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Context: Smoking is a possible risk factor for dementia,
although itsimpact may have been underestimated in elder-
ly populations because of the shorter life span of smokers.

Objective: To examine the association between smok-
ing history and cognitive decline in the transition from
midlife to old age.

Design: Cohort study.

Setting: The Whitehall IT study. The first cognitive as-
sessment was in 1997 to 1999, repeated over 2002 to 2004
and 2007 to 2009.

Participants: Data are from 5099 men and 2137 women
in the Whitehall II study, mean age 56 years (range, 44-69
years) at the first cognitive assessment.

Main Outcome Measures: The cognitive test battery
was composed of tests of memory, vocabulary, execu-
tive function (composed of 1 reasoning and 2 fluency
tests), and a global cognitive score summarizing perfor-
mance across all 5 tests. Smoking status was assessed over
the entire study period. Linear mixed models were used
to assess the association between smoking history and
10-year cognitive decline, expressed as z scores.

Results: In men, 10-year cognitive decline in all tests
except vocabulary among never smokers ranged from a
quarter to a third of the baseline standard deviation.
Faster cognitive decline was observed among current
smokers compared with never smokers in men (mean
difference in 10-year decline in global cognition=-0.09
[95% CI, —-0.15 to —0.03] and executive function=-0.11
[95% CI, -0.17 to -0.05]). Recent ex-smokers had
greater decline in executive function (-0.08 [95% CI,
-0.14 to -0.02]), while the decline in long-term
ex-smokers was similar to that among never smokers.
In analyses that additionally took dropout and death
into account, these differences were 1.2 to 1.5 times
larger. In women, cognitive decline did not vary as a
function of smoking status.

Conclusions: Compared with never smokers, middle-
aged male smokers experienced faster cognitive decline
in global cognition and executive function. In ex-
smokers with at least a 10-year cessation, there were no
adverse effects on cognitive decline.
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HE NUMBER OF DEMENTIA

cases worldwide, esti-

mated at 36 million in

2010, is on the rise and pro-

jected to double every 20
years.! Smoking is increasingly recog-
nized as a risk factor for dementia in el-
derly individuals.?* There is also evi-
dence to suggest that its impact on adverse
cognitive outcomes, including dementia,
may have been underestimated owing to
selection effects as a result of greater mor-
tality among smokers in midlife.>® The ex-
tent to which smoking increases the risk
of cognitive decline remains unclear,” as
few studies have investigated this associa-
tion*" particularly in nonelderly popu-
lations.”*!%" The fact that smokers have

greater risks of respiratory and cardiovas-
cular diseases,'® both linked to cognitive
impairment,'"° suggests that they may also
experience faster cognitive decline.
Public health messages have led many
individuals to give up smoking but the ex-
tent to which this change in behavior in-
fluences subsequent cognitive decline re-
mains unclear.” We previously reported
smokers compared with nonsmokers to
have poorer memory and greater decline
in reasoning over 5 years using 2 waves
of data.” The aim of the present article was
to examine the association between smok-
ing history and decline in multiple do-
mains of cognition using 3 waves of cog-
nitive data, for a total follow-up of 10 years.
Smoking status was assessed over a 25-
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year period, starting 10 years prior to the first cognitive
assessment, allowing us to investigate the impact on cog-
nitive decline of persistent smoking, intermittent smok-
ing, and smoking cessation. A key objective was to take
into account the potential bias in the estimates of cog-
nitive decline due to selection effects as a result of mor-
tality or dropout over the follow-up. To do this, we used
a method that allows joint modeling of cognitive de-
cline, time to dropout, and time to death.?*** A final ob-
jective was to examine whether age modifies the asso-
ciation between smoking and cognitive decline.

- EEETEEES

STUDY POPULATION

The Whitehall IT study is based on employees of the British Civil
Service.” At study inception (phase 1, 1985-1988), 10 308 par-
ticipants (67% men) underwent a clinical examination and com-
pleted a self-administered questionnaire. Subsequent phases of
data collection have alternated between postal questionnaire
alone (phases 2 [1988-1990], 4 [1995-1996], 6 [2001], and 8
[2006]) and postal questionnaire accompanied by a clinical ex-
amination (phases 3 [1991-1994], 5 [1997-1999], 7 [2002-
2004], and 9 [2007-2009]). Cognitive testing was introduced
to the study at phase 5 (age range, 44-69 years) and repeated
at phases 7 (age range, 50-74 years) and 9 (age range, 55-80
years). All participants provided written consent and the Uni-
versity College London ethics committee approved this study.

SMOKING

Data on cigarette smoking were collected at phases 1, 2, 3, 5, 7,
and 9 using questions on smoking status (current, past, or never),
age at which the participant started smoking, average number of
cigarettes per day, and ounces of tobacco smoked in hand-rolled
cigarettes per week. Ex-smokers reported the age at which they
had stopped smoking. The measure of smoking history at phase
5 (to coincide with the first measure of cognition) comprised the
following categories: current smoker at phase 5, recent ex-
smoker (stopped smoking between phases 1 and 5), long-term
ex-smoker (those who stopped before phase 1), and never smoker.
We also used data on the number of cigarettes smoked per day
to calculate pack-years of smoking (the average number of ciga-
rettes smoked per day/20 X number of years of smoking).

We defined smoking status over the follow-up (phases 5,
7,and 9) as persistent smokers (those smoking at phases 5 and
9), intermittent smokers (quitters who started smoking again),
and quitters (stopped smoking after phase 5). Participants cor-
responding to none of these categories were classified using
smoking history defined at phase 5, as described earlier.

COGNITION

Cognitive function was assessed using a battery of 5 tests. Short-
term verbal memory was assessed with 20 one- or 2-syllable
words presented at 2-second intervals that the participants had
2 minutes to recall in writing. Vocabulary was assessed using
the Mill Hill Vocabulary Test,** in its multiple-choice format,
consisting of a list of 33 stimulus words ordered by increasing
difficulty and 6 response choices. Executive function was de-
rived from 3 tests: the timed (10 minutes) Alice Heim 4-I test,
which assesses reasoning and is composed of a series of 65 ver-
bal and mathematical reasoning items of increasing diffi-
culty,” and 2 measures of verbal fluency, phonemic, which is

assessed via S words, and semantic fluency, which uses the names
of animals.?® One minute was allowed for each test. The mean
of the standardized z scores of these 3 tests (mean [SD]|=0 [1])
using the mean and standard deviation from phase 5 was used
as the executive function score.

A global cognitive score was created using all 5 tests de-
scribed earlier by first standardizing the raw scores on each test
to z scores (mean [SD]=0 [1]) using the mean and standard
deviation at phase 5 in the entire cohort for each test. The 2
scores were then averaged to yield the global cognitive score,
seen to minimize problems due to measurement error.**

COVARIATES AT PHASE 5

Sociodemographic variables included were age, sex, marital sta-
tus (married/cohabiting vs others), and socioeconomic status using
2 measures: occupational position (high [administrative], inter-
mediate [professional or executive], and low [clerical or support])
and education (less than primary school [until age 11 years], lower
secondary school [until age 16 years], higher secondary school [un-
til age 18 years]|, university, and higher university degree).

Health behaviors included alcohol consumption, assessed
via questions on the number of alcoholic drinks (“measures”
of spirits, “glasses” of wine, and “pints” of beer) consumed in
the last 7 days and categorized as none or less than 1 unit/wk
(no alcohol), moderate drinkers (1-14 units/wk in women and
1-21 units/wk in men), and heavy drinkers (=15 units in women
and =21 units in men); frequency of fruit and vegetable con-
sumption, assessed using the question “How often do you eat
fresh fruit or vegetables?” (responses were on an 8-point scale,
ranging from seldom or never to 2 or more times a day); and
physical activity, categorized as active (=2.5 h/wk of moder-
ate or =1 h/wk of vigorous physical activity), inactive (<1 h/wk
of moderate and <1 h/wk of vigorous physical activity), or mod-
erately active (if not active or inactive).”

Health measures included resting heart rate, serum choles-
terol level, systolic and diastolic blood pressure, and preva-
lence of coronary heart disease, stroke, and diabetes mellitus.
Resting heart rate was measured via electrocardiogram with par-
ticipants in the supine position and categorized as less than 60,
60 to 80, and more than 80 beats/min.*® Blood pressure was
measured twice with the participant sitting after a 5-minute rest
using the Hawksley random-zero sphygmomanometer. The av-
erage of 2 readings was taken to be the measured blood pres-
sure. Fasting serum cholesterol level was measured within 72
hours in serum stored at 4°C using enzymatic colorimetric meth-
ods. Coronary heart disease prevalence was based on clini-
cally verified events and included myocardial infarction and defi-
nite angina.*' Stroke was assessed using a self-reported measure
of physician diagnosis. Diabetes was defined by a fasting glu-
cose level of 126 mg/dL or more (to convert to millimoles per
liter, multiply by 0.0555) or a 2-hour postload glucose level of
200 mg/dL or more or reported physician-diagnosed diabetes
or use of diabetes medication.*

COVARIATES OVER THE FOLLOW-UP

These included coronary heart disease and incident self-
reported stroke from phase 5 to phase 9 and lung function from
phases 7 and 9% measured using a portable flow spirometer (Mi-
croPlus Spirometer; Micro Medical Ltd) used herein as forced
expiratory volume in 1 second.*

STATISTICAL ANALYSES

We investigated the association between smoking history and
global cognition, memory, vocabulary, and executive func-
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tion. To allow comparability across tests, all scores were con-
verted to z scores (mean [SD]=0 [1]). Linear mixed models®
were used to estimate the association between the smoking his-
tory and 10-year cognitive decline. These models use all avail-
able data over the follow-up, handle differences in length of
follow-up, and take into account the fact that repeated mea-
sures on the same individual are correlated. We fitted both the
intercept and slope as random effects, allowing individual dif-
ferences both in cognitive performance at baseline and rate of
cognitive decline. Interaction terms suggested sex differences
in the association between smoking history and cognitive de-
cline (P=.03 for global cognition, P=.54 for memory, P=.15
for vocabulary, and P=.02 for executive function), leading us
to stratify the analyses by sex.

The linear mixed model included terms for time (indi-
vidual follow-up divided by 10 to yield effects of change over
10 years), age at baseline (centered at 55 years), smoking his-
tory at baseline, education, occupational position, marital sta-
tus, and the interaction of each of the covariates with time (model
1) to take into account the fact that all covariates can influ-
ence the rate of cognitive decline. The interaction term be-
tween smoking history and time provides the mean difference
in the 10-year decline among current smokers, long-term ex-
smokers, and recent ex-smokers compared with the never smok-
ers. This model was subsequently expanded to include covar-
iates and their interaction with time: first, other health behaviors
and health measures at phase 5 (model 2), then stroke and coro-
nary heart disease as time-dependent variables (model 3), and
finally the analyses presented in model 2 were repeated with
lung function added as a covariate (model 4).

Using models similar to model 1, we investigated dose-
response associations between smoking and cognitive decline
using pack-years of smoking (at phase 5) and the association
between smoking status over the follow-up and concurrent cog-
nitive change. A 3-way interaction term between age, smok-
ing history, and time was used to assess whether the effect of
smoking on cognitive decline differed as a function of age. The
results of this analysis are presented graphically to make them
easily understandable, with estimates of the regression coeffi-
cients from model 1 stratified at 55 years, the median age. In
the final set of analyses, we examined the impact of missing
data (due to death or dropout) on the estimates of cognitive
decline using joint modeling,**** which allowed us to take into
account the correlation between cognitive decline, time to drop-
out, and time to death (eAppendix “Methods” section, http:
/Iwww.archgenpsychiatry.com).

Several sensitivity analyses were conducted. First, interac-
tions of smoking with education (P>.43) and apolipoprotein
allele €4 (P> .24) were examined; although both variables were
associated with cognitive scores at baseline, they did not in-
fluence the association of smoking history with cognitive de-
cline. Second, we repeated the analysis among participants with
aMini-Mental State Examination score of 24 or more at phases
7 and 9 to ensure that the results were not being driven by po-
tential cases of dementia.*® Finally, we restricted the main analy-
sis to individuals with complete data, that is, those who had
cognitive data at all 3 waves. All analyses were performed with
SAS, version 9.2 (SAS Institute).

0 a0

SAMPLE DESCRIPTION AND MISSING DATA

Of the 10308 participants at phase 1 (1985-1988), 306
had died and 752 had dropped out from the study be-
fore the start of the cognitive data collection at phase 5

(1997-1999). Of the 9250 remaining individuals, 7495
participated in 1 or more of the 3 cognitive function as-
sessments over 10 years. All analyses are based on 7236
individuals who had complete data on smoking history
and other covariates; this group was similar in age (55.8
vs 56.0 years; P=.09) to those not included in the analy-
sis but composed of more men (70.5% vs 58.7%; P<<.001)
and persons from the higher occupational group (33.2%
vs 20.3%; P<<.001). Of those included in the analyses,
973 (13.4%) contributed to 1 wave of cognitive data, 1603
(22.2%) to 2 waves, and 4660 (64.4%) to all 3 waves. Of
those included in the analysis, 11.8% had less than pri-
mary school education, 35.0% had lower secondary school
education, 24.8% had finished school, 20.9% had a uni-
versity degree, and 7.5% had a postgraduate degree.

Table 1 shows characteristics of study participants
as a function of smoking history. Ten-year cognitive de-
cline in men aged 55 years (results not shown) was es-
timated at —0.34 of the baseline standard deviation (95%
CI, -0.35 to -0.32) for global cognition, -0.28 (95% CI,
-0.31 to -0.25) for memory, and -0.39 (95% CI, -0.41
to —0.37) for executive function. There was a small im-
provement in vocabulary scores (0.02; 95% CI, 0.00 to
0.03). The corresponding figures for women were -0.30
(95% CI, -0.33 to -0.28) for global cognition, -0.25 (95%
CI, -0.30 to -0.20) for memory, -0.37 (95% CI, -0.40
to -0.34) for executive function, and 0.05 (95% CI, 0.02
to 0.07) for vocabulary. Older individuals experienced
faster decline; for example, men (women) aged 65 years
compared with 55 years at baseline declined -0.10 (-0.11)
of the baseline standard deviation more in global cogni-
tion, -0.06 (-0.10) in memory, -0.10 (-0.10) in execu-
tive function, and -0.06 (-0.04) in vocabulary.

CROSS-SECTIONAL AND LONGITUDINAL
ASSOCIATION AS A FUNCTION
OF SMOKING HISTORY

Mean raw baseline cognitive scores and 10-year cogni-
tive change for all 5 cognitive tests are presented in eTable
1. The cross-sectional associations between smoking his-
tory and cognitive function at phase 5, estimated from
the mixed models (model 1), suggested that long-term
ex-smokers had better cognitive scores than never smok-
ers on all tests except memory, in both men and women
(eTable 2). Table 2 shows the estimates of subsequent
cognitive change over 10 years derived from the same
models. In men, compared with never smokers, current
smokers had a greater 10-year decline in global cogni-
tion (mean difference in decline=-0.09; 95% CI, -0.15
to —0.03) and executive function (-0.11; 95% CI, -0.17
to =0.05). This effect size was similar to the effect of 10
years of age on cognitive decline. Among recent ex-
smokers, decline in executive function (-0.08; 95% ClI,
-0.14 to -0.02) was faster than among never smokers.
Smoking history was not associated with cognitive change
in women.

In men, the associations between smoking history and
decline in global cognition and executive function were
not attenuated after adjustment for other health behav-
iors and health measures (eTable 3). Entering coronary
heart disease and stroke events as time-dependent co-
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Table 1. Characteristics of the Population as a Function of Smoking History at Phase 5 (1997-1999)
Phase 5 Characteristics by Sex Current Smoker  Recent Ex-Smoker  Long-term Ex-Smoker Never Smoker P Value?
No. (%)

Male 468 (9.2) 408 (8.0) 1825 (35.8) 2398 (47.0) :| - 001

Female 262 (12.3) 191 (8.9) 507 (23.7) 1177 (55.1) ’
Age, y, mean (SD)

Male 54.5 (5.6) 55.7 (6.1) 56.2 (5.9) 55.3 (6.1) <.001

Female 56.5 (5.9) 56.8 (5.9) 56.5 (6.1) 56.0 (6.0) 15
Married/cohabiting, No. (%)

Male 331 (70.7) 327 (80.2) 1579 (86.5) 2008 (83.7) .001

Female 145 (55.3) 117 (61.3) 315 (62.1) 704 (59.8) .32
High occupational position, No. (%)

Male 155 (33.1) 182 (44.6) 924 (50.6) 1367 (57.0) <.001

Female 39 (14.9) 32 (16.8) 123 (24.3) 230 (19.5) .009
University degree or higher, No. (%)

Male 93 (19.9) 125 (30.6) 494 (27.1) 918 (38.3) <.001

Female 22 (8.4) 29 (15.2) 110 (21.7) 263 (22.3) <.001
Heavy alcohol consumption,? No. (%)

Male 181 (38.7) 146 (35.8) 608 (33.3) 516 (21.5) <.001

Female 61 (23.3) 37 (19.4) 119 (23.5) 147 (12.5) <.001
Physically active,® No. (%)

Male 230 (49.2) 242 (59.3) 1126 (61.7) 1434 (59.8) <.001

Female 75 (28.6) 83 (43.5) 219 (43.2) 418 (35.5) <.001
Daily consumption of fruits and vegetables, No. (%)

Male 244 (52.1) 282 (69.1) 1329 (72.8) 1747 (72.9) <.001

Female 114 (56.5) 3154 (80.6) 398 (78.5) 944 (80.2) <.001
Heart rate >80 beats/min, No. (%)

Male 72 (15.4) 68 (16.7) 238 (13.0) 313 (13.1) .05

Female 25 (9.5) 33 (17.3) 85 (16.8) 193 (16.4) .03
SBP, mm Hg, mean (SD)

Male 123.1 (15.0) 125.6 (17.0) 125.0 (15.9) 123.1 (15.9) <.001

Female 119.8 (17.2) 121.8 (17.6) 122.6 (17.2) 122.8 (17.5) .09
DBP, mm Hg, mean (SD)

Male 77.4(9.9) 79.4 (11.4) 79.0 (10.1) 78.5 (10.6) .01

Female 73.4 (9.6) 74.5 (10.5) 75.7 (9.9) 75.7 (10.2) .005
Cholesterol level, mg/dL, mean (SD)

Male 231.7 (42.5) 235.5 (46.3) 231.7 (38.6) 223.9 (38.6) <.001

Female 235.5 (38.6) 231.7 (38.6) 235.5 (42.5) 231.7 (42.5) 40
Prevalence of CHD, No. (%)

Male 24 (6.4) 101 (6.3) 28 (7.8) 24 (6.4 15

Female 12 (4.6) 17 (8.9) 19 (3.8) 70 (6.0 .04
Prevalence of diabetes mellitus, No. (%)

Male 35 (7.5) 37 (9.1) 106 (5.8) 123 (5.1) .007

Female 6(2.3) 16 (8.4 37(7.3) 87 (7.4) .02
Prevalence of stroke, No. (%)

Male 5(1.1) 7(1 16 (0.9) 28 (1.2 .50

Female 2(0.8) 2 (1 8(1.6) 4 (0. .06

Abbreviations: CHD, coronary heart disease; DBP, diastolic blood pressure; SBP, systolic blood pressure.
Sl conversion factor: To convert cholesterol to millimoles per liter, multiply by 0.0259.

2 P for heterogeneity.

bHeavy alcohol consumption was defined as 15 units/wk or more in women and 21 units/wk or more in men.
CCorresponds to more than 2.5 h/wk of moderate physical activity or more than 1 h/wk of vigorous physical activity.

variates did not change these results (eTable 4). In men
with data on lung function (n=4100), adjustment for the
mean forced expiratory volume in 1 second over the fol-
low-up (phases 7 and 9) also did not reduce the associa-
tion (results not shown).

Analysis using pack-years of smoking in men showed
that for every 10 pack-years there was greater decline in
global cognition (mean 10-year cognitive de-
cline=-0.009; 95% CI, -0.017 to —0.001) and executive
function (-0.010; 95% CI, -0.019 to -0.001). No asso-
ciation with pack-years of smoking was observed in
women.

SMOKING STATUS OVER THE FOLLOW-UP AND
CONCURRENT COGNITIVE CHANGE

In men, compared with never smokers, persistent smok-
ers over the follow-up were more likely to show faster
decline in global cognition (-0.12; 95% CI, -0.19 to
-0.04), memory (-0.15;95% CI, -0.29 to -0.01), and ex-
ecutive function (-0.11; 95% CI, -0.20 to -0.03)
(Table 3). Intermittent smokers also had greater de-
cline in global cognition (-0.10;95% CI, -0.20 to 0.00).
The 168 men who stopped smoking after phase 5 did not
show greater cognitive decline than the never smokers
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Table 2. Association of Smoking History at Phase 5 (1997-1999) and Cognitive Change Over the Subsequent 10 Years?

Cognitive Change Over 10 Years, Coefficient (95% Cl)

Estimates in never smokers 2398
Women (n = 2137)

-0.32 (~0.35 t0 -0.29)

Current smokers 262 0.03 (-0.05t0 0.12)
Recent ex-smokers 191 0.01 (-0.08 to 0.10)
Long-term ex-smokers 507 -0.01 (-0.07 to 0.05)

Never smokers 1177
Estimates in never smokers 1177

1 [Reference]
-0.28 (-0.33 to -0.23)

-0.24 (~0.29 t0 -0.18)

0.04 (-0.14t0 0.21)
-0.03 (-0.22 to 0.16)
-0.01 (-0.14t0 0.11)

1 [Reference]

-0.24 (-0.34 to -0.14)

Sample ]
Size Global Cognition Memory Vocabulary Executive Function
Men (n =5099)
Current smokers 468 -0.09 (-0.15 to -0.03)P -0.05 (-0.16 to 0.06) -0.04 (-0.09 to 0.01) -0.11 (-0.17 to -0.05)°
Recent ex-smokers 408 -0.04 (-0.09 to 0.02) 0.04 (-0.07 to 0.15) 0.00 (-0.05 to 0.05) -0.08 (-0.14 to -0.02)®
Long-term ex-smokers 1825 0.00 (-0.03 to 0.03) -0.05 (-0.11 to 0.02) 0.00 (-0.03 t0 0.02) 0.02 (-0.02 to 0.05)
Never smokers 2398 1 [Reference] 1 [Reference] 1 [Reference] 1 [Reference]

0.02 (0.00 to 0.05) -0.37 (-0.41 t0 -0.34)
0.02 (-0.06 to 0.10) 0.03 (-0.06 t0 0.12)
0.00 (-0.08 to 0.09) 0.04 (-0.07 to 0.14)

-0.02 (-0.07 to 0.04) 0.00 (-0.07 t0 0.07)
1 [Reference] 1 [Reference]

0.04 (0.00 to 0.09) -0.35 (-0.40 to -0.30)

aEstimates from a mixed model adjusted for educational level (ordinal variable, 5 levels), occupational position (categorical variable, 3 levels), marital status,
and age at baseline. A negative value for cognitive change corresponds to a higher decline compared with that in the never smokers.

bp< 05.

Table 3. Association Between Smoking Status Over the Follow-Up? and 10-Year Cognitive Change®

Cognitive Change Over 10 Years, Coefficient (95% Cl)

Estimates in never smokers 2242
Women (n = 1993)

-0.32 (~0.35 t0 -0.29)

Persistent smokers 128 0.01 (-0.11t0 0.12)
Intermittent smokers 16 -0.36 (-0.69 to -0.04)°
Quitters after phase 5 100 0.05 (-0.07 to 0.16)

Never smokers 1104
Estimates in never smokers 1104

1 [Reference]
-0.29 (-0.34 to -0.24)

Sample ]
Size Global Cognition Memory Vocabulary Executive Function
Men (n = 4800)
Persistent smokers 240 -0.12 (-0.19 to -0.04)° (-0.29 to -0.01)° -0.04 (-0.10 to 0.03) -0.11 (-0.20 to -0.03)°
Intermittent smokers 106 -0.10 (-0.20 to 0.00)° (-0.36 to 0.04) 0.00 (-0.08 to 0.09) -0.10 (-0.21 t0 0.01)
Quitters after phase 5 168 -0.04 (-0.13 to 0.03) 0.08 (-0.08 to 0.24) 0.08 (-0.09 to 0.25) -0.08 (-0.17 to 0.01)
Never smokers 2242 1 [Reference] 1 [Reference] 1 [Reference] 1 [Reference]

-0.24 (~0.30 to -0.18)

-0.08 (-0.32 t0 0.16)
1 [Reference]
-0.26 (-0.36 to -0.15)

0.02 (-0.01100.04)  -0.38 (-0.41 to ~0.35)
0.15 0 0.33)

(- 0.03 (-0.08100.14)  -0.03 (-0.15 t0 0.09)
(-1.21 t0 0.15)

(_

-0.23 (-0.54 to 0.09) -0.20 (-0.56 t0 0.17)
0.00 (-0.11 t0 0.10) 0.08 (-0.04 to 0.21)
1 [Reference] 1 [Reference]

0.04 (0.00 to 0.09) -0.36 (-0.41 to -0.30)

aSmoking status at phase 9 is defined as persistent smokers (smokers at both phases 5 and 9), intermittent smokers (ex-smokers at phase 5 and current
smokers at phase 9), and quitters (current smokers at phase 5 and ex-smokers at phase 9). If participants dropped out at phase 7, smoking status at phase 7 was
used in the analysis using a similar definition. Participants without information on smoking status at phases 7 or 9 were excluded from this analysis (299 men and

144 women). Results among ex-smokers at both phases 5 and 9 are not shown.

bEstimates from a mixed model adjusted for educational level (ordinal variable, 5 levels), occupational position (categorical variable, 3 levels), marital status,

and age at baseline.
Cp < .05.

but their decline was not statistically different from that
in persistent smokers (P=.21 for global cognition, P=.71
for memory, P=.43 for vocabulary, and P=.36 for execu-
tive function). In women, there was no evidence of an
association.

SMOKING HISTORY AT PHASE 5 AND
COGNITIVE DECLINE AS A FUNCTION
OF AGE IN MEN

The interaction term between age (continuous variable)
at baseline, smoking, and time suggested differences in
the effect of smoking for global cognition (P=.08) and
executive function (P=.04) as a function of age. These
findings are summarized in Figure 1, which shows the
analyses reported in Table 2 (differences in cognitive de-
cline between the smoking history categories with the
never smokers as the reference group) but stratified by

median age (55 years). There was some evidence that the
impact of smoking on cognitive decline was weaker in
the older group.

JOINT MODELS

These analyses assessed the effect of dropout, due to death
or nonparticipation during the follow-up, on the asso-
ciation between smoking history and cognitive decline
(eAppendix “Results” section). Joint model estimates of
cognitive change were around 10% higher than those
using mixed models alone, with larger differences seen
in current smokers than in never smokers (Figure 2).
The relative differences between the estimates from the
mixed model and the joint models were more evident in
the oldest group (>55 years), with estimates being 100%
stronger in the joint models in this age group compared
with 17% stronger in the youngest group.
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Smoking history Age
at phase 5 group, y No. (%) Global cognition Memory Vocabulary Executive function
Current smokers <55 274 (10.5) —.— —_— . —.— —.
Current smokers >55 194 (7.8) —_— —_— — —_—
Recent ex-smokers <55 214 (8.2) —. —_— —a— —-
Recent ex-smokers >55 194 (7.8) — —_— — —_—
Long-term ex-smokers <55 847 (32.4) —-— —. - —-—
Long-term ex-smokers ~ >55 978 (39.4) —— —— —— ——
Never smokers <565 1280 (49.0) | | | ]
Never smokers >55 1118 (45.0) * > * *
G Y0 0, 0, o e %, 0, 0 o e o by 6 % %o o4, 0, 0
%o Y Y% 5 B % Y %% T % Y% YU Yt s S Y Y Yt T Y
Difference in cognitive change  Difference in cognitive change  Difference in cognitive change  Difference in cognitive change
compared with never smokers* compared with never smokers* compared with never smokers* compared with never smokers*

Figure 1. Association between smoking history at phase 5 and cognitive change over the subsequent 10 years in men as a function of age group (reference group:
never smokers). *Estimates were obtained from model 1 (results in Table 2) but this time separately in men 55 years or younger (squares) and older than 55
years (diamonds). For example, current smokers 55 years or younger experienced an additional decline in global cognition of -0.12 (95% Cl, -0.19 to -0.05) with
respect to never smokers in the same age group. The corresponding figure for participants older than 55 years was -0.04 (95% Cl, -0.13 to 0.05).

~>- Mixed model: never smokers — Mixed model: current smokers
- Joint models: never smokers ~ ----- Joint models: current smokers
Global Executive
0.0+ cognition Memory Vocabulary function
o 01 P
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Figure 2. Mixed and joint models showing standardized cognitive scores at
baseline and 10-year cognitive decline in current and never smokers at phase
5(1997-1999).

SENSITIVITY ANALYSES

Analyses restricted to those with a Mini-Mental State Ex-
amination score of 24 or more (n=7165) or those with
complete data at all 3 waves of cognitive data yielded re-
sults similar to that in the main analysis (not shown).

DR COMMENT

Our analysis of data using 6 assessments of smoking sta-
tus over 25 years and 3 cognitive assessments over 10
years presents 4 key findings. One, in men, smoking was
associated with faster cognitive decline; analyses using
pack-years of smoking suggested a dose-response rela-
tion. Two, men who continued smoking over the fol-
low-up experienced greater decline in all cognitive tests.
Three, men who quit smoking in the 10 years preceding
the first cognitive measure were still at risk of greater cog-
nitive decline, particularly in executive function. How-
ever, long-term ex-smokers did not show faster cogni-
tive decline. Finally, our results show that the association

between smoking and cognition, particularly at older ages,
is likely to be underestimated owing to higher risk of death
and dropout among smokers.

Our previous article,” based on data from the first 2
waves of cognitive assessment, showed smoking in midlife
to be associated with poor memory and a 5-year decline
in reasoning abilities. We also showed long-term ex-
smokers to have better memory and verbal fluency scores
than never smokers. In the present article, the third wave
of cognitive data allowed us to (1) estimate the associa-
tion between smoking history and 10-year cognitive de-
cline; (2) cover an age window from 45 to 80 years; and
(3) use mixed models with multiple repeated measures
rather than analysis of change using 2 waves of data. The
third measurement reduces potential biases related to
practice effects and regression to the mean, which are par-
ticularly encountered in studies with only 2 measure-
ments.’° Thus, the present analyses provide more ro-
bust estimates of the impact of smoking on cognitive
decline.

COMPARISON WITH OTHER STUDIES

At least 4 previous studies”*!'*" have examined the as-
sociation between smoking and cognitive decline with
cognition first assessed in midlife. In the 1946 British Na-
tional Birth Cohort study,"® smoking was associated with
a greater decline in memory but not visual search. In the
Doetinchem Cohort Study,'® smokers had faster decline
in memory, cognitive flexibility, and global cognition, but
not processing speed. Finally, the ARIC MRI Study, the
only other study, to our knowledge, with more than 2
waves of cognitive data in a nonelderly population,’® did
not find smoking to influence cognitive decline. One pos-
sible explanation for the lack of association in the ARIC
MRI Study is that the study population was composed
mainly of women (62% of the total population). Our re-
sults show no association between smoking and cogni-
tive decline in women, but the underlying reasons re-
main unclear. Some studies have reported sex differences
in this association,'**® while others report no differ-
ences.'™"”” One explanation for the sex difference we ob-
served might be the greater quantity of tobacco smoked
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by men.* Indeed, the mean pack-years of smoking (36
vs 31; P=.05) as well as the number of cigarettes smoked
(19 vs 16; P=.007) were higher in men than women. It
is also possible that smoking clusters with other risk fac-
tors differently in men and women. Alcohol consump-
tion greater than the recommended quantities was seen
in 38.7% of male and 23.3% of female smokers; mean al-
cohol consumption in smokers was considerably higher
in men than in women (23.0 vs 9.6 units/wk; P<<.001).
Future research needs to explore possible reasons for these
differences.

Few observational studies have distinguished long-
term ex-smokers from recent ex-smokers. In the 1946
British National Birth Cohort study,” long-term ex-
smokers had better memory and slower decline in memory
compared with never smokers, but in the Honolulu-
Asia Aging study," long-term ex-smokers did not have
a lower risk of cognitive impairment than never smok-
ers, and recent ex-smokers had the same increased risk
of impairment as current smokers. In the Doetinchem
Cohort Study, ' no difference was found between recent
ex-smokers, long-term ex-smokers, and never smokers,
although the point estimates of decline increased steadily
from never smokers to long-term ex-smokers, then to re-
cent ex-smokers and smokers. Our results show that long-
term ex-smokers did not have greater cognitive decline
than never smokers while male recent ex-smokers had
on average greater decline in executive function than never
smokers. These results suggest that residual effects of
smoking on cognition might wear off approximately a
decade after smoking cessation. A recent nonrandom-
ized trial** of smoking cessation on 95 nonsmokers and
228 smokers aged 68 to 88 years found recent quitters
(defined as a minimum of 18 smoking-free months over
the 24-month period of follow-up) not to have greater
cognitive decline than never smokers. The discrepancy
with our results might be explained by factors such as
the older and smaller study population in the trial as well
as the use of a cognitive test battery (the Wechsler Memory
Scale Logical Memory test and the Alzheimer’s Disease
Assessment Scale) designed to assess changes in memory
and symptoms of Alzheimer disease.

MECHANISMS

In the present study, the adverse impact of smoking was
greater on executive function than memory or vocabu-
lary. Executive function, an umbrella term for various com-
plex cognitive processes involved in achieving a particu-
lar goal,” has been shown to be particularly affected in
vascular dementia.** We assessed executive function using
measures of reasoning and verbal fluency, as these tasks
require the combination of different cognitive abilities such
as memory, attention, and speed of information process-
ing.*?® Smoking is an important risk factor for vascular dis-
eases® and could influence executive function via vascu-
lar pathways. Nevertheless, the inclusion of heart rate (a
marker of cardiovascular fitness),* cardiovascular dis-
eases, and cardiovascular risk factors such as blood pres-
sure and cholesterol in the analysis did not attenuate the
association with smoking. Although the mechanisms by
which smoking affects cognitive decline remain unclear,

it has been shown to be associated with periventricular and
subcortical white matter lesion progression, themselves as-
sociated with greater cognitive decline,” independently of
other cardiovascular risk factors.

Another mechanism that could underlie the associa-
tion between smoking and cognitive decline is lung func-
tion.® Smoking is a risk factor for lung injuries' that can
increase risk of cognitive impairment and dementia.'”'®
However, the association between smoking and cognitive
decline in our study was not explained by lung function,
measured by forced expiratory volume in 1 second. Be-
cause this measure was introduced only 5 years after the
first cognitive assessment, further research is required to
examine this potential mechanism in greater detail.

INFLUENCE OF DROPOUT

In longitudinal studies, dropout is common and death
is also a cause of sample attrition, particularly in older
populations. Dropout is a potential source of bias if it is
nonrandom, in that it is associated with either the ex-
posure and/or the outcome under investigation, inde-
pendently of observed data. Individuals who drop out are
more likely to have health problems and experience
greater cognitive decline.”** Smoking history in our data
was associated with both mortality and dropout during
the follow-up, suggesting that cognitive decline may be
underestimated among smokers. Our results from the joint
models of cognitive decline and dropout are consistent
with this possibility; the estimated differences in cogni-
tive change between current smokers and never smok-
erswere 1.2 to 1.5 times larger than those from the mixed
models. Furthermore, in older men, mixed models sug-
gested weaker association between smoking and cogni-
tive decline compared with the younger group. These es-
timates increased by up to 100% when information on
dropouts was included in the joint models, thus reduc-
ing the apparent difference between the younger and older
men in the association between smoking and cognitive
decline. These results illustrate the selection biases en-
countered in studies investigating the association be-
tween smoking, a strong risk factor for mortality, and cog-
nitive aging in the elderly population.’® Indeed, such
studies have led to speculation as to whether smoking is
arisk factor for dementia or whether nicotine has a pro-
tective effect on the brain.” This confusion stems from
the fact that smokers susceptible of dying or developing
dementia may already have done so by the age of inclu-
sion in aging studies, and thus, the group of elderly par-
ticipants free of dementia at baseline in aging studies is
depleted of susceptible smokers.” Our results on cogni-
tive decline in a nonelderly population might therefore
better capture the potential impact of smoking on cog-
nitive function. Further research on elderly popula-
tions, possibly even reanalysis of published data, using
joint models is needed to understand the impact of smok-
ing on cognitive decline.

LIMITATIONS

Our study has limitations. First, although the sample cov-
ered a wide socioeconomic range, with annual full-time
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salaries ranging from £4995 to £150000 (US $7824-
$234954), data are from white-collar civil servants and
cannot be assumed to be representative of the general
population, particularly the unemployed or blue-collar
workers. Second, smoking was self-reported and is likely
to have been underreported. Third, we could not ascer-
tain dementia cases, and the extent to which this im-
pacts our results is unclear but our findings regarding
stronger relations before age 55 years, when dementia is
exceptional, suggest that dementia might not influence
the results. The fourth limitation relates to the cognitive
tests being dependent on writing speed. Finally, the
method we used to model jointly the longitudinal cog-
nitive change, the time to dropout, and the time to death®
is not yet widely used and makes assumptions that can-
not be tested using observed data such as the jointly mul-
tivariate gaussian random effects.”® Other methods to take
into account missing data may not produce the same es-
timate of cognitive decline.” The extent to which esti-
mates of cognitive decline vary as a function of the method
used to correct for dropout remains unclear. Neverthe-
less, the differences seen between the estimates from
mixed models and the joint models can be reliably used
to conclude that nonresponse leads to underestimation
of the impact of smoking on cognitive decline.

IMPLICATIONS

Much research on uncovering risk factors for dementia
or adverse cognitive aging profiles has been carried out
in elderly populations. It is increasingly recognized that
age-related cognitive pathologies such as dementia re-
sult from long-term processes, perhaps beginning as long
as 20 to 30 years before the clinical diagnosis of demen-
tia."”? Our study illustrates the importance of examin-
ing risk factors for cognitive decline much earlier in the
life course. However, cognitive tests and age-specific
norms for detecting “abnormal” cognitive decline do not
yet exist. Thus, it is difficult to quantify the clinical sig-
nificance of our findings. We observe that the effect size
associated with smoking is similar to that associated with
10 years of age. The extent to which the steeper cogni-
tive trajectories observed in smokers will lead to demen-
tia later in life cannot yet be addressed using our data
and is an important research question.

Our results show that, compared with never smok-
ers, middle-aged male smokers are likely to experience
faster 10-year cognitive decline in global cognition and
executive function. Intermittent smokers and recent ex-
smokers also exhibited greater cognitive decline, al-
though no residual adverse effect of smoking on cogni-
tive decline was observable in the group of men who
stopped smoking 10 years prior to cognitive testing. Pub-
lic health messages on smoking should continue to tar-
get smokers at all ages.
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