (over one year) using
baseline cortical thickness for the amyloid positive (top panel) and p-tau positive individuals (bottom panel). All results are corrected
for multiple comparisons by method of Monte Carlo simulation and shown on the gray matter surface (only right hemisphere). The color scale
illustrates the magnitude of effect with blue indicating areas of strongest prediction strength.

doi:10.1371/journal.pone.0012853.g002

longitudinal hippocampal volume loss in both amyloid positive
and p-tau positive individuals and 3) amongst cognitively normal
older adults, thinning within the medial portion of the orbital
frontal cortex significantly differentiates amyloid positive from
amyloid negative individuals whereas entorhinal cortex thinning
significantly discriminates p-tau positive from p-tau negative
individuals. Taken collectively, this indicates that cortical Ab
and tau pathology is evident even among asymptomatic older
individuals, affects gray matter thinning within select neocortical
regions and potentially contributes to downstream hippocampal
degeneration. These findings are in agreement with prior work
indicating the value of CSF Ab as an early biomarker [41] and
provide evidence that CSF p-tau and structural MRI measures are
additionally informative in the earliest phase of the disease process.

Relationship between thickness of heteromodal regions
and hippocampal volume

The four cerebral cortical regions that best correlated with
hippocampal volume follow an interesting neurodevelopmental
pattern. On architectonic grounds, the regions identified on the
lateral hemisphere trace evolutionary lineage from the so-called
‘paleocortical’ trend whereas regions identified on the medial
hemisphere are derived from the ‘archicortical’ trend [42—44]. As
first described by Kemper [3], these regions collectively subserve
the ‘special senses of the head’ including vision, memory, emotion,
olfaction, and audition and are inherently heteromodal, binding
convergent input from unimodal areas, thus acting as critical
gateways for information processing and synthesis [43].

Correlations between thickness of the individual regions and
hippocampal volume may reflect underlying patterns of neuropa-
thology. Thickness of the medial portion of the orbital frontal
cortex, inferior temporal gyrus, entorhinal cortex, and the
temporal pole demonstrated the strongest magnitude of associa-
tion with the hippocampus amongst each of the three participant
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groups. In contrast, parietal, occipital, and lateral frontal cortices,
correlated with the hippocampus only amongst cognitively normal
older adults and MCI individuals. With AD onset, these regions
failed to associate with the hippocampus. Of interest, these regions
showed the largest magnitude of association with each other
amongst each of the three participant groups (Tables 3, 4 and 5).
One explanation for these findings may involve the evolution of the
neuropathologic cascade in AD. Amyloid deposits are first noted in the
medial portions of the orbital frontal, basal temporal and entorhinal
cortices and tau-associated NFTs initially affect the medial temporal
and temporopolar cortices [1,2]. With disease progression, these
pathologic changes involve the parietal, primary occipital, and lateral
frontal cortices [1-3]. Thus, those neocortical regions that show early
pathologic changes may correlate with each other throughout the
duration of the disease process whereas regions affected later may best
associate with each other rather than earlier involved regions.
Another possibility is that associations between regions reflect
underlying anatomic connections and the decreased correlation
coeflicients noted with AD onset represent a selective disruption in
cortico-hippocampal connectivity. Though several studies have
noted disruptions in anatomic connectivity with AD [8,13,46], the
fact that the cognitively normal older adults when compared with
the MCI and AD individuals demonstrated decreased correlation
coeflicients between several neocortical regions (including the
entorhinal cortex) and the hippocampus (Table 5) suggests that
the gray matter associations presented here likely do not represent
cortico-hippocampal connectivity. Using diffusion tensor imaging
with anatomic localization [47], future work will investigate whether
cortico-hippocampal circuitry is selectively vulnerable in dementia.

Heteromodal cortices, Ab, and p-tau as predictors of
hippocampal atrophy

Significant reductions in CSF Ab levels and elevations in CSF p-
tau levels coupled with thinning within select heteromodal regions
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