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Abstract
Introduction: Chronic cigarette smoking is associated with increased risk for Alzheimer’s disease
(AD). The goal of this study was to determine if smoking history moderated the associations of age
and APOE genotype (the most robust risk factors for AD) on brain amyloid deposition, glucose
metabolism, and neurocognition in cognitively-normal elders.
Methods: Participants (n = 264) were grouped according to their APOE ε4 carrier status (ε4 carrier:
APOE4+; non-ε4 carrier: APOE4−) and smoking status (smokers: at least 1 year of smoking during
lifetime; never-smokers: no history of smoking). Approximately 89% of the smoking sample was
former-smokers. We specifically tested for interactions of smoking status with APOE ε4 carrier status and age on measures of cortical amyloid deposition, glucose metabolism, and neurocognition.
Results: (1) smoking status interacted with APOE ε4 carrier status, where smoker APOE4+ showed
lower glucose metabolism and poorer auditory-verbal learning and memory than never-smoking
APOE4−, never-smoking APOE4+, and smoking APOE4−; (2) smoking status interacted with age
on measures of semantic fluency, processing speed/set-shifting and global neurocognition; smokers, irrespective of APOE ε4 carrier status, demonstrated poorer performance with increasing age
than never-smokers; and (3) smoking APOE4+ and never-smoking APOE4+ showed greater cortical
amyloid deposition than never-smoking APOE4− and smoking APOE4−.
Conclusions: The findings indicate consideration of smoking history is essential to both better understand the factors associated with neurobiological and neurocognitive abnormalities in
elders, and the risk for development of AD-related neuropathology.

Introduction
The pathophysiological process promoting Alzheimer’s disease
(AD) is hypothesized to begin several decades before the onset of

dementia.1 During the preclinical stages,1,2 AD-related pathological
makers are indicated to manifest in the following order: (1) regional
cortical amyloid beta (Aβ) and tau accumulation; (2) regional synaptic dysfunction (as measured by glucose metabolism); (3) regional
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brain volume loss; and (4) subtle cognitive impairment. It is proposed that as the neuropathological abnormalities accrue during the
preclinical stages, there is a transition from normal brain function to
mild cognitive impairment (MCI), which is typified by AD-like neuropathology and clinically significant memory deficits.3,4 Although
MCI may be caused by neurodegenerative processes other than AD,
a large proportion of MCI patients ultimately develop dementia.4
While the pathophysiological mechanisms promoting the AD-related
neurobiological abnormalities have yet to be definitively identified,
increasing age, followed by inheritance of the ε4 allele of the apolipoprotein gene (APOE), are currently indicated to be the greatest
risk factors for late-onset AD.5–7 Increasing age and the APOE ε4
allele are both associated with significantly increased cerebral Aβ
accumulation and decreased regional glucose metabolism,8–11 which
are suggested to be among the earliest appearing biomarkers of the
AD pathological process.
To date, human clinical trials on disease-modifying medications
for AD have yielded disappointing results.2,12 Therefore, it is of paramount importance to identify risk factors for AD that are modifiable, that is, conditions/behaviors that can be effectively targeted to
reduce their prevalence prior to, or at the inception of MCI,13 in
order to promote a decrease in the prevalence of AD.14 Cognitive
engagement/activity, diet/nutritional supplement intake, physical
activity level, vascular risk factors, alcohol consumption level, mood
disorders, and cigarette smoking have been proposed as modifiable/
treatable risk factors for AD.6,15,16 With respect to cigarette smoking,
recent meta-analyses and cohort studies suggest cigarette smoking
is robustly associated with increased risk for AD (see17 for review).
Barnes and Yaffe14 estimated that smoking accounts for 574 000
(11%) of AD cases in the United States and 4.7 million (14%)
cases worldwide. A 10% reduction in the total number of smokers
in the United States and worldwide was projected to decrease the
prevalence of AD cases by 51 000 and 412 000, respectively. Taken
together, cigarette smoking has emerged as a one of the predominant
modifiable risk factor for AD; however, the biological mechanisms
by which cigarette smoking increases the risk for AD have not been
fully delineated (see17 for review).
Age and APOE genotype have been shown to interact with other
genetic and/or modifiable environmental risk factors to increase
or decrease risk for AD-related neuropathology or dementia.14,18–20
Therefore, a history of chronic cigarette smoking in cognitively-normal elders may interact with age and/or APOE genotype to promote
increased abnormalities in AD-related pathological makers that appear
early during the preclinical stage of AD. In this study, we compared

cognitively-normal elders on positron emission tomography (PET)
measures of cortical Aβ deposition (via florbetapir retention) and
glucose metabolism (via fluorodeoxyglucose uptake), as well as on
measures of neurocognition. The relationships observed between Aβ
deposition and glucose metabolism measures and neurocognitive function are inconsistent across studies of cognitively-normal elders (see17
for review). Therefore, we also examined the associations of fluorodeoxyglucose (FDG) uptake and florbetapir retention levels with neurocognition. We predicted interactions among APOE ε4 allele carrier
status (carrier vs. noncarrier) and smoking status (history of smoking
vs. never-smokers); these interactions will be driven primarily by significantly greater cortical Aβ deposition, decreased glucose metabolism,
and poorer learning and memory in APOE ε4 carriers with a history of
smoking, relative to APOE ε4 noncarrier never-smokers. Additionally,
we postulated smoking status interacts with age, where smokers show
greater age-related changes on measures of processing speed (ie, tasks
that require that require fast and accurate responses).

Methods
Participants
Data used in preparation of this study were obtained from the
Alzheimer Disease Neuroimaging Initiative (ADNI) database (www.
loni.usc.edu/ADNI). ADNI is an ongoing, longitudinal, 50 site multicenter study (United States and Canada) designed to develop clinical,
imaging, genetic, and biochemical biomarkers for the early detection
and tracking of AD. ADNI is the result of the concerted effort of
numerous coinvestigators from multiple academic institutions and
private corporations. For current information on the ADNI project,
see http://adni.loni.usc.edu/about/). Written informed consent was
obtained from all participants before initiation of study procedures.
The study was conducted according to the Declaration of Helsinki,
and US 21 CFR Part 50—Protection of Human Subjects, and Part
56—Institutional Review Boards.
The cognitively-normal participants (n = 264) in this study were
primarily Caucasian (95%) and recruited from multiple sites in the
United States from 2005 to 2014 as part of the ADNI-1, ADNI-GO,
and ADNI-2 study phases. Eighty-one (31%) and 183 (69%) participants were from the ADNI-1 and ADNI-GO/2 study phases,
respectively. Inclusion/exclusion criteria for ADNI cognitively-normal
participants are fully described in at www.adni-info.org. See Table 1
for demographic and clinical information. Briefly, all participants were
between the ages of 56 and 94 years of age, had completed at least

Table 1. Participant Demographics and Clinical Variables
Variable
Age
Education
Male (%)
Mini Mental Status Exam
Geriatric Depression Inventory
Body mass index
Statin/cholesterol absorption inhibitor use (%)
Antihypertensive use (%)
Triglycerides (mg/dL)
Total cholesterol (mg/dL)
Modified Hachinski score

Never-smoker
APOE4− (n = 113)

Never-smoker
APOE4+ (n = 41)

Smoker
APOE4− (n = 79)

Smokers
APOE4+ (n = 31)

75.8 ± 7.2
16.8 ± 2.5
45
29.1 ± 1.2
<1
27.4 ± 4.3
36
43
135 ± 71
192 ± 37
<1

73.6 ± 7.9
16.3 ± 3.1
42
28.7 ± 1.4
<1
26.8 ± 4.9
27
39
136 ± 93
198 ± 41
<1

76.8 ± 5.6
16.3 ± 2.8
59
28.9 ± 1.2
<1
27.9 ± 5.1
37
43
135 ± 84
188 ± 38
<1

74.5 ± 5.7
15.6 ± 2.4
48
28.6 ± 1.5
<1
27.3 ± 3.7
32
55
168 ± 91
207 ± 38
<1
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6 years of formal education, were free of any clinically significant neurologic disease, or history of an alcohol/substance use disorder, had
a Mini Mental State Examination score of at least 24, and Clinical
Dementia Rating Scale score of zero. Participants were assigned as
never-smokers (n = 154) if they reported no history of smoking during lifetime, and smokers if they indicated at least 1 year of smoking
during lifetime (smokers; n = 110; pack-years = 26 ± 21); 11% (n = 12)
were active-smokers at the time of study; former-smokers (n = 98) quit
smoking 34 ± 15 (min = 1, max = 44; median = 37) years before study.

Florbetapir and FDG PET
Florbetapir and FDG PET data were acquired and processed as
previously described.21–23 Full PET protocols and data are available
online (http://adni.loni.usc.edu). In summary, quantification of florbetapir and FDG involved co-alignment of PET data with 3 Tesla,
3D T1-weighted magnetic resonance imaging (MRI) scans that
were parcellated into individual cortical regions via FreeSurfer.24–27
For florbetapir, mean florbetapir uptake (standardized uptake value
ratio) were extracted from gray matter within lateral and medial
anterior frontal, posterior cingulate, lateral parietal, and lateral temporal regions and standardized to uptake in the whole cerebellum
(white and gray matter). Florbetapir standardized uptake value ratio
(SUVR) levels greater than 1.11 are considered “amyloid positive,”
so a binary variable florbetapir-cutoff (≤1.11 vs. >1.11) was created
based on this threshold. A florbetapir SUVR level greater than 1.11
corresponds to the upper limit of the 95% confidence interval for
healthy cognitively-normal young adults and is consistent with the
lower limit of a separate autopsy-validated AD sample (see28 and
references therein). For FDG, mean values were extracted from the
bilateral angular gyrus, posterior cingulate, and inferior temporal
gyrus, and standardized to the pons/cerebellar vermis; a Composite
FDG region was formed by taking the arithmetic average of the
standardized mean values for the angular gyrus, posterior cingulate,
and inferior temporal gyrus.

Neurocognitive, Behavioral, and Clinical Measures
From the ADNI neurocognitive battery, the following measures were
selected: Rey Auditory Verbal Learning Test (AVLT): immediate and
delayed recall; Wechsler Memory Scale-Revised Logical Memory:
immediate and delayed recall; Category Fluency (Animals), Trail
Making Test (Parts A and B). Numbers of correct words recalled
for trails 1–5 were summed from the AVLT to form the immediate recall measure. The foregoing measures were selected because
they are sensitive to the effects of chronic smoking29 and polymorphisms of the APOE gene.30 Additionally, the Alzheimer’s Disease
Assessment Scale-Cognitive (13-item modification) subscale, and
the Mini Mental Status Examination were selected as measures of
global cognitive function, and the Geriatric Depression Scale (GDI)
assessed for self-reported unipolar depressive symptomatology. Total
score for the Modified Hachinski Scale was calculated. Raw scores
for the above neurocognitive measures were standardized to neversmoking APOE noncarriers to form t-scores. Measures of total
plasma triglycerides and cholesterol were also obtained. See www.
adni-info.org/scientists/CognitiveTesting.aspx for corresponding references and administration procedure for the foregoing measures.

Design and Statistics
ADNI-1 participants completed their PET scans 55 ± 7 months after
baseline assessment and ADNI-GO/ADNI-2 participants underwent
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PET scans at baseline assessment. Neurocognitive, behavioral,
and clinical measures were obtained at the time of PET scans for
all participants. To adjust for previous exposure to neurocognitive
testing for ADNI-1 participants, ADNI study phase (ADNI-1 vs.
ADNI-GO/2) served as a binary factor in all analyses.
Generalized linear models were used in all analyses. Generalized
linear modeling employs maximum likelihood parameter estimation; a chi-square statistic (Wald), and corresponding P value, is
generated for each parameter estimate. The following variables
served as predictors of Florbetapir SUVR and Composite FDG
dependent measures: sex, ADNI study phase, education, smoking
status (smokers vs. nonsmokers) and APOE ε4 carrier status (carrier [APOE4−] vs. noncarrier [APOE4+]), as well as interactions
among smoking status and age, and APOE ε4 carrier status and
age. The following variables served as predictors of all neurocognitive dependent measures: sex, ADNI study phase, education,
composite FDG and florbetapir levels, smoking status and APOE
ε4 carrier status, as well as interactions among smoking status
and age, and APOE ε4 carrier status and age. All main effects,
interactions, and t tests for a priori predictions were considered
statistically significant at P < .05. Significant main effects and/or
interactions (among categorical predictors) were followed-up with
pairwise t tests (two-tailed). Effect sizes (ES) for mean differences
on dependent measures among the four groups were calculated
with Cohen’s d; magnitudes for Cohen’s d are as follows: weak ≤
0.49; moderate 0.50–0.79; strong ≥ 0.80.31 Comparisons of neversmoker APOE4−, never-smoker APOE4+, smoker APOE4−, and
smoker APOE4+ on frequency of amyloid positivity (ie, florbetapir levels > 1.11) were conducted with the chi-square test and z
test for proportions of independent groups. In smokers, associations of pack-years and years of smoking cessation with florbetapir level, FDG, and neurocognitive measures were examined; all
associations were controlled for multiple comparisons via false
discovery rate.32

Results
Participants
Smoking APOE4+ had significantly lower education than neversmoking APOE4− (P = .02), and higher cholesterol than neversmoker APOE4− and smoker APOE4− (both P < .04). No significant
differences among groups were observed for age, triglycerides, modified Hachinski total score or use of statins/cholesterol absorption
blocking, and antihypertensive medications (Table 1). There were
no significant differences between smoking APOE4+ and smoking
APOE4− on the frequency of active smokers, pack-years, and the
number of years of smoking cessation (all P > .70).

Group Comparisons on Florbetapir, FDG, and
Neurocognitive Measures
Florbetapir
Main effects for smoking status [χ2(1) = 7.77, P = .005], APOE4 carrier status [χ2(1) = 32.36, P < .001], and sex [χ2(1) = 3.91, P = .048]
were observed. Follow-up pairwise comparisons indicated smoking
APOE4+ (ES = 1.18) and never-smoking APOE4+ (ES = 0.74) showed
higher florbetapir retention level than never-smoking APOE4− (all P <
.015; see Figure 1). Similarly, smoking APOE4+ (ES = 0.91) and neversmoking APOE4+ (ES = 0.48) showed higher florbetapir level than
smoking APOE4− (both P < .015). Smoking APOE4− demonstrated

4

Figure 1. Florbetapir retention level across groups. Higher values indicate
greater amyloid level. Levels above the horizontal line indicate amyloid
positivity. Mean ± standard error of the mean.

a trend for a higher level than never-smoking APOE4− (P = .082;
ES = 0.26), and smoking APOE4+ showed a trend for higher florbetapir level than never-smoking APOE4+ (P = .067; ES = 0.44).
Females showed a higher florbetapir level than males. The frequency
of amyloid positive (ie, above the 1.11 cutoff) cases for each group,
based on predicted scores from the above analyses, were significantly
different [χ2(3) = 204.2, P < .001] and as follows: 0% of never-smoking APOE4−, 85% of never-smoking APOE4+, 13% of smoking
APOE4−, and 94% of smoking APOE4+. Approximately 28% of the
total sample was amyloid positive. Never-smoking APOE4− had a
significantly lower proportion of amyloid positive cases than all other
groups; smoking APOE4− lower proportion of amyloid positive
cases than never-smoking APOE4+ and smoking APOE4+ (all P <
.05), and never-smoking APOE4+ and smoking APOE4+ showed an
equivalent proportion of amyloid positive cases.
FDG
A smoking status × APOE4 carrier status interaction was observed
[χ2(1) = 4.46, P < .001; Figure 2], where smoking APOE4+ had
significantly lower FDG uptake than never-smoker APOE4− (P <
.001; ES = 0.77), never-smoker APOE4+ (P = .005; ES = 0.68),
and smoker APOE4− (P = .003; ES = 0.62). Main effects were
yielded for smoking status [χ2(1) = 10.59, P = .001], APOE4 carrier status, [χ2(1) = 4.55, P = .033], and age [χ2(1) = 13.42, P <
.001]; smokers showed lower FDG uptake than never-smokers,
APOE4 carriers had lower FDG uptake than non-carriers, and
increasing age was associated with lower FDG uptake.
Neurocognition
AVLT Immediate Recall: A smoking status × APOE4 carrier status
interaction was observed [χ2(1) = 4.43, P = .035], where smoking
APOE4+ had significantly lower immediate recall than never-smoker
APOE4− (P = .032; ES = 0.48), never-smoker APOE4+ (P = .023;
ES = 0.60), and smoker APOE4+ (P = .022; ES = 0.53). Main effects
were yielded for sex [χ2(1) = 18.07, P < .001], age [χ2(1) = 20.07, P
< .001], and education [χ2(1) = 4.43, P = .003]; males performed significantly worse than females, greater age was associated with lower
immediate recall, and lower education was associated with poorer
performance.
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Figure 2. Composite glucose uptake level across groups. Higher values
indicate greater glucose metabolism. Mean ± standard error of the mean.

AVLT Delayed Recall: A smoking status × APOE4 carrier status interaction was observed [χ2(1) = 7.42, P = .006], where smoking APOE4+
had significantly lower delayed recall than never-smoker APOE4+
(P = .019; ES = 0.62). Main effects were yielded for sex [χ2(1) = 10.52,
P = .001] and age [χ2(1) = 10.46, P = .001]; males performed worse
than females, and greater age was associated with poorer performance.
Logical Memory Immediate Recall: Main effects were observed for
smoking status [χ2(1) = 3.86, P = .049] and education [χ2(1) = 6.33,
P = .012]; smokers performed significantly worse than never-smokers, and lower education was associated with poorer performance.
Pairwise comparisons showed smoking APOE4+ had significantly
poorer immediate recall than never-smoking APOE4− (P = .011;
ES = 0.57), and smoking APOE4− (P = .045; ES = 0.46), with
a trend for lower recall than never-smoking APOE4+ (P = .059;
ES = 0.50).
Logical Memory Delayed Recall: A main effect was found for smoking status [χ2(1) = 3.86, P = .032], where smokers performed significantly worse than never-smokers. Pairwise comparisons showed
smoking APOE4+ had significantly poorer delayed recall than
never-smoking APOE4− (P = .02; ES = 0.52), and smoking APOE4−
(P = .026; ES = 0.59), with a trend for lower recall than never-smoking APOE4+ (P = .051; ES = 0.45).
Semantic Fluency: A smoking status × age interaction was observed
[χ2(1) = 4.66, P = .031], where smokers showed significantly poorer
semantic fluency with increasing age compared with never-smokers.
Main effects were yielded for age [χ2(1) = 17.57, P < .001] and education [χ2(1) = 14.49, P < .001]; greater age was associated with
worse performance, and lower education was associated with poorer
performance.
Trails A: A main effect for education was yielded [χ2(1) = 3.86,
P = .032], where lower education was associated with worse
performance.
Trails B: A smoking status × age interaction was observed
[χ2(1) = 7.72, P = .005; see Figure 3], where smokers showed

Nicotine & Tobacco Research, 2015, Vol. 00, No. 00
significantly poorer performance with increasing age compared
with never-smokers. A main effects was seen for education
[χ2(1) = 3.99, P < .001]; lower education was associated with
poorer performance.
Alzheimer’s Disease Assessment Scale-Cognitive: A smoking status
× age interaction was detected [χ2(1) = 5.23, P = .022], where smokers showed significantly poorer performance with increasing age compared with never-smokers. Main effects were seen for sex [χ2(1) = 11.82,
P = .001] and age [χ2(1) = 28.85, P < .001]; males were inferior to females,
and greater age was associated with poorer performance.
There were no significant interactions between smoking status
and sex, or of APOE4 carrier status with age or sex for any of the
above dependent measures. Florbetapir (also as a binary variable,
ie, amyloid positive vs. amyloid negative, data not shown) and FDG
measures were not significant predictors of any of the above neurocognitive tests. Additionally, vascular risk factors (triglyceride
and total cholesterol levels, Modified Hachinski score) were not
significant predictors of any dependent measure. The reported findings were essentially unchanged when analyses were repeated after
removing active-smokers (approximately 11% of smoking sample)
from the smoking sample.
Associations of Smoking Severity With Florbetapir, FDG, and
Neurocognitive Measures in Smokers
After false discovery rate correction, pack-years, lifetime years of
smoking, and years of smoking were not significantly related to florbetapir, FDG, or neurocognitive measures in smoking APOE4+ and
smoking APOE4−.

Conclusions
The main findings from this cohort of cognitively-normal elders
were as follows: (1) Smoking status interacted with APOE4 carrier status, where APOE4+ showed lower glucose metabolism and
poorer performance on a auditory-verbal learning and memory list

Trails B (T-score)

Smoker

Never-Smoker

Age
Figure 3. Age-related effects on Trails B performance in smokers and neversmokers. Higher scores reflect poorer performance.
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learning task (ie, AVLT) than never-smoking APOE4−, never-smoking APOE4+ and smoking APOE4−; (2) On measures of semantic
fluency, processing speed/set-shifting and global neurocognition,
smoking status interacted with age; irrespective of APOE4 carrier
status, smokers demonstrated poorer performance with increasing
age than never-smokers on these measures; (3) Smokers were inferior to never-smokers on an auditory-verbal and learning and memory story recall task (ie, Logical Memory); (4) Smoking APOE4+
and never-smoking APOE4+ showed greater cortical amyloid deposition than never-smoking APOE4− and smoking APOE4−; and (5)
Across the sample, cortical amyloid deposition and glucose metabolism levels were not related to any neurocognitive measure. No
significant relationships of smoking severity/cessation with cortical
amyloid deposition, glucose metabolism or neurocognitive measures were observed.
The APOE ε4 allele and increasing age are currently indicated
to be the greatest risk factors for late onset AD. In this cohort of
cognitively-normal elders, smoking status interacted with APOE4
carrier status on measures of glucose metabolism and auditory-verbal learning and memory, and with age on semantic fluency, processing speed/set-shifting and global neurocognition measures. On
measures of glucose metabolism and auditory-verbal learning and
memory (based on a list learning task), smoking APOE4+ generally showed the moderate magnitude differences from never-smokers APOE4− and never-smoker APOE4+, followed by smoker
APOE4−; there were no significant differences between neversmoker APOE4−, never-smoker APOE4+, and smoker APOE4−
on these measures. In middle-aged and elder adults, both chronic
smokers29 and APOE4+33 demonstrated poorer performance on
measures of learning and memory, processing speed and global
cognition. In some studies, former-smokers across adulthood performed intermediate to active and never-smokers.29 Cognitivelynormal middle-aged and elder APOE4 carriers showed lower
regional glucose metabolism than non-APOE4 carriers11,33 and
lower regional cortical blood flow, which is closely coupled with
cortical glucose metabolism, was reported in adult smokers.29
However, in the foregoing studies, the effects of smoking status,
APOE4 carrier status and their interaction were not concurrently
evaluated. In the current study, smoking status also interacted with
age, where smokers, independent of APOE4 carrier status, showed
poorer performance with increasing age than never-smokers on
measures of semantic fluency, processing speed/set-shifting and
global neurocognition. Although no significant mean differences
were observed among the four groups on measures of semantic
fluency, processing speed/set-shifting, and global neurocognition,
the findings indicated that both APOE4− and APOE4+ smokers
showed significantly greater age-related changes on these measures.
Increasing age34,35 and chronic smoking29,36 are independently associated with poorer performance on measures of processing speed
and global cognitive function in middle-aged and elder adults.
The findings from this study are consistent with reports suggesting chronic smoking is associated with greater adverse age-related
effects on neurocognition and regional brain atrophy in cognitively-normal adults.29,37,38
For cortical amyloid deposition, additive main effects for smoking status and APOE4 carrier status were apparent, but the effect
size for APOE4 carrier status was substantially larger than for
smoking status (data not shown). The largest magnitude difference (ES = 1.18) was between smoking APOE4+ and never-smoking APOE4−. We previously found that cognitively-normal elders
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with a history of smoking demonstrated significantly greater amyloid deposition in the cingulate, parietal, and temporal gray matter than never-smokers;17 however, specific comparisons among
groups as a function of smoking status and APOE carrier status
were not conducted. It is noteworthy that none of the never-smoking
APOE4− were amyloid positive (ie, above the 1.11 cutoff), while
85% of never-smoking APOE4+, 13% of smoking APOE4−, and
94% of smoking APOE4+ were amyloid positive. Approximately
28% of the total sample was amyloid positive, which was primarily driven by smoking and nonsmoking APOE4+. The frequency
of amyloid positive participants observed across this cohort is consistent with studies indicating approximately 30% of cognitivelynormal elders exhibit amyloid deposition levels that are observed in
AD cases,28,39,40 but the frequencies observed in never-smoking and
smoking APOE4+ are markedly higher than expected. Our findings
are commensurate with the strong APOE4 carrier status effect typically observed on cortical amyloid deposition.8 However, previous
human postmortem studies reported a history of chronic cigarette
smoking was associated with higher cerebral amyloid levels (see17
for review).
Compared to males, females showed greater amyloid deposition
despite better auditory-verbal learning and memory performance
and global neurocognitive function. These findings are consistent
with previous studies that reported higher amyloid levels (via PET)41
and better learning and memory in cognitively-normal elder females
relative to males.29 On the AVLT, a list learning task, smoking status interacted with APOE carrier status, but on Logical Memory, a
story recall task, only main effects for smoking status were observed.
Although both the AVLT and Logical Memory are measures of auditory-verbal learning and memory, performance on story tasks benefits from the intrinsic semantic organization of the material, while
word-list tasks necessitates the self-generation of organizational
strategies.
Overall, the greatest neurobiological and neurocognitive abnormalities were observed in smoking APOE4+. Except for cortical amyloid level, smoking APOE4− were generally intermediate
to smoking APOE4+ and never-smoking APOE4− and APOE4+
across measures. Based on recently suggested criteria2 proposed
to operationalize and stage the severity of the neuropathological
correlates of preclinical AD, smoking APOE4+ showed elevated
amyloid, neuronal injury (as measured with FDG PET), and subtle
cognitive dysfunction; this corresponds to the most advanced preclinical AD stage (so called stage 3). Eighty-nine percent of smokers
in this sample were former smokers with 34 ± 15 of smoking cessation; therefore, the greater cortical amyloid deposition, lower glucose metabolism, and poorer neurocognition exhibited by smoking
APOE4+ may reflect the extended residual consequences of chronic
smoking into middle-age. The observed findings were not likely fully
mediated by vascular risk factors, given the equivalence of groups on
triglyceride level, modified Hachinski total score, and use of statins/
cholesterol absorption blocking and antihypertensive medications.
Additionally, the foregoing variables and cholesterol level were not
significant predictors of any dependent measure. See17 for review of
potential mechanisms by which chronic smoking may increase risk
for AD-related neuropathology and neurocognitive decline.
This study has limitations that may influence the generalizability of the findings. The sample was composed of predominately
well-educated Caucasians. Cigarette smoking in the United States
is associated with at least a 10-year reduction in life expectancy,42
which may create a survivor bias. In other words, the study of the

neurobiological and neurocognitive effects of smoking in elders will
tend to be biased toward the healthiest smokers—individuals who
survived or did not experience significant smoking-related morbidity.43,44 Consequently, the effects of smoking status on the dependent
measures in this elder sample may be underestimated due to survivor
bias. Given the lack of associations between cigarette consumption
variables (eg, pack-years), years of smoking cessation in the smoking groups, and dependent measures in this study, the observed
group differences may have been influenced by comorbid/premorbid
conditions (eg, subclinical pulmonary, cerebrovascular disease) not
accounted for in this research.
Results indicated that chronic smoking, even with several decades
of smoking cessation, was associated with brain injury and cognitive deficiencies, primarily in the presence of APOE ε4 or increasing
age. Notably, the observed group differences did not appear to be
attributable to smoking-related morbidity such as vascular disease
risk factors. Smoking status had a more limited effect on the level
of amyloid pathology than APOE ε4. This suggests that smoking
may increase the risk for AD-related brain injury and dysfunction
through non-amyloid pathways.45 However, the results support the
supposition that modifiable environmental factors, such as chronic
smoking, may interact with genetic predispositions to increase the
risk for AD-related neuropathology.17,46 Despite markedly elevated
cortical amyloid deposition and decreased glucose metabolism,
smoking APOE4+ were cognitively-normal, which, at least partially,
may be related to survivor bias44 and/or high cognitive reserve47 in
this highly educated Caucasian sample. Amyloid deposition and glucose metabolism were not significant predictors of neurocognition
in this sample of cognitively-normal elders, which is consistent with
several previous reports (see17 for review). However, increased rate of
amyloid accumulation and decreased glucose metabolism are associated with heightened risk for cognitive decline in cognitively-normal
elders, as well as conversion from MCI to AD;48–50 therefore, longitudinal tracking of this sample of APOE ε4 carriers with a history
of cigarette smoking may advance our understanding of the factors
promoting increased risk for, as well as resiliency to, AD-dementia,
particularly in the rapidly growing numbers of oldest-old (ie,
≥90 years of age) in the United States.51 In conclusion, results from
this study provide additional novel evidence of the adverse effects of
chronic smoking on the brain and its functions, particularly in the
presence of AD-related biological risk factors. The findings indicate
that, even with extended smoking cessation, chronic smoking may
be associated with potentially enduring deleterious effects on neurobiology and neurocognition in elder adults.
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