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T

wenty-five percent of individuals over 65 years of age have
sufficient cognitive problems, short of dementia, to affect the
quality of their lives (1, 2). The ability to learn consciously and
recall new information, which is known as recent or declarative memory, is one of the areas most affected during aging.
However, our knowledge about the medical factors that predispose a person to age-associated cognitive problems remains
undeveloped.
There is a growing literature indicating that individuals with
diabetes have impairments in recent memory (3–6). In addition,
nondiabetic individuals with mild forms of impaired glucose
tolerance (IGT) may also have cognitive impairments (7, 8). The
prevalence of memory problems and IGT rise with age (1, 9, 10).
In addition to genetic predisposition, obesity and low levels of
physical activity have been identified as risk factors for IGT in
adults and children (11, 12). With life expectancy and obesity on
the rise, the prevalence of memory dysfunction and IGT will
likely continue to climb. However, it remains to be established
whether there are associations between peripheral glucose regulation and memory performance among nondemented middleaged and elderly individuals.
The hippocampus, a brain structure deep in the temporal lobe,
is key for recent memory formation (13–15). Hypothalamuspituitary-adrenal axis hyperactivity have been associated with
hippocampal atrophy in aging (16) and in Cushing’s disease (17).
Cortisol administration reduces glucose transport into neurons
(18) and causes reductions in hippocampal glucose utilization
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0336073100

(19), which may help explain why animals that have abnormal
glucose metabolism have more hippocampal damage when
exposed to high levels of corticosteroids (20). In addition to the
higher prevalence of memory problems and IGT mentioned
above, age-associated reductions in hippocampus volumes have
also been reported (21). However, it is not known whether the
hippocampus is affected by IGT.
In this study, we sought to characterize the association between peripheral glucose regulation and brain. We proposed
that among nondiabetic normal elderly, poorer glucose tolerance
would be associated with decreased recent memory performance
and smaller hippocampal volumes. This study may help create
the view that metabolic substrate delivery may influence brain
structure and function, and that better lifetime management of
blood sugar may improve memory in old age and perhaps even
reduce the risk of hippocampal damage and possibly Alzheimer’s
disease. This study may also create the rationale for treating and
preventing memory dysfunction with behavioral and pharmacological interventions aimed at improving glucose tolerance.
Methods
Patient Population. We selected for evaluation 30 consecutively
screened nondiabetic (fasting glucose level of ⬍126 mg兾dl)
middle-aged and elderly individuals functioning within the normal range. All subjects gave informed written consent to participate in this project, which was approved by the Institutional
Board of Research Associates of the New York University
School of Medicine. Subjects represented a typical research
clinic population and were not drawn randomly from the general
population. Subjects underwent medical, neurological, psychiatric, neuropsychological, and MRI examinations. Individuals
with current or historical evidence of significant neurological,
medical, or psychiatric disease were excluded.
Assessment of Peripheral Glucose Regulation. Glucose tolerance

was assessed by a standardized i.v. glucose tolerance test
(IVGTT) conducted at the New York University School of
Medicine General Clinical Research Center (GCRC) at 9:30
a.m. after an overnight fast. The glucose dose administered was
adjusted for body weight (0.3 g/kg, to a maximum of 25 g).
Subjects arrived at the GCRC at 8:00 a.m. A catheter was placed
in each forearm: one for the administration of the glucose and
another for blood sampling. The site used for glucose administration was kept patent by using a heparin lock with 40 units兾ml.
The line for blood sampling was kept patent by infusing normal
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Poor glucose tolerance and memory deficits, short of dementia,
often accompanies aging. The purpose of this study was to ascertain whether, among nondiabetic, nondemented middle-aged and
elderly individuals, poorer glucose tolerance is associated with
reductions in memory performance and smaller hippocampal volumes. We studied 30 subjects who were evaluated consecutively in
an outpatient research setting. The composition of the participant
group was 57% female and 68.6 ⴞ 7.5 years of age; the participants
had an average education of 16.2 ⴞ 2.3 years, a score on the Mini
Mental State Examination of 28.6 ⴞ 1.5, a glycosylated hemoglobin
(HbA1C) of 5.88 ⴞ 0.74%, and a body mass index of 24.9 ⴞ 4.1
kg兾m2. Glucose tolerance was measured by an i.v. glucose tolerance test. Memory was tested by using the Wechsler Paragraphs
recall tests at the time of administering the i.v. glucose tolerance
test. The hippocampus and other brain volumes were measured by
using validated methods on standardized MRIs. Decreased peripheral glucose regulation was associated with decreased general
cognitive performance, memory impairments, and atrophy of the
hippocampus, a brain area that is key for learning and memory.
These associations were independent of age and Mini Mental State
Examination scores. Therefore, these data suggest that metabolic
substrate delivery may influence hippocampal structure and function. This observation may bring to light a mechanism for aging
brain injury that may have substantial medical impact, given
the large number of elderly individuals with impaired glucose
metabolism.

saline at a rate of 50 ml/hr. The sampling arm was kept warm with
a heating pad. The lines were placed at least 45 min before the
administration of the glucose to allow sufficient time for neuroendocrine parameters, such as cortisol, to return to baseline
after the stress of the catheter insertions. After a 12-h fast,
baseline bloods for glucose levels were obtained at 9:20 and 9:25
a.m., 10 and 5 min, respectively, before the glucose infusion.
Glucose was administered as a 50% dextrose solution by i.v. push
over 90 sec. Blood samples also were taken 1, 2, 3, 5, 7, 10, 15,
20, 30, 45, 60, 90, 120, 180, and 240 min after glucose infusion.
We used three parameters as indices of glucose regulation: the
average of the two baseline fasting glucose levels, the glucose
level 2 h after glucose administration and the area under the
glucose curve during the IVGTT. In addition, we also measured
insulin levels.
Memory Testing. The Wechsler Paragraph (22) test was used to

assess recent memory. We obtained both the immediate and
delayed (10 min) recall of the paragraph starting at 8:45 a.m.,
⬇30 min after catheter insertion on the morning of the IVGTT
and ⬇45 min before glucose infusion. In addition, to allow
comparison with other studies, subjects received the Mini Mental Status Examination (MMSE; ref. 23), which is a measure of
overall cognitive function.

MRI Evaluations. Subjects were scanned by using a 1.5 T GE
Advantage MR system (GE Medical Systems, Milwaukee, WI).
Fast spin echo axial images (T1 and T2) were used to ensure
subjects met the inclusion and exclusion criteria. Subjects with
evidence of infarct, hydrocephalus, intra-cranial masses, or
significant white matter lesions were excluded. For the anatomical measurements, a three-dimensional spoiled gradient recalled (SPGR) sequence in a sagittal plane was acquired by using
TR 35兾TE 9 ms, 60° flip angle, 1 signal average, 1.2-mm slice
thickness with no gap, a 25-cm field of view, and a 256 ⫻ 128
matrix. These SPGR sagittal scans were used to create coronal
images reformatted orthogonal to the plane through the inferiormost portion of the frontal and occipital lobes on the midsagittal plane. These reformatted 1.5 mm-thick coronal images
were used for the temporal lobe regional volume measurements.
We have used these scanning methods in many of our prior
studies; details about the MRI acquisition and image reformatting are provided elsewhere (24). The hippocampus, parahippocampal gyrus, and superior temporal gyrus were manually
outlined on the standardized reformatted coronal images. The
hippocampus (cornu amonnis, dentate gyrus, and subiculum)
was measured in its entire anterior–posterior extension combining our published method (described in ref. 25) with the use of
multiple planes to separate reliably the hippocampus from the
adjacent amygdala (for details, see ref. 24). The parahippocampal and superior temporal gyri were measured in the same
sections as the hippocampus.
To correct for head size variations across individuals, a
cerebral vault volume was obtained by measuring the volume of
the compartment bounded by the dura and the tentorium cerebri
(24). A measure of global brain atrophy was determined by using
a threshold procedure to segment the cerebrospinal fluid (refer
to refs. 24 and 25 for details) within the cerebral vault volume.
For all regional volumes, the right and left hemisphere values
were averaged, and this measure was used in the analyses. In
addition, all regions, including the global atrophy measure, were
corrected for individual differences in head size by creating a
ratio [(structure volume兾cerebral vault volume) ⫻ 1,000].
Statistical Methods. We assessed the relationships between the
indices of glucose regulation and the cognitive and brain measures by means of Pearson r correlations. The subjects evaluated
varied in age by as much as 36 years. Therefore, given the
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Table 1. MRI-derived brain volumes
Mean ⫾ SD, (range) in cm3

Brain region
Cerebral vault
Hippocampus*
Parahippocampal gyrus*
Superior temporal gyrus*
Global atrophy

1201.6 ⫾ 111.6 (984.5–1,376.4)
2.5 ⫾ 0.3 (2.0–3.1)
4.2 ⫾ 0.7 (2.8–5.6)
13.4 ⫾ 1.6 (9.6–17.4)
226.4 ⫾ 66.2 (109.9–403.9)

Data are the raw volumes in cubic centimeters for the brain regions
measured, including a measure of global atrophy. *, The average of right and
left hemispheres.

potential impact of age on both brain and regulation of peripheral glucose, we accounted for age. Incipient dementia would
have a significant impact on memory and brain. Therefore, we
used partial correlation analyses to assess the relationships
between brain variables (memory and MRI volumes) and the
glucose indices after accounting for age and age and MMSE as
potential confounds. Significance was set at the P ⱕ 0.05 level.
Results
The 30 subjects studied (13 males and 17 females) had a mean
age of 68.6 ⫾ 7.5 years (range: 53–89 years), an average
education of 16.2 ⫾ 2.3 years (range: 12–20), and a body mass
index of 24.9 ⫾ 4.1 kg兾m2 (range: 19.1–36.5). The average
percent glycosylated hemoglobin (HbA1C) was 5.88 ⫾ 0.74%
(range: 4.5–7.00), which is within the nondiabetic range. In
addition, subjects had an MMSE score of 28.6 ⫾ 1.5 (range:
26–30), and a mean score of 28.0 ⫾ 7.4 (9–39) on the Wechsler
paragraph delayed test.
In the analyses, we used the ratio of the regional brain volume
to the overall cerebral vault volume for each subject. However,
Table 1 shows the absolute values for the brain volumes (average,
SD, and range) so as to allow for comparison of our hippocampal
and other brain volumes to those of other published reports.
The mean baseline glucose value, based on the average of the
two independent baseline blood samples during the IVGTT, was
97.1 ⫾ 15.4 mg兾dl (range: 75.8–124.3 mg兾dl). The 2-h serum
glucose level after glucose injection during the IVGTT was 94.7
mg兾dl ⫾ 15.4 (72–141 mg兾dl), and the mean area under the
glucose curve during the IVGTT was 27,639.5 ⫾ 3,385.4 (range
22,107.5–36,495.5 mg兾dl⫺1兾min⫺1).
All three indices of glucose regulation were inversely associated with scores on the Wechsler Paragraph Recall Test. Individuals with higher baseline and 2-h postinfusion glucose levels
as well as larger area under the glucose curve had decreased
immediate and delayed memory performance.
Table 2 summarizes the correlation coefficients between the
brain variables (MRI-derived brain volumes and scores on
cognitive tests) and the indices of glucose regulation. In addition,
the score on the MMSE was also associated with the IVGTT 2-h
Table 2. Pearson’s correlation coefficients between glucose
indices and brain or cognitive measures
Hip.
Baseline glucose ⫺0.43*
2-h glucose
⫺0.42*
Glucose AUC
⫺0.30†

Parahip.

STG

⫺0.25
0.04
⫺0.06 ⫺0.06
⫺0.11
0.07

Global
atrophy
0.18
0.07
0.03

Delayed
recall

MMSE

⫺0.37* ⫺0.15
⫺0.62* ⫺0.43*
⫺0.53* ⫺0.41*

Data are the associations (Pearson r coefficients) between the indices of
glucose regulation and the adjusted regional brain volumes and cognitive
variables. Hip., hippocampus兾cerebral vault ratio; Parahip., parahippocampal
gyrus兾cerebral vault ratio; STG, superior temporal gyrus兾cerebral vault ratio;
MMSE, Mini Mental Status Examination; Glucose AUC, area under the glucose
curve. N ⫽ 30; *, P ⬍ 0.05; †, P ⬍ 0.10.
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Table 3. Correlation coefficients between glucose indices and
brain or cognitive measures (partial correlations controlling for
age and MMSE)

Baseline glucose
2-h glucose
Glucose AUC

Hip.

Parahip.

STG

Atrophy

Delayed
recall

⫺0.44*
⫺0.40*
⫺0.29

⫺0.24
⫺0.01
⫺0.09

0.07
⫺0.03
0.15

0.23
0.16
0.14

⫺0.35†
⫺0.57*
⫺0.48*

Data are the associations (partial Pearson r coefficients) between the
indices of glucose regulation and the adjusted regional brain volumes and
cognitive variables after adjusting for age and Mini Mental Status Examination (MMSE). Hip., hippocampus兾cerebral vault ratio; Parahip., parahippocampal gyrus兾cerebral vault ratio; STG, superior temporal gyrus兾cerebral
vault ratio; glucose AUC, area under the glucose curve. N ⫽ 30; *, P ⬍ 0.05;
†, P ⬍ 0.10.

glucose level and the area under the glucose curve. Fig. 1
represents the association between memory performance and
the IVGTT 2-h glucose level (r ⫽ ⫺0.62, P ⱕ 0.05).
In addition, individuals with higher fasting glucose levels and
elevated IVGTT 2-h glucose levels had significantly smaller
hippocampi. Fig. 2 depicts the relationship between the 2-h
postinfusion glucose levels and cerebral vault-adjusted hippocampal volumes (r ⫽ ⫺0.42, P ⱕ 0.05). This association to the
hippocampus was anatomically specific, because no significant
associations (all less than r ⫽ ⫺0.25) were observed between the
glucose indices and the parahippocampal gyrus, the superior
temporal gyrus, or the measure of global atrophy.
Age was associated with greater cerebral vault-adjusted global
brain atrophy (r ⫽ 0.48, P ⬍ 0.01) and tended to be inversely
associated with adjusted hippocampal volumes (r ⫽ ⫺0.34, P ⫽
0.07). Very similar results were obtained for the partial correlations (after accounting for age and MMSE) between memory and brain variables and the indices of glucose regulation
(Table 3).
To ensure that the reported relationships between indices of
glucose regulation, memory performance, and hippocampal
volumes are not due to a few individuals with high glucose values,

Fig. 2.
level.

Relationship between adjusted hippocampal volume and 2-h glucose

Convit et al.

we repeated those analyses after dropping the six subjects who
either have a fasting glucose level or a 2-h glucose value of 110
mg兾dl or higher. The results remained unchanged (data not
shown).
We also measured insulin values during the IVGTT. However,
insulin values were not related to memory, MMSE, age, or any
of the brain volumes.
As expected, the delayed paragraph recall score was significantly and specifically correlated with hippocampus volume (r ⫽
0.49, P ⬍ 0.01). The MMSE, which is a measure of overall
cognitive function, was not related to any of the brain volumes.
Discussion
The present study provides evidence of a relationship between
peripheral glucose regulation and specific brain findings in a
sample of healthy middle-aged and elderly individuals functioning within the normal range. Memory impairments have been
reported in individuals with Type 2 diabetes (3–6). However, it
has been unclear whether similar deficits exist among nondiabetic elderly with varying degrees of impairment in glucose
tolerance.
As a result of this study, we can report an association between
peripheral glucose regulation and the volume of the hippocampus, a brain structure centrally involved in learning and memory.
We found that among normal nondiabetic middle-aged and
elderly individuals, those with poorer peripheral glucose regulation were more likely to have lower memory performance and
smaller head size-adjusted hippocampal volumes. The fact that
the maintenance of peripheral glucose levels would impact brain
function, although not well described among normal elderly
prior to this study, is not surprising, given that the glucose borne
by the blood accounts for 99% of the brain energy requirements
(26). What is surprising is that the impact seems to be restricted
to the hippocampus, as no associations were found to the volume
of other brain regions, including a measure of overall brain
atrophy.
The hippocampus is more susceptible to damage by hypoglycemia and hypoxia than other brain regions (27–31). We propose
that the anatomic specificity of our findings may be related to this
higher hippocampal vulnerability. From animal studies we know
that during a memory test (e.g., going through a maze), as the
hippocampus is activated, localized drops in hippocampal glucose levels occur that are proportional to the difficulty of the
maze (32). The drop in hippocampal glucose levels is deeper and
lasts longer among older animals, perhaps indicating why older
animals have impairments in memory performance (33).
We know that brain glucose transport is significantly reduced
in diabetic animals (34, 35). Therefore, it is possible that among
individuals with IGT, increased metabolic demand, such as
occurs during regional activation (i.e., memory testing), results
PNAS 兩 February 18, 2003 兩 vol. 100 兩 no. 4 兩 2021
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Fig. 1. Relationship between recent memory performance and IVGTT 2-h
glucose level.

findings were basically unchanged when we accounted for age
and MMSE in the analyses.
In summary, our study reports a significant and anatomically
specific relationship between several indices of peripheral glucose regulation and the volume of the hippocampus. These data
suggest that metabolic substrate delivery may influence hippocampal structure and function. These findings also suggest
that better lifetime management of blood sugar may improve
memory in old age and perhaps even reduce the risk of Alzheimer’s disease. Although we have speculated on a potential
mechanism linking peripheral glucose regulation and hippocampal function and structure, empirical evidence remains to be
developed. Also to be investigated is whether memory performance and hippocampal volumes can be improved by improving
glucose tolerance. We hope that this report may bring to light a
new mechanism for age-related brain injury that may have
substantial medical impact, given the large number of elderly
individuals with impaired glucose metabolism and memory
dysfunction.

in regional low-grade hypoglycemia. We propose that memory
deficits among elderly with poorer glucose tolerance may be
caused by an inability to compensate for the drops in hippocampal glucose levels that occur with activation of those circuits
during memory testing. Given the high vulnerability of the
hippocampus, these subtle metabolic insults may, in the long run,
lead to damage and volume loss. Although our subjects were not
diabetic, it is also possible that the IGT leads to elevations in
glucose levels sufficient to worsen the effects of other subtle
brain insults by perhaps increasing excitotoxic free radicalinduced damage (for a review, see ref. 36). Lastly, the hippocampus is known to be vulnerable to elevated cortisol levels, and
there are known links between the HPA axis and the regulation
of peripheral glucose (37). Therefore, future studies should study
both systems in parallel.
This report is based on a relatively small number of subjects
from 53 to 89 years of age. It is theoretically possible that the
reported relationships between peripheral glucose regulation
and hippocampal integrity (volumes and memory performance)
are influenced by a small number of individuals who are in an
early stage of dementia. One would expect that the oldest
subjects or those with lower overall cognitive function (MMSE)
to have poorer memory and smaller hippocampi. However, our
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