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Abstract

Previous studies have indicated a decreased risk for developing Alzheimer’s disease in anti-inflammatory (AI) drug users. Yet few studies
have determined whether Al drug use provides a protective effect against normal age-related changes in the brains of older adults. Regional
volume changes in gray and white matter were assessed cross-sectionally using optimized voxel-based morphometry in 36 females taking
Al drugs as arthritis or pain medication and 36 age- and education-matched female controls. Although mean gray and white matter volume
differences between Al drug users and the non-Al group were small, Al drug use interacted with age, such that the non-Al group showed
significantly greater age-related volume changes in regions of both gray and white matter compared to the Al drug users. These regions
included the superior and medial frontal gyri, middle and inferior temporal gyri, fusiform and parahippocampal gyri, and occipital gray matter
as well as temporal, parietal, and midbrain white matter. The results are consistent with the notion that Al drugs provide protection against
age-related changes in brain volume. It is possible that inflammation plays a role in volume decreases associated with normal aging, and that

suppressing the inflammatory response moderates this decrease.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Early epidemiological studies have indicated that patients
with arthritis are at decreased risk for developing Alzheimer’s
disease (AD; Breitner et al., 1995; McGeer et al., 1990), pos-
sibly due to the use of anti-inflammatory (AI) medications.
It has been hypothesized that chronic inflammation of the
brain is a central feature in the development of neuropathol-
ogy associated with AD and that long-term Al medication use
may suppress this inflammation, leading to decreased risk for
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development of the disorder (Aisen, 2002; Tuppo and Arias,
2005).

Reduced risk for AD has also been demonstrated in
epidemiological studies focusing on non-steroidal anti-
inflammatory drugs (NSAIDs), typically used as a treatment
for arthritis. While some studies have demonstrated an inverse
association between daily use of NSAIDs and AD (Breitner
and Zandi, 2001; Broe et al., 2000; in’t Veld et al., 2001;
Szekely et al., 2008a; Vlad et al., 2008), other studies have
failed to find a protective effect (Arvanitakis et al., 2008;
Henderson et al., 1997; in’t Veld et al., 1998). Support-
ing the notion of a protective effect of NSAIDs, several
meta-analyses have revealed significant combined odds ratios
between 0.49 and 0.72 (Etminan et al., 2003; McGeer et al.,
1996; Szekely et al., 2004), suggesting up to a 50% decrease
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in risk for developing AD in NSAID users. The protective
effect has been consistently stronger when NSAIDs were
taken over longer periods of time (Etminan et al., 2003; in’t
Veld et al., 2001; Szekely et al., 2004; Vlad et al., 2008), at
least 2 years or more (Breitner and Zandi, 2001).

In contrast to the overwhelmingly positive results of
epidemiological studies, clinical trials of NSAIDs for the
treatment of probable AD have yielded disappointing results
(Aisen et al., 2002, 2003; Reines et al., 2004; Scharf et al.,
1999). These studies suggested that NSAIDs may be useful
prophylactically, rather than as a treatment for the disor-
der after the first symptoms appear. However, a large-scale
primary prevention study that enrolled over 2500 partici-
pants (ADAPT Research Group, 2007) also yielded negative
results, although the study included only individuals over the
age of 70 years. Other studies have suggested that NSAIDs
may not provide protection for AD when taken in the 2 years
prior to dementia onset (Breitner and Zandi, 2001; in’t Veld
et al., 2001; Szekely et al., 2004). Collectively, these stud-
ies suggest that issues such as the age of the participants at
commencement of drug use and the duration of use may be
important factors, along with others, in assessing the putative
beneficial effects of Al drugs.

Despite the considerable interest in this topic, surprisingly
few studies have examined whether there is evidence for a
protective effect of Al drug use in the brain in vivo. Bartolini
et al. (2002) assessed rheumatoid arthritis patients taking Al
drugs and found impaired cognition as well as hypoperfusion
in frontal and parietal lobes as measured by SPECT, suggest-
ing that Al drugs in rheumatoid arthritis patients might have
a negative effect on brain functioning. However, the study
was problematic in that it relied solely on normative data for
comparison rather than including a carefully matched con-
trol group. Apart from this single study, there is virtually
no information on how Al drugs might affect the function
or structure of the brains of cognitively normal older adults.
Finding a beneficial effect of Al drug use on age-related brain
changes may provide an important first step in understanding
the positive epidemiological results described earlier.

To address this issue, the present study employed voxel-
based morphometry (VBM) in order to measure regional
volumetric changes in gray and white matter in cognitively
normal older adults taking Al medication and a group of
age- and education-matched older adults not taking Al drugs.
VBM is a semi-automated procedure for analysing high reso-
lution magnetic resonance anatomical images that is capable
of identifying regional volumetric differences associated with
aging across the whole brain, applying statistics on a voxel-
by-voxel basis rather than measuring volumes in a priori
regions of interest (Ashburner and Friston, 2000; Mechelli
et al., 2005). Based on the epidemiological evidence for a
protective effect of Al medication against the development
of AD, we hypothesized that Al drug use would result in
preserved volumes of gray and white matter in older adults.
In particular, we expect that Al drug use will be associated
with preserved volumes in regions that are affected earliest

in AD, including medial temporal lobe and parietal cortex.
Studies have found that volume decreases in medial tempo-
ral lobe structures are already present in cognitively normal
older adults with genetic risk for AD (Lemaitre et al., 2005;
Wishart et al., 2006). Additionally, Al drug use may also
show a protective effect on structures that are most strongly
associated with normal aging, such as prefrontal cortex (Raz
and Rodrigue, 2006).

2. Method
2.1. Participants

Seventy-two females (ages 52-92 years) living indepen-
dently in the community were included in this study. All
participants were screened to exclude a history of head injury
with cognitive sequelae, neurological or psychiatric disor-
der, and past or present drug and/or alcohol abuse. Thirty-six
females taking anti-inflammatory medications were recruited
through the Arizona Arthritis Center at the University Med-
ical Center in Tucson, Arizona. Al drugs were taken by
participants as arthritis or pain medication for at least 2 con-
tinuous years at any time in the past, with a mean duration
of 10.0 years. With the exception of two participants, all Al
drug users were taking the medications at the time of the
study. The two participants not on Al drugs at the time of the
study had taken AI drugs for many years prior to the study
and had stopped recently. Al drugs included non-selective
NSAIDs, COX-2 inhibitor type NSAIDs, aspirin, and other
drugs (see Table 1 for a complete description of the medi-
cations taken by participants). Some participants were also
taking the disease modifying anti-rheumatic drug methotrex-
ate, but all participants were taking other Al drugs. Aspirin
was considered as an Al drug when the dosage exceeded
500 mg per day. Thirty-six females with no current or pre-
vious use of an Al drug other than for occasional headache
(less than 12 times per year) were selected for the non-Al
control group, and no non-Al control group participant had
arthritis or other chronic pain condition that required medica-
tion. Non-Al individuals were recruited from the community
through the use of newspaper advertisements and an existing
database of older individuals who had participated in previ-
ous studies in our laboratory. They were matched to the Al
drug user group on age and education (see Table 2). All pro-

Table 1

Number of participants taking Al drugs by drug type.

Drug type Only Methotrexate Mix
Non-selective NSAIDs* 11 5 3
COX-2 NSAID® 2 2 4
Aspirin/zorprin 5 0 0
Other® 1 3 0

2 Diclofenac, ibuprofen, meloxicam, naproxen, oxaprozin, piroxicam, sal-
salate, sulindac.

b Celecoxib, rofecoxib, valdecoxib.

¢ Infliximab/remicade, hydroxychloroquine, steroid, sulfasalazine.
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Table 2
Demographic information and neuropsychological test scores for the non-Al control group and Al drug users.

Non-Al group (n=36) Al drug user (n=36)

M SD Range M SD Range
Age (years) 69.4 9.4 52-88 66.6 9.2 52-92
Education (years) 14.8 2.3 12-20 15.1 29 12-20
MMSE 28.9 1.3 24-30 29.2 1.0 27-30
WASI-vocabulary (raw score) 69.8 4.9 59-79 69.4 72 44-78
Memory function (z-score) 0.3 0.7 —1.9-1.3 0.5 0.5 —04-1.3
Executive function (z-score) —0.1 0.6 —1.5-1.3 0.0 0.6 —1.6-1.6
Years of Al drug use 10.0 10.2 2-57

cedures were approved by the Human Subjects Committee
of the University of Arizona, and written informed consent
was obtained from each participant.

All participants underwent a detailed neuropsychologi-
cal assessment that included the Mini Mental State Exam
(MMSE; Folstein et al., 1975), the vocabulary subtest from
the Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 1999), and a series of tests measuring memory
and executive functioning (described in detail in Glisky and
Kong, 2008). All participants were functioning within the
normal range for both memory and executive function based
on Glisky and Kong’s (2008) normative scores.

2.2. MRI imaging

Images were acquired on a GE 3.0T Signa VH/I whole
body echospeed scanner (General Electric, Milwaukee WI).
A set of 3-plane localizer images were followed by a 3D
spoiled gradient-echo MRI (3DSPGR) scan used to obtain
T1-weighted images of the whole brain with a section thick-
ness of 0.7mm (TR=5.1ms, TE=2ms, TI=500ms; flip
angle = 15°; matrix =256 x 256; FOV =260 mm x 260 mm).
Other scans were acquired at the same time but are not dis-
cussed here.

2.3. Image processing

Optimized VBM and subsequent analyses were car-
ried out using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/)
following the methods of Good et al. (2001) and Gaser
(http://dbm.neuro.uni-jena.de/vbm.html). A customized T1
template and prior probability maps of gray matter, white
matter and CSF were created by combining across all study
participants following the methods of Good et al. (2001).
Briefly, every participant’s structural MRI was normalized
to the Montreal Neurological Institute (MNI) template. Nor-
malized images were then smoothed with an 8-mm full-width
half-maximum (FWHM) isotropic Gaussian kernel and aver-
aged together to create the template. Next, participants’
high resolution 3D volumes were segmented into gray and
white matter images in native space and non-brain tissue
was removed using an automated brain extraction proce-
dure. The segmented images were normalized into the same
stereotactic space by registering them to the study-specific

custom template. The normalization parameters were reap-
plied to the original structural image in order to facilitate
an optimal segmentation. The optimally normalized images
in stereotactic space were then segmented again into gray
matter, white matter, and cerebrospinal fluid using infor-
mation about voxel intensity in addition to employing the
prior probability maps derived from the custom templates.
Segmentation also incorporated an image intensity nonuni-
formity correction (Ashburner and Friston, 2000) to deal with
image intensity variations. The gray and white matter images
were modulated (multiplied by the Jacobian determinants
derived from the spatial normalization step) to compen-
sate for volume changes in nonlinear spatial normalization.
This step allows for inferences on regional volume differ-
ences between groups rather than differences in tissue density
(Ashburner and Friston, 2000). All images were inspected
for non-brain tissue remaining after segmentation and any
non-brain tissue was removed manually. Finally, the modu-
lated gray and white matter images were smoothed with an
isotropic Gaussian kernel of 12 mm FWHM.

To correct for differences in brain size, intracranial vol-
umes (ICV) were measured following the method described
by Raz et al. (2003). Briefly, SPGR images were ori-
ented parallel to the anterior—posterior commissural line
using Analysis of Functional Neurolmages software (AFNI,
http://afni.nimh.nih.gov/). Then, the ICV was manually
traced on every eighth coronal section along the outer table
of the cranium beginning with the orbits and continuing to
the last visible posterior section of the brain.

2.4. Statistical analyses

Differences in demographics and neuropsychological
scores between Al drug users and the non-Al group were
assessed using Student’s #-tests with alpha p <0.05. Regional
volume differences in gray and white matter between Al
drug users and the non-Al group were examined using SPM2
analyses based on the general linear model. First, we tested
for mean differences in gray and white matter volumes
between the two groups. Second, age-related decreases in
volumes were examined for each group separately. Third,
the interaction between Al drug use and age-related vol-
ume decrease was tested. We hypothesized that greater
age-related decreases in volume would be observed in the
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non-Al group compared to Al drug users. All resulting sta-
tistical maps were first thresholded at p <0.001, uncorrected,
and then regions with clusters of 18 or more contiguous vox-
els were considered significant, as demonstrated by Monte
Carlo simulations carried out to estimate a whole-brain
multiple comparison correction of p <0.05 (Slotnick, 2008:
http://www?2.bc.edu/~slotnics/scripts.htm).

3. Results

The Al drug users and the non-Al group are characterized
in Table 2. The two groups were well matched on demo-
graphic and cognitive variables, with no significant differ-
ences between the groups on age, education, MMSE, vocab-
ulary, or memory or executive function scores (see Table 2).

3.1. Regional mean volume differences between Al drug
users and the non-Al group

Regions of mean gray and white matter volume differences
between groups were identified using whole-brain analysis of
covariance (ANCOVA), with age and ICV as covariates. The
results indicated several small regions of differences in gray
matter between the groups. Smaller volumes in the non-Al
group compared to Al drug users were detected in left supe-
rior parietal gray matter (x, y, z MNI coordinates [in mm],
—10, —73, 58; T=4.33; cluster size =547 voxels) and left
postcentral gyrus (x, y, z, —19, —58, 69; T=3.47, cluster
size=51 voxels). In contrast, Al drug users showed smaller
gray matter volumes than the non-AI group only in the left
posterior lobe of the cerebellum (x, y, z, —7, —65, —51;
T=3.22, cluster size =32 voxels). No regions of significant
group differences were found in white matter.

3.2. Differential age-related decreases in brain volumes
for the non-Al group and Al drug users

Group differences in the correlations between age and
gray and white matter volumes were assessed in two stages.
First, we correlated age with gray and white matter volumes,
respectively, for each group including ICV as a covariate. The
resulting maps show the distribution of correlation between
age and gray and white matter volume in each group sep-
arately (see Fig. 1). Several brain regions showed similar
negative correlations between gray matter volume and age
in both groups, including the prefrontal gray matter, insula,
and the thalamus. Other regions appear to be considerably
smaller in extent for the Al drug group compared to the non-
Al group, particularly in the frontal lobes and areas of the
temporal, parietal, occipital cortex, and cerebellum. A simi-
lar pattern was observed in white matter, with similar regions
of age-related decreases in the two groups surrounding the
lateral ventricles. However, once again, the spatial extent of
the affected regions was smaller for the Al drug users than
the non-Al group.

Second, we tested for a group-by-age interaction, which
would indicate those brain regions where age-related volume
decreases were significantly greater in one group compared to
the other. A voxel-wise multivariate regression analysis was
performed in SPM?2 that included group (AI drug users, non-
Al group) and age as regressors and ICV as a covariate. The
regions identified as significant in this analysis represent a dif-
ference in correlation of 0.60 or greater. The analysis revealed
several regions of significantly greater age-related volume
decreases for the non-Al group compared to the Al drug
users in both gray and white matter (see Table 3). No regions
showed stronger age-related decreases for the Al drug users.
Areas of significant interaction within gray matter included
left and right superior frontal lobe, bilateral medial precen-
tral frontal lobe, bilateral parahippocampal gyrus, left middle
and inferior temporal gyrus, fusiform gyrus, and left lateral
occipital lobe. In white matter, the non-Al group showed
greater age-related decreases compared to the Al drug users
in the left temporal and right parietal white matter, and the
left brainstem (see Fig. 2).

4. Discussion

The current study examined whether anti-inflammatory
drug use could provide a protective effect against age-related
changes in gray and white matter volumes, as measured by
MRI. Although the VBM analyses showed greater gray mat-
ter volumes in Al drug users compared to the non-Al group
in the left parietal cortex and lower gray matter volume in the
left cerebellum, these mean group differences were small. In
contrast, an interaction between group and age was observed
that suggested a moderating effect of Al drug use on age-
related decreases in brain volume. For the non-Al group, as
expected, regions of both gray and white matter volumes
decreased with age, while volumes in the Al drug group
remained relatively stable across the age range. Specifically,
the non-Al group showed significantly greater age-related
volume decreases in frontal, temporal and occipital gray mat-
ter, and temporal, parietal, and cerebral peduncular white
matter. No brain region showed the opposite pattern, with
greater age-related volume decreases in the Al drug users
compared to the non-Al group. Although the study was cross-
sectional and thus cannot assess true age-related decline in
brain volumes, the results are consistent with the notion that
age-related decreases in brain volume that occur in cogni-
tively normal older adults may be attenuated in individuals
who have taken Al drugs for at least 2 years in the past.

One question that arises from the current results is whether
the age-related volume differences observed in the non-Al
group reflect a pattern more often associated with normal
aging or with older adults in the early stages of Alzheimer’s
disease. Studies utilizing both more traditional morpho-
metric methods as well as VBM have indicated that the
frontal cortex, especially the prefrontal cortical region, is
most consistently and strongly affected by normal aging
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Al drug users

(B) Gray Matter non-Al group (B) Gray Matter

e

Fig. 1. Areas of significant negative correlations (p <0.001) between brain volume and age for gray matter in the non-Al control group (A) and Al drug users
(B) and white matter in the non-Al control group (C) and AI drug users (D). Regions of gray matter are overlaid onto glass brains and 3D surface rendered.
Regions of white matter are depicted on glass brains and average T1 images at 0, —23, 2 x, y, z coordinates (left images) and at 0, 0, 21 x, y, z (right images).
The pattern indicates greater areas of age-related volume differences in the non-Al group than Al drug users.
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Table 3

Areas of significant greater age-related gray and white matter volume decreases (p <0.001) in the non-Al group compared to Al drug users.

Region MNI coordinates (mm) tyalue Cluster size®
X y z

Gray matter regions
R/L medial precentral frontal 8 -19 63 3.92 2179
L middle/superior frontal —16 7 64 4.06 1443
R superior frontal 17 —7 73 3.63 284
L superior frontal -22 —11 69 3.36 38
L inferior temporal/parahippocampus —41 —-17 -35 3.94 1157
R parahippocampus 34 -19 —34 3.71 202
L inferior temporal/fusiform —46 —43 -20 4.45 3600
L middle temporal —54 —49 [§ 3.66 250
L lateral occipital -30 —83 19 3.61 41

White matter regions
L temporal —49 -21 -9 342 208
R parietal 28 =51 44 3.60 226
L cerebral peduncle —15 —15 —-19 4.27 388

The coordinates of the location of maximal significance (from Montreal Neurological Institute template [MNI]), the 7 value, and the number of voxels of each

cluster are provided. R: right hemisphere; L: left hemisphere.
2 Voxel size=1mm x 1 mm x 1 mm.

whereas temporal (including medial temporal) and parietal
cortices decline moderately across the normal adult lifes-
pan (Alexander et al., 2006; Good et al., 2001; Raz and
Rodrigue, 2006; Smith et al., 2006). In contrast, volumet-
ric and metabolic changes are observed most often in medial
temporal and parietal lobe regions in the early stages of AD
as well as in cognitively normal older adults with genetic
risk for AD, and these changes are more pronounced than the
declines expected with normal aging (Lemaitre et al., 2005;
Reiman et al., 2005; Wishart et al., 2006). In the present
study, age-related decreases were relatively extensive in the
non-Al group and included both frontal and temporal/parietal
regions. Thus, the pattern of volume change cannot be clearly
associated with either normal aging or AD.

More specifically, both groups showed age-related
decreases in prefrontal gray matter that are associated with
normal aging, while group differences in the degree of age-
related volume decrease were prominent in the more superior
and posterior portions of frontal gray matter. The precentral
and superior frontal cortical regions have not been high-
lighted in the literature as regions typically affected in either
normal aging or in the early stages of development of AD.
Additionally, age-related volume decreases in the inferior and
middle temporal gyrus as observed in the non-Al group have
been found in previous studies of normal aging as well as in
studies of adults with genetic risk for AD (Alexander et al.,
2006; Lemaitre et al., 2005; Wishart et al., 2006). Finally,
age-related volumetric differences in the fusiform gyrus, as
observed in the non-Al group but not the Al drug users,
are more consistently related to AD pathology than normal
aging (Chetelat et al., 2005; Whitwell et al., 2007), although
other regions that would also be expected to be affected
by early AD, such as entorhinal cortex and hippocampus
proper (Stoub et al., 2005; Whitwell et al., 2007) showed
no age-related changes in either group. At this point, it is

unclear whether the Al drug users and the non-Al group
differed because anti-inflammatory drug use is protective
against the early development of AD pathology, or because
anti-inflammatory drugs have a more general protective effect
against age-related changes in brain volume. It is important to
note, however, that participants in the non-Al group were cog-
nitively normal as indicated by extensive neuropsychological
testing. Thus only a small proportion of these individuals
would be expected to develop AD pathology and atrophy in
brain regions associated with early AD. The current results
are consistent with the notion that neuro-inflammation plays
an important role in volume declines observed as part of
the normal aging process (Godbout and Johnson, 2006),
and that suppressing the inflammatory response with anti-
inflammatory medications has a moderating effect on normal
age-related decreases in both gray and white matter regions.

There are many questions that remain to be answered.
Because this is a community-based sample we included par-
ticipants that had taken a range of Al drugs for at least 2 years
or more. The present study cannot determine which particu-
lar drug(s), or combination of drugs, might be mediating the
neuroprotective effects observed here. Many of our partici-
pants were taking a combination of drugs, and over the course
of their lifetimes, have gone on and off various medications
for differing durations. Medications in the present study may
have diverse effects, both positive and negative. For exam-
ple, Vlad et al. (2008) demonstrated that ibuprofen had the
strongest protective effect for AD followed by indomethacin
whereas celecoxib and salicylate had no protective effect. In
contrast, methotrexate when used as a chemotherapy agent in
the treatment of cancer has been associated with the develop-
ment of brain pathology in the form of increased white matter
lesions identified on MRI (Fliessbach et al., 2005). Normally
the dosages of methotrexate in cancer treatment are much
higher than those taken for arthritis. Thus, in arthritis patients
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p < 0.001
m p<0.01

|

p < 0.001
M p<0.01

Fig. 2. Coronal sections demonstrate areas of significantly greater age-related volume differences in the non-Al group compared to Al drug users in gray
matter (A) and white matter (B). Greater age-related volume differences in gray matter are detected in the superior and medial frontal gray matter, bilateral
parahippocampal gyrus, left middle and inferior temporal gyri, left fusiform gyrus, and left occipital gray matter. Greater age-related volume differences are
also apparent in white matter in the left temporal and right parietal lobe, and the left cerebral peduncle. Significant voxels are thresholded at p <0.001 (red)
and indicate a difference in correlation between the two groups of 0.60 or greater and p <0.01 (yellow) indicating a difference in correlation between the two
groups of 0.45 or greater. Significant regions are superimposed on the study-specific average T1 image. Locations of the coronal sections are indicated on the

accompanying sagittal section.

the beneficial effect of anti-inflammation provided by Al
drugs might override the neurotoxic effects of methotrexate.
Little information is available on the effects of methotrex-
ate at lower dosages. In light of the results of the present
study, further studies are warranted in order to determine
drug-specific effects, as well as dosages, durations, or the

critical age at which Al drugs provide a benefit. All of these
factors are likely to interact with one another and much larger
sample sizes are needed to disentangle these specific effects.

Furthermore, Al drugs may have differential effects in
individuals with and without genetic risk for AD. A recent
epidemiological study conducted by Szekely et al., 2008b
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suggested that carriers of the APOE &4 allele taking Al
drugs had an even greater decrease in risk for developing AD
compared to non-carriers. In addition, Hayden et al. (2007)
reported abeneficial effect from NSAIDs on cognitive decline
in APOE &4 carriers less than 65 years of age. The APOE
g4 allele has been associated with a higher degree of brain
inflammation (Jofre-Monseny et al., 2008) and thus Al drugs
may be particularly effective in suppressing the inflamma-
tion and protecting against age-related cognitive and/or brain
changes.

Finally, we note that the present results may be limited
by the fact that only females were included in this study.
Alexander et al. (2006) recently reported that men showed
stronger age-related volumetric brain changes compared to
women, as well as a somewhat different regional distribution
of decreases. Itis possible that Al drug use also might interact
with gender and result in a different pattern of regions affected
by Al drug use.

In summary, the use of anti-inflammatory drugs was
accompanied by an attenuation of age-related volume
decreases in both gray and white matter regions in older
adults. The results are consistent with the hypothesis that
anti-inflammatory drugs may provide protection against age-
related decreases in brain volume. We believe this is the first
study of its kind to demonstrate differences in age-related
volumetric decreases due to Al drug use. MRI may provide
an important tool for tracking and understanding the prophy-
lactic effects of anti-inflammatory drugs in the development
of AD.
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