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Abstract
Changes in several regions within the brain have been associated with progression from healthy aging to Alzheimer’s disease (AD),
including the hippocampus, entorhinal cortex, and the inferior parietal lobule (IPL). In this study, the IPL was divided into three subregions:
the gyrus, the banks of the sulcus, and the fundus to determine if these regions are independent of medial temporal regions in the progression
of AD. Participants of the Alzheimer’s disease Neuroimaging Initiative (Alzheimer’s disease Neuroimaging initiative (ADNI); n ⫽ 54)
underwent a structural magnetic resonance imaging (MRI) scan and neuropsychological examination, and were categorized as normal
controls, mild cognitively impaired (MCI), or AD. FreeSurfer was initially used to identify the boundaries of the IPL. Each subregion was
then manually traced based on FreeSurfer curvature intensities. Multivariate analyses of variance were used to compare groups. Results
suggest that changes in thickness of the banks of the inferior parietal lobule are occurring early in the progression from normal to MCI,
followed by changes in the gyrus and fundus, and these measures are related to neuropsychological performance.
© 2010 Elsevier Inc. All rights reserved.
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Alzheimer’s disease (AD) is the most common form of
dementia, and is the fifth leading cause of death in individuals over the age of 65. There are no definitive means for
detecting who will develop AD. Magnetic resonance imaging (MRI) has provided a useful in vivo method for assessing changes that occur in the brain during the progression
from healthy aging to AD, and offers potential means for
identifying individuals in the presymptomatic stages, where

* Corresponding author at: Department of Anatomy and Neurobiology,
Boston University School of Medicine, 700 Albany Street, W701, Boston,
MA 02118, USA. Tel.: (617) 638-8082; fax: (617) 638-4922.
E-mail address: Killiany@bu.edu (R.J. Killiany).
†
Data used in the preparation of this article were obtained from the
Alzheimer’s disease Neuroimaging Initiative (ADNI) database (www.loni.
ucla.edu/ADNI). As such, the investigators within the ADNI contributed to
the design and implementation of ADNI and/or provided data but did not
participate in analysis or writing of this report. A complete listing of ADNI
investigators is available at www.loni.ucla.edu/ADNI\Collaboration\
ADNI_Authorship_list.pdf.
0197-4580/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.neurobiolaging.2010.04.026

treatment may delay or prevent the onset of this disease.
MRI also offers the ability to track AD over time. As MRI
postprocessing techniques have been improved, the investigation of markers for development and progression to
Alzheimer’s disease has advanced. Several regions of interest have been intensely studied in subjects with both mild
cognitively impaired (MCI) and AD, such as the hippocampus and entorhinal cortex. More recently, regions beyond
the medial temporal lobe such as the inferior parietal lobule
(IPL) have begun to show promise as markers of AD.
The inferior parietal lobule is defined in this study as the
lateral region of the parietal lobe extending between the
supramarginal gyrus rostrally, the lateral occipital cortex
caudally, the superior parietal gyrus medially, and the middle temporal gyrus laterally (Desikan et al., 2006). Functionally, the IPL is involved with sensory and motor association. Both amyloid plaques and neurofibrillary tangles
have been found at the time of autopsy in the IPL in MCI
and AD subjects (Braak and Braak, 1991; Markesbery et al.,
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2006; Nelson et al., 2009). Studies in nonhuman primates
have demonstrated connections between the IPL and both
the entorhinal cortex (Ding et al., 2000; Van Hoesen and
Pandya, 1975), and the hippocampus (Clower et al., 2001),
suggesting that the IPL is a part of the memory circuitry. As
such, pathology in this region may be contributing to the
memory impairment that is a hallmark of AD.
MCI is thought to represent a preclinical stage of AD
(Bennett et al., 2005; Morris et al., 2001; Petersen et al.,
2006; Whitwell et al., 2007). Studies have found atrophy of
parietal regions in the presymptomatic stages of AD (Desikan et al., 2009; Fan et al., 2008; Fox et al., 2001; Scahill et
al., 2002; Whitwell et al., 2008), and increased rates of
atrophy in this region have been associated with conversion
from MCI to AD (Desikan et al., 2008). Metabolic function
in the IPL combined with genetic risk (carrying at least one
copy of the APOE-4 allele) has been found to predict
subsequent cognitive decline in normal subjects (Small et
al., 2000). In addition, differences in blood flow to the IPL
have been found in AD subjects both during rest (Scarmeas
et al., 2004) and when performing memory tasks (Remy et
al., 2005).
Because the IPL is a rather large structure, the purpose of
this study was to determine if subregions within the IPL are
differentially affected in the progression from normal to
AD. In this study, the IPL was subdivided into the gyrus
(G-IPL), the banks (B-IPL), and the fundus (F-IPL) based
MRI measurements in normal (NC), MCI, and AD participants of the Alzheimer’s disease Neuroimaging Initiative.
1. Methods
1.1. Study population
Data used in the preparation of this article were obtained
from the Alzheimer’s disease Neuroimaging Initiative
(ADNI) database (www.loni.ucla.edu/ADNI). The ADNI
was launched in 2003 by the National Institute on Aging
(NIA), the National Institute of Biomedical Imaging and
Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies, and nonprofit
organizations, as a US$60mn, 5-year public-private partnership. The primary goal of ADNI has been to test whether
serial MRI, positron emission tomography (PET), other
biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of
MCI and early AD. Determination of sensitive and specific
markers of very early AD progression is intended to aid
researchers and clinicians to develop new treatments and
monitor their effectiveness, as well as lessen the time and
cost of clinical trials.
The Principle Investigator of this initiative is Michael W.
Weiner MD, VA Medical Center and University of California, San Francisco. ADNI is the result of the efforts of many
coinvestigators from a broad range of academic institutions
and private corporations, and subjects have been recruited
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from over 50 sites across the USA and Canada. The initial
goal of ADNI was to recruit 800 adults, ages 55 to 90, to
participate in the research—approximately 200 cognitively
normal older individuals to be followed for 3 years, 400
people with MCI to be followed for 3 years, and 200 people
with early AD to be followed for 2 years.
The inclusion criteria for each group are as follows: NC:
Mini Mental Status examination (MMSE; Folstein et al.,
1975) scores between 24 and 30, a Clinical Dementia Rating
scale (clinical dementia rating (CDR)) (Morris, 1993) of 0,
nondepressed, non-MCI, and nondemented; MCI (amnestic
and multiple domain with memory impairment): subjective
and objective memory complaint, MMSE scores between
24 and 30, objective memory loss measured by education
adjusted scores on Wechsler Memory Scale Logical Memory II, a CDR of 0.5, absence of significant levels of impairment in other cognitive domains, essentially preserved
activities of daily living, absence of dementia; AD (mild):
MMSE scores between 20 and 26, CDR of 0.5 or 1.0, and
meets NINCDS/ADRDA criteria (McKhann et al., 1984)
for probable AD.
Participants underwent a neuropsychological battery at
screening and MRI scanning at baseline, which are the data
being evaluated in this study. Fifty-four participants (18 NC
[55% female, average age 78.3], 18 MCI [50% female,
average age 76.9], 18 AD [50% female, average age 76.6])
were pseudorandomly selected (randomly selected from
within each group by gender) from the larger pool of approximately 800 baseline scans in the ADNI to be included
in the current study. The operator was blind to gender and
group membership. Demographics, including age, education, and MMSE were available for all 54 participants included in this study (Table 1).
1.2. Magnetic resonance imaging acquisition and
postprocessing techniques
The imaging methods used by the ADNI have been
described in detail previously (Jack et al., 2008). Scans were
acquired from three manufacturers (General Electric
Healthcare, Siemens Medical Solutions and Philips Medical
Systems) using calibration techniques to maintain consistent
protocols across scanners and sites. Raw dicom data of
T1-weighted MP-RAGE scans acquired from 1.5 Tesla
scanners at baseline visits from all 54 participants were

Table 1
Demographics

Gender
Age
Education
MMSE

Normal

MCI All

MCI Stable

MCI
Converters

AD

55% F
78.3
16.3
29.4

50% F
76.9
15.9
26.7

39% F
79
15.2
26.8

80% F
71.3
17.8
26.4

50% F
76.7
15.1
23.1

Demographics on 54 participants of the ADNI based on group membership. MCI subjects are subdivided into stable and converter groups.
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obtained via the ADNI database (www.loni.ucla.edu/
ADNI/). Images were processed through FreeSurfer version
4.0.3a software program freely available at surfer.nmr.mgh.
harvard.edu/, to obtain measurements of the IPL. The details
of this postprocessing program have been described elsewhere (Dale and Sereno, 1993; Dale et al., 1999; Fischl and
Dale, 2000; Fischl et al., 1999a; Fischl et al., 1999b; Fischl
et al., 2001; Fischl et al., 2002; Fischl et al., 2004a; Fischl
et al., 2004b; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 2004). Briefly, images were motion-corrected,
intensity normalized using nonparametric, nonuniform (N3)
correction (Sled et al., 1998), and stripped of nonbrain tissue
(Segonne et al., 2004). Images underwent a subcortical
segmentation (Fischl et al., 2002; Fischl et al., 2004a),
identification of the gray/white matter boundary, automated
topography correction (Fischl et al., 2001; Segonne et al.,
2007), and surface deformation (Dale and Sereno, 1993;
Dale et al., 1999; Fischl and Dale, 2000). Surface representation was reviewed by an anatomically trained operator
(SJG), and edits to ensure accurate surfaces were completed
where necessary.
Once reviewed, further processing was completed, including surface inflation (Fischl et al., 1999a), registration
to a neuroanatomical atlas based on cortical folding patterns
(Desikan et al., 2006; Fischl et al., 1999a; Fischl et al.,
2004b), and maps of curvature and sulcal depth. The boundaries of each region of interest within the neuroanatomical
atlas were visually inspected by the same neuroanatomically
trained operator (SJG), and edits to these boundaries were
completed where needed. This produced measurements of
several neocortical and non-neocortical regions of interest,
including the inferior parietal lobule, entorhinal cortex, hippocampus, and intracranial volume (ICV).
The boundaries of the IPL in this neuroanatomical atlas
have been previously described (Desikan et al., 2006). This
region of interest was manually subdivided into three regions by simultaneously viewing the neuroanatomical parcellation atlas and binary gray curvature maps on the inflated brain. The operator first manually traced the banks
followed by the fundus of the right and left IPL by setting
the curvature threshold to 0.0 and 0.55, respectively. The
remainder of the IPL was then relabeled the gyrus of the IPL
(Figure 1). Intrarater reliability was established by retracing

these regions in a subset of participants (n ⫽ 5), which
demonstrated a correlation of 0.99 between tracings. This
provided measurements of total surface area (TSA), average
cortical thickness (ACT), and total gray matter volume
(GMV) for each of the three subregions of the IPL: G-IPL,
B-IPL, and F-IPL.
The GMV, TSA, and ACT of each IPL subregion, the
entorhinal cortex, hippocampus, and neuropsychological
(NP) performance were compared between groups using
separate MANOVAs followed by Tukey pairwise comparisons when appropriate. Pearson correlations were used to
determine the magnitude of the linear relationships between
morphometric measures and neuropsychological performance. A principle components analysis was completed to
determine which neuropsychological measures would be
included in these correlations. Discriminant Function Analyses were used to determine the best predictors of group
membership (NC, MCI, and AD) and converters versus
nonconverters in the MCI group.
1.3. Neuropsychological battery
The MMSE and Wechsler Memory Scale – Revised
Logical Memory Immediate and Delayed (Wechsler, 1987)
were administered at the screening visit. At the baseline
visit, a battery of neuropsychological tests was given to all
participants. This consisted of Alzheimer’s disease Assessment Scale Cognitive examination (Rosen et al., 1984),
Clock Drawing Test, Auditory Verbal Learning test
(AVLT) (Rey, 1964), Digit Span Forward and Backward,
Category Fluency, Trail making A and B (Reitan, 1958),
Wechsler Adult Intelligence Scale-Revised (WAIS-R) Symbol Digit Substitution, Boston Naming Test (Kaplan et al.,
1983), AVLT 30-minute delay, and the American National
Adult Reading Test.
2. Results
Kruskal–Wallis one-way analyses of variance were used
to demonstrate that groups did not significantly differ in
gender, age, or education. The MRI variables were compared using multivariate analyses of variance. It was found
that except for the GMV of the fundus of the IPL in the right
hemisphere, all GMV and ACT measures were significantly

Fig. 1. Methods for manual tracing of each subregion of the inferior parietal lobule. First the sulcul-gyral pattern was loaded with the FreeSurfer parcellation
atlas on the inflated brain, each subregion was then manually traced, and these subregions were then displayed with the parcellation atlas.
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Fig. 2. (a) Differences between NC, MCI, and AD in volume of the left and right subregions of the IPL, hippocampus, and entrohinal cortex. Volumes are
expressed as percent intracranial volume (% ICV). (b) Differences between NC, MCI, and AD in thickness of the left and right subregions of the IPL and
entorhinal cortex.

different between groups in both the right and left hemisphere (p ⬍ 0.01). No TSA measures demonstrated a significant difference between groups.
Results of the Tukey pairwise comparisons (Figure 2a)
revealed more insight into these differences. When comparing volume in the right hemisphere, G-IPL was significantly
different between NC and AD and MCI and AD; B-IPL was
significantly different between NC and AD and MCI and
AD; and F-IPL was significantly different between NC and
AD. In the left hemisphere, GMV was significantly different
for G-IPL between NC and AD; B-IPL was significantly
different between NC and AD; and F-IPL was significantly
different between NC and AD.
When comparing thickness in regions of the right hemisphere (Figure 2b), G-IPL was significantly different between NC and AD and MCI and AD; B-IPL was significantly different between NC and AD and MCI and AD; and
F-IPL was significantly different between NC and AD and
MCI and AD. When comparing ACT in regions in the left
hemisphere, G-IPL was significantly different between NC
and AD; B-IPL was significantly different between NC and
AD and NC and MCI; and F-IPL was significantly different
between NC and AD. Because the main effect of group was
not significant for the TSA measures, no follow up comparisons were made.
NP scores and p values demonstrating significant differences in NP performance are presented in Table 2. Traditionally NP tests have been portrayed as representing separate cognitive domains. Yet within each of the domain,
subdomains exist (i.e. cognitive flexibility v. set maintenance as subcomponents of executive function), NP tests
have some crossover between domains and it is never fully
clear how each subdomain is affected by disease. To over-

come these concerns, and to ensure that we understood how
the various tests were inter-related in this dataset, a principle
components analysis was used as a screening/data reduction
tool to determine which of the NP tests to include in correlational analyses with the morphometric measurements.
This broke the data down into three factors. The first factor
consisted of Auditory Verbal Learning Immediate and Delay, the Boston Naming Test, and Categories; the second
factor consisted of Trails A and Trails B, Digit Symbol, and
Clock Command; and the third factor consisted of Trails B,
Clock Command, Digit Span Forward, and Digit Span
Backward. Scores from tests within each factor were selected for correlations in contrast to composite scores so that
only known neuropsychological tests were evaluated.
These included Clock Command, Auditory Verbal Learning Immediate and Delay, Digit Span Backward, Trails
B, and Digit Symbol. Results of Pearson correlations
were as follows (p ⬍ 0.01): LH GMV of IPL gyrus:
Auditory Verbal Learning Delay; LH ACT of IPL gyrus:
Auditory Verbal Learning Delay; LH ACT of IPL
Banks: Auditory Verbal Learning Delay; LH GMV of
IPL fundus: Auditory Verbal Learning Immediate, Trails
B, and Digit Symbol; RH ACT of IPL gyrus: Auditory
Verbal Learning Delay and Digit Symbol; RH ACT of
IPL Banks: Auditory Verbal Learning Delay and Digit
Symbol; RH ACT of IPL fundus: Auditory Verbal Learning Delay.
All regions of the IPL (RH and LH) and NP scores were
entered into a discriminant function analysis to determine
the best predictors of group membership, which revealed
these were a combination of Auditory Verbal Learning
Delay, Digit Symbol, and GMV of the banks of the right
IPL, which were able to predict NC, MCI, and AD with
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Table 2
Neuropsychological performance: differences between groups
Test
Clock Command (out of 5)
Clock Copy (out of 5)
AV Immediate 1 (out of 15)
AV Immediate 2
AV Immediate 3
AV Immediate 4
AV Immediate 5
AV Interference
AV Immediate 6
AV 30 min delay
Digit Span Forward
Digit Span Backward
Categories-Animals
Categories-Vegetables
Trails A (time to complete)
Trails Bⴱ (time to complete)
Digit Symbolⴱ
Boston naming Testⴱ

Group Mean

p-values

Normal

MCI

AD

Normal v. MCI

MCI v. AD

Normal v. AD

4.67
4.78
4.94
7.39
9.50
10.61
11.39
4.72
8.61
12.72
9.11
7.39
19.56
15.44
32.06
100.89
48.11
27.94

4.33
4.72
4.28
5.17
6.44
7.06
7.06
4.00
2.83
8.61
8.06
6.28
16.50
10.61
39.61
111.44
38.67
24.50

3.33
4.44
3.11
4.22
4.50
4.89
5.06
3.00
1.67
6.17
8.06
5.33
12.56
8.22
52.50
198.59
29.12
20.82

0.483
0.964
0.424
0.001
0.001
0.000
0.000
0.226
0.000
0.004
0.248
0.224
0.193
0.001
0.302
0.0904
0.019
0.094

0.003
0.405
0.080
0.246
0.040
0.018
0.056
0.063
0.401
0.123
1.000
0.339
0.069
0.157
0.036
0.003
0.020
0.074

0.000
0.276
0.003
0.000
0.000
0.000
0.000
0.001
0.003
0.000
0.248
0.009
0.001
0.000
0.001
0.001
0.000
0.000

The neuropsychological (NP) performance on each subtest of the NP battery was compared using MANOVA with Tukey follow-up comparisons. The group mean
and p-values are listed for comparisons between normal and MCI, MCI and AD, and normal and AD participants. One AD subject is missing from comparisons.

83.3%, 61.1% and 77.8% accuracy, respectively. The diagnoses of MCI subjects at future visits were evaluated, and
five of the 18 MCI subjects in this study converted to AD
between the 12–18 month visit. The same variables were
entered into a second discriminant function analysis to determine the best predictors for future conversion from MCI
to AD, which were the Boston Naming Test, Digit Span
Backwards, and GMV of the fundus of the right IPL, which
were able to predict stable MCI and converters with 92.3%
and 100% accuracy, respectively.
When combined with measures of the hippocampus and
entorhinal cortex, the measures that were most able to discriminate between NC, MCI, and AD were a combination of
the GMV of the left entorhinal cortex, GMV of the right
banks of the IPL, and ACT of the left entorhinal cortex,
which were able to determine group membership with
66.7%, 50%, and 83.3%, respectively. When these measures
were combined with total scores on the NP examination,
group membership was best predicted for NC, MCI, and AD
with Auditory Verbal Learning Delay, left hippocampus,
GMV of the right banks of the IPL, and Digit Symbol,
which were able to predict group membership with 88.9%,
72.2%, and 70.6% accuracy, respectively.
When assessing measures of the entorhinal cortex, hippocampus, and IPL subregions in MCI subjects, the measure that was able to predict stable versus converters was the
TSA of the left entorhinal cortex, which was able to predict
group membership with 84.6% and 80% accuracy, respectively.
3. Discussion
Little is known of how subregions of the IPL may be
differentially affected in the progression to AD. In this

study, three subregions of the IPL were compared among
normal, MCI, and AD subjects. The first objective was to
determine if these subregions of the IPL are differentially
affected in the progression from normal to AD. Results
suggest that not only are these regions differentially affected
in the group of participants investigated, but also they are
differentially affected in the right and the left hemisphere.
Results also suggest that measures of these subregions of
the IPL contribute information related to MCI and AD that
is independent of entorhinal and hippocampal measures.
When comparing normal to MCI subjects, only one subregion of the IPL was found to differ between these groups,
suggesting that the banks of the left IPL may be affected
before the involvement of the gyrus and the fundus. In
addition, while both the GMV and ACT demonstrated significant differences between groups, there were no significant differences between groups when assessing TSA. Because GMV is derived from the ACT and TSA measures
this suggests that the differences in the GMV are driven by
thickness changes rather that changes in surface area.
Few studies have addressed functional differences in the
gyrus, banks, and fundus of the inferior parietal lobule. One
study evaluated the contribution of regions of the parietal
lobe in number processing (Chochon et al., 1999), and
found that the banks of the intraparietal sulcus and deep
portion of the postcentral sulcus are activated in number
processing tasks, suggesting that these subregions may have
unique functional roles in cognition. The present study
identified differing relationships between the gyrus, banks,
and fundus of the IPL in the right and left hemisphere and
cognitive performance. It was found that while several subregions in both hemispheres were associated with performance on memory tasks, only a select few were associated
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with tasks involving numbers, including Digit Symbol
(ACT of right gyrus and banks; GMV of left fundus) and
Trails B (GMV of left fundus). This further suggests that
these subregions may be functionally different, and therefore differentially affected in the progression to AD.
One further possibility is that these regions may be
differentially affected due to perfusion differences in the
gyrus, banks, and fundus of the IPL. Hypoperfusion of the
inferior parietal region has been demonstrated in AD subjects when compared with those with MCI (Devanand et al.,
2006; Grossman et al., 1997; Tranfaglia et al., 2009), and
this may predict future progression from MCI to AD
(Schroeter et al., 2009). It is possible that if this hypoperfusion is occurring differentially within the gyrus, banks,
and sulcus of the IPL, this may contribute to differential
effects in the progression from MCI to AD, contributing to
the changes in the banks before the gyrus and fundus in the
progression to AD.
The IPL has demonstrated laterality, both in correlations
between volume and cognitive status (Keilp et al., 1996)
and in atrophy related to progression to AD (Whitwell et al.,
2008), with a predilection for the left IPL. This study was
consistent with these findings, as the only significant difference between normal controls and MCI participants was in
the average cortical thickness of the banks of the left IPL.
However, significant differences between MCI and AD subjects occurred only in the right hemisphere in all measures
of the subregions of the IPL (except for the GMV of the
fundus), suggesting the right IPL may become more affected as subjects progress from MCI to AD. While the
GMV of the fundus did not demonstrate significant differences between groups, it was found to be a predictor of
future conversion from MCI to AD when combined with
BNT, AV Delay, and Digit Span Backwards.
The second objective in this study was to investigate
relationships between these subregions and neuropsychological performance. When considering NP performance,
the only NP scores that were significantly different between
the NC and MCI groups were auditory verbal learning
immediate and delayed, Categories, Digit Symbol, and the
Boston Naming Test. Significant correlations with the ACT
of the banks of the left IPL (the only IPL subregion to
demonstrate significant differences between NC and MCI)
were found only with Auditory Verbal Learning Delay.
There were no normal subjects included in this study who
converted to MCI, and so it was not possible to determine
predictors for conversion from normal to MCI. However,
these data suggest that the above-mentioned test of memory
may be sensitive to detecting the progression from normal
to MCI.
When assessing MCI stable versus converters, the best
predictors of future conversion were the Boston Naming
Test, Digit Span Backwards, and GMV of the fundus of the
right IPL. When the measure of the IPL were combined with
those of the entorhinal cortex and hippocampus and entered
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into the discriminant function analysis, the IPL fell out of
the results, leaving the TSA of the left entorhinal cortex to
be the best predictor of conversion. However, the results of
this second discriminant function analysis provided a less
accurate prediction of future stable versus converters (here
stable subjects were predicted with 84.6% accuracy compared with 92.3%, and converters were predicted with 80%
compared with 100% accuracy). This suggests that measures of the IPL are independent of entorhinal and hippocampal measures when comparing between groups and
future conversion to AD.
To our knowledge no studies have investigated the differential effects of these subregions of the IPL in the progression to AD. This research suggests that detecting subtle
changes within these subregions may identify individuals in
the earliest stages of AD. These measures, combined with
neuropsychological data, may provide useful biomarkers for
future development of AD.
Limitations of this study included a small study population, due time intense tracing of each subregion of the IPL.
It is possible that these initial tracings may be used to create
an automated label for these subregions that can be incorporated into FreeSurfer for this specific dataset and could be
used to assess the entire ADNI study population in the
future.
In addition, only the baseline visits of these participants
were evaluated. While progression from MCI to AD was
evaluated, the longitudinal change occurring in these subregions was not evaluated. Further investigation into the
changes that may occur within each subregion of the IPL as
participants are followed throughout the 36-month period of
the ADNI project would likely provide further insight into
the role of the IPL in the progression to AD.
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