UCSF

UC San Francisco Previously Published Works

Title
Cigarette smoking and hip volumetric bone mineral density and cortical volume loss in
older adults: The AGES-Reykjavik study

Permalink
https://escholarship.org/uc/item/79m1n9bd

Journal
Bone, 108

ISSN
8756-3282

Authors

Marques, Elisa A
Elbejjani, Martine
Gudnason, Vilmundur

Publication Date
2018-03-01

DOI
10.1016/j.bone.2018.01.014

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/79m1n9bd
https://escholarship.org/uc/item/79m1n9bd#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Bone. Author manuscript; available in PMC 2019 March 01.

Published in final edited form as:
Bone. 2018 March ; 108: 186-192. doi:10.1016/j.bone.2018.01.014.

Cigarette smoking and hip volumetric bone mineral density and
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Kdépavogur, Iceland 3University of Iceland, Reykjavik, Iceland “Landspitalinn University Hospital,
Reykjavik, Iceland Department of Radiology and Biomedical Imaging, University of California,
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Abstract

This study aimed to explore the relationships of several indicators of cigarette smoking habits
(smoking status, pack-years, age at smoking initiation and smoking cessation) with quantitative
computed tomographic (QCT) -derived proximal femur bone measures (trabecular vBMD, integral
vBMD and the ratio of cortical to total tissue volume (cvol/ivol)) and with subsequent change in
these measures over the next five years. A total of 2673 older adults (55.9% women), aged 66—92
years at baseline from the Age, Gene/Environment Susceptibility (AGES)-Reykjavik Study, who
had two QCT scans of the hip were studied. In multivariable linear regression models, compared
to never-smokers, current smokers had lower cvol/ivol at baseline and former-smokers had poorer
measures on all outcomes (lower trabecular vBMD, integral vBMD and cvol/ivol), even when
adjusted for several potential confounders. Further, among former smokers, those with higher
pack-years had worse bone outcomes and those with longer duration since smoking cessation had
better bone health at baseline. Analyses of change in bone measures revealed that compared to
never-smokers, current smokers had significantly greater loss of trabecular vBMD, integral
vBMD, and cvol/ivol. The regression models included adjustment for sex, age, education, and
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baseline body mass index, creatinine, % weight change from age 50, 250HD, physical activity
level, high-sensitive C-Reactive protein levels, alcohol and coffee consumption, history of diabetes
mellitus, arthritis, and respiratory diseases. In conclusion, both current and former smoking
showed adverse associations with bone health assessed with QCT. Results suggest that current
smoking in particular may aggravate the rate of bone loss at older age and highlight implications
for targeting this risk factor in populations that present higher smoking prevalence and
vulnerability to bone fragility.

Keywords
Aging; bone QCT; general population studies; proximal femur; smoker

Introduction

Smoking remains one of the most common risk behaviors worldwide. In addition to its well-
established impact on cardiac and respiratory disease, smoking was recognized over 40
years ago as a deleterious factor for bone metabolism.() Since then, several studies have
reported a relationship between smoking and adverse bone mass outcomes in diverse
populations and in animal models.(2) However, results are mixed and some studies have
found no association between smoking and bone mass.(3) Most prior studies relied on areal
bone mineral density (aBMD) measured using dual X-ray absorptiometry (DXA). Although
DXA is an excellent clinical tool, it provides a two-dimensional bone measure that does not
differentiate between the cortical and trabecular compartments of the endosteal surface. The
very few studies that have explored these compartments separately have reported differential
relationships between history of smoking and trabecular and cortical vBMD.(4-8) Thus, it is
reasonable to expect that the association between cigarette smoking and bone parameters
may not be consistent or at least may have different magnitudes. Testing this hypothesis has
implications for fracture risk prediction, because although both cortical and trabecular
compartments are key determinants of bone strength, during a fall the cortical shell is
subjected to higher strains and carries a larger portion of the load(?).

Importantly, very few previous prospective studies have examined the association between
smoking and bone loss in older adults and their results are mixed;®-10) and, to date, no
longitudinal studies have addressed the relationship of smoking behavior and change in
compartmental measures of vBMD. The relationship between smoking and bone loss is
particularly relevant for older adults because they are at increased risk for osteoporosis and
fracture and consequently they often suffer from limited mobility, increased morbidity, and
mortality.(11)

Several potential mechanisms have been proposed to explain the relationship between
smoking and poorer bone health; these include mechanisms that represent more direct
effects of smoking on bone cells, and other mechanisms influenced by factors such as body
weight, physical activity, calcitropic processes, and sex-hormones.(12:13) The latter proposed
mechanisms emphasize the need to properly take into account these potential confounders to
better estimate the association of smoking with bone health. However, prior studies reporting
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an association between cigarette smoking and lower aBMD did not adjust for important
confounders.(¥) In addition, prior studies focused only on smoking status and lacked more
detailed data on smoking exposure such as pack-years, age at smoking initiation, and years
since smoking cessation. In the current study, we aimed to examine the cross-sectional and
longitudinal associations between cigarette smoking and quantitative computed tomography
(QCT)-derived proximal femur bone data.

Based on previous findings relating cigarette smoking with aBMD, we hypothesize that (1)
smoking exposure and bone mass/bone loss would be inversely associated, (2) more adverse
smoking-related measures (e.g., more pack-years and earlier age of smoking initiation) will
be associated with poorer bone measures (lower vBMD and tissue volume) and (3) the
worsening of these measures at older age.

Study Population

The present study is based on the Age, Gene/Environment Susceptibility (AGES) —
Reykjavik Study, a single-center prospective population study of Icelandic older men and
women. Specifically, data come from the baseline examination (AGES) and one follow-up
examination (AGES II), occurring on average 5.2 years later (maximum follow-up of 8.2
years). Design and recruitment have been described in detail.(15) At baseline, there were
5764 participants enrolled (mean age of 77 years; range 66-96); of those 2720 had complete
data for the proximal femur outcomes (trabecular vBMD, integral vBMD and tissue
volumes, n=4831) at the two-time points, allowing the computation of the rate of change in
these bone parameters (Supplemental Figure 1). We further excluded 47 individuals who
were missing data on relevant covariates, leaving 2,673 participants who constituted our
analytical sample. Written informed consent was obtained from all participants, and the
study was approved by the Icelandic National Bioethics Committee (VSN: 00-063) and the
Institutional Review Board of the Intramural Research Program of the National Institute on
Aging.

Scanning procedures

The left hip was scanned and analyzed using a four-row detector CT system (Sensation;
Siemens Medical Systems, Erlangen, Germany) as described in detail,(16) following a
standardized protocol and encompassed the proximal femur from a level 1 cm superior to the
acetabulum to a level 3-5 mm inferior to the lesser trochanter at settings of 120 kVp, 140
mAs, 1-mm slice thickness, pitch=1, in-plane voxel size of 0.98 mm x 0.98 mm2. The
baseline scan and the follow-up scan (repeated after an average follow-up of 5.2 years; range
2.7-8.2 years) for each participant were analyzed together to ensure that the hip was
properly positioned in both analyses. The analysis was done by a single observer.

Femoral outcome measures from QCT

Proximal femur QCT three-dimensional images were processed to extract measures of
compartmental vBMD (mg/cm3), thus trabecular and cortical bone were measured
separately and tissue volume, as previously described in detail}?). These included trabecular
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vBMD (mg/cm3), integral vBMD (mg/cm?3) a measure reflecting an integration of both
cortical and trabecular bone, and percent cortical volume (computed as cortical volume
divided by integral volume times 100), all defined for the total hip region.

Information on cigarette smoking was self-reported at baseline (AGES) through a
standardized questionnaire. Participants reported whether they currently smoked,; if they
answered yes, they were asked the number of cigarettes they smoke on average per day and
the age of smoking initiation. If participants reported that they were not current smokers,
they were asked if they smoked in the past, the number of cigarettes they smoked on average
per day when they smoked, the age of smoking initiation, and the age at which they stopped
smoking.

Based on these data, we defined smoking status (never, former, current-smoker). For each of
the former smoking and current smoking groups, we computed for each subject the number
of pack-years by multiplying the number of cigarettes smoked per day by the number of
years of smoking, which was computed as [current age — age at smoking initiation] for
current smokers, and as [age at smoking cessation — age at smoking initiation] for former
smokers. Each pack-year represents exposure to 7300 cigarettes [1 year * 365 days * 1
pack/day * 20 cigarettes/pack]. We also examined age at smoking initiation and years since
smoking cessation (computed for former-smokers as [current age — age at smoking
cessation]).

Covariate measures

In our analysis, we adjusted for the following potential confounding variables, measured at
the baseline examination, that were found to be associated with either smoking status or
bone variables in our sample: Age, sex, education (high defined as >12 years of education,
indicating participants completed college or more, or low <12), body mass index (BMI,
kg/m?), total 25-hydroxyvitamin D (250HD, nmol/L) and creatinine (umol/L) both
measured in the IHA laboratory, using blood samples drawn after overnight fasting, as
previously described, (18 percent weight change from age 50 (defined as: baseline weight —
midlife weight / midlife weight) x 100), and physical activity level (defined as moderate-
high or occasionally physically active at most).(18)

In additional analyses, we also adjusted for factors that have been associated with either
smoking or bone health in prior literature: high-sensitivity C-Reactive Protein (hsCRP,
mg/L) measured in the IHA laboratory, using blood samples drawn after overnight fasting)
as previously described,(18) coffee intake (high defined as =3 cups/day, or low <3 cups/day)
and alcohol intake (defined as current drinker — if answered yes to the question “Do you
drink alcoholic beverages now?” or non-drinker, if answered no) measured by questionnaire,
baseline history of diabetes (defined as self-reported history of diabetes, use of glucose-
modifying medications, or fasting blood glucose of =7.0 mmol/L), arthritis (self-reported at
baseline), and respiratory diseases (defined as self-reported history of lung diseases or
asthma at baseline).
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Statistical analysis

Results

Mean + SD or percentages for categorical variables were used to summarize subject
characteristics. Differences in baseline characteristics were compared by ANOVA followed
by Hochberg's GT2 post hoc test (allows for unequal sample sizes) for continuous variables
and by the chi-squared test for categorical data. To estimate annual percent change (A%) in
each bone parameter we divided the inter-visit difference relative to absolute baseline,
divided by the number of years between the visits, as follows: [(follow-up value — baseline
value)/ baseline value * time between CT scans] * 100.

Linear regression models were used to examine the cross-sectional and longitudinal
associations between smoking variables and bone outcomes. We evaluated the relationship
of pack-years and age at smoking initiation with the outcomes of interest in current smokers
and former smokers, separately; for the latter group, we also examined the association of
smoking cessation duration and bone outcomes. We found no strong indication of
differences between men and women in the relationships of the various smoking exposures
and outcomes of interest. Therefore, all analyses were pooled by sex. Two multivariate
models were performed: Model 1 adjusted for sex, age, education, and BMI; and Model 2
additionally adjusted for creatinine, % weight change from age 50, 250HD, and physical
activity level. Results are expressed as regression regular coefficient, 95% confidence
interval (ClI), and p-value for all models.

In an additional analysis (in Supplemental Table 1) we further adjusted for hsCRP
(dichotomized into high (> 3.0 mg/L) and low hsCRP (< 3.0 mg/L) according to baseline
hsCRP levels), baseline history of diabetes, arthritis, and respiratory diseases, coffee and
alcohol consumption. This analysis was based on 2621 participants due to missing data in
these additional covariates. Significance testing was two-sided and based on a 5%
probability level. Analyses were conducted using SPSS version 22 (IBM, USA), and SAS
software version 9.3 (SAS Institute, Cary NC 2011).

Study sample characteristics

The study population consisted of 2673 older adults aged 66—92 years (mean age + SD;
74.7+4.7 years) and 55.9% were women. Former smokers constituted 44% of the sample
and 8.3% were current smokers. Overall, current smokers had a higher proportion of women
(73%), were younger, and had lower educational attainment, BMI, and 250HD levels, and
higher coffee consumption and prevalence of high hsCRP levels (a marker of inflammation)
than never or former smokers (Table 1). Physical activity was similar among the three
groups (p=0.11). Mean pack-years was 34.4 for current smokers and 19.9 for former-
smokers; these participants started smoking in their early twenties (at mean age 22.7 £ 7.6
years for current smokers and 20.4 + 6.4 years for former smokers). On average, former-
smokers had stopped smoking 28 + 14.5 years at the baseline bone assessment and 10%
reported stopping within the last 9 years. Current smokers had a significantly lower baseline
integral vBMD than former smokers and lower percent cortical volume compared to
participants who never smoked. No significant difference was observed in baseline
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trabecular vBMD between groups (p=0.15). Current smokers had a significantly higher rate
of bone loss in all outcomes compared to former smokers.

Smoking status, baseline bone measures, and bone loss

In multivariable linear regression (Table 2), after adjusting for sex, age, education, and BMI
(Model 1), both former smoking and current smoking were negatively associated with lower
integral vBMD and percent cortical volume, and regression coefficients were higher for
current smoking. After adjusting for additional potential confounders (Model 2), conclusions
were similar for the association of former smoking and lower integral vBMD and percent
cortical volume; compared to never-smokers, former smokers had 3.88 mg/cm?3 lower
vBMD (95% CI: —-6.97, —0.79) and 0.65 lower percent cortical volume (95% CI: -1.0,
-0.3). Results were also similar in Model 2 for the association of current smoking and
percent cortical volume, with smokers having a 0.9% lower percent cortical volume, but the
association between current smoking and integral vBMD was attenuated and no longer
significant (coefficient= —4.22 mg/cm3; 95% CI: -9.74, 1.30). Only former smoking was
negatively associated with trabecular vBMD in both Model 1 (coefficient= —3.25 mg/cm3;
95% Cl: -5.80, —0.71) and Model 2 (coefficient= —3.10 mg/cm?3; 95% CI: -5.65, —0.55).

Analyses of change in bone measures revealed that compared to never-smokers, current
smokers had a greater loss of trabecular vBMD, integral vBMD, and percent cortical volume
(with estimated 0.24% additional loss in trabecular vBMD, 0.20% in integral vBMD, and
0.16% additional loss in change in percent cortical volume). These associations remained
significant in the fully-adjusted models (Model 2).

In additional analysis, we further adjusted for factors that have been associated with either
smoking or bone health in the literature (Model 2+ hsCRP, alcohol and coffee consumption,
history of diabetes mellitus, arthritis, and respiratory diseases) and conclusions were not
substantially altered (See Supplemental Table 1).

Smoking characteristics and bone outcomes

Among former smokers, increasing pack-years were associated with poorer baseline bone
measures. In parallel, the longer the duration of smoking cessation in this group, the better
the bone health baseline measurements (Table 3). Adjusting for the additional covariates
(hsCRP, alcohol and coffee consumption, history of diabetes mellitus, arthritis, and
respiratory diseases) did not alter these conclusions and only resulted in a weaker
association between years since cessation and trabecular vBMD (p=0.10). Age at smoking
initiation was not associated with the bone outcomes. We found no indications of dose-
response associations for current smoking and for any of the change in bone outcomes
(Supplemental Table 2).

Discussion

In this large prospective cohort, we found several associations between cigarette smoking
and bone outcomes and changes in these outcomes at older age. Specifically, a history of
smoking was associated with lower vBMD (integral and trabecular compartment) and
proportion of cortical bone at baseline; further these associations followed a dose-response
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pattern with higher pack-years and shorter periods of smoking cessation being associated
with poorer baseline bone measures. Current smokers at baseline had a lower proportion of
cortical bone and a faster decline in all bone measures over the subsequent five years
compared to never-smokers. Taken together, these findings suggest that smoking is
associated with bone health characteristics, and that smokers at older age may be at an
additional risk for accelerated bone loss.

The association between smoking and low BMD has been described in several
reviews(3.14.19) which concluded that results are not consistent, and that higher effects are
expected in the elderly compared to young cohorts. Concordantly, in our older sample, we
found associations between smoking and lower vBMD, although some inconsistencies were
also observed. Namely, it is not clear why former smoking was associated with all QCT
bone measures at baseline, whereas current smoking was only associated with lower percent
cortical volume. This finding could suggest that smoking may have longer term relationships
with bone health; this is consistent with previous studies using QCT to measure central®
and peripheral® bone sites, that reported a significant association between vBMD and
former smoking (but not current smoking) in multivariable models. However, it is worth
noting that current smoking was also associated with a significantly lower integral vBMD in
model 1 and the magnitude of associations observed with current smoking were larger than
former smoking. Therefore, it is possible that associations did not reach statistical
significance for current smoking because of lower number of subjects in that group. Another
possible explanation might be related to unmeasured confounding, such as potential
hormonal differences between groups or reduced calcium absorption. Also, other
environmental and behavioral differences (such as physical activity and nutrition) between
former and current smokers, particularly during younger age, could lead to suboptimal peak
bone mass, which may contribute to increased bone fragility.(29) As we did not measure
these variables, we cannot exclude such effects.

Overall, the existing literature on the cross-sectional association between current smoking
and bone QCT measures is mixed in both younger and older cohorts.(®:6:21-25) However, our
analyses of change in bone measures suggest a potentially important role for smoking in
influencing these outcomes. Indeed, in this first investigation of smoking and compartmental
measures of bone loss assessed with QCT, current smoking was consistently associated with
faster decline in all bone measures compared to never smoking, and this association was
observed after accounting for several confounders, including body weight and medical
conditions. Prior studies on the relationship between smoking behavior and proximal femur
bone loss in older cohorts are few and were based on DXA scans to measure BMD and on
shorter follow-up (< 4 years). After adjustment for potential confounders, a study with 4
years of follow-up including older women and men from the population-based Framingham
Osteoporosis Study found a negative association among smokers for trochanter aBMD only
in men.(® However, most studies do not support a significant relationship between smoking
and bone loss rates.(8.10)

While associated with all baseline bone measures, former smoking was not associated with
trabecular and cortical bone loss, in line with earlier DXA or single photon absorptiometry
studies.(®9.26) This could suggest that a longer period to measure bone loss may be needed
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for a difference in bone health to be detected for former-smokers. For instance, average
years since cessation for former-smokers was 28 years before baseline and hence the
association observed at baseline for that group might have been accumulating over decades
and not observable over the 5-year follow-up over which the change in bone was measured.
Finally, the observations that former-smokers were not different than never-smokers with
regards to the longitudinal change in bone measures, and that longer periods of smoking
cessation were associated with better baseline bone measures suggest potentially important
benefits of smoking cessation for bone health. Results could also be reflecting the other
healthy lifestyle adjustments that former-smokers might have done after cessation of
smoking. For example, a normalization of the 250HD level was reported in former
smokers(21.27.28) jn agreement with our data. While the current evidence on the benefits of
smoking cessation and bone density is scarce and mixed,(26:29-31) our results suggest that
clinical and public health efforts to target smoking behavior may be valuable for improving
and preserving bone health at older ages.

Further, among former-smokers, a greater number of pack-years was associated with worse
baseline QCT bone measures, suggesting a role for duration of smoking and further
highlighting the value of modifying this risky behavior. However, we did not consistently
detect dose-dependent associations between pack-years in smokers, which could be
explained by the smaller number of subjects and potentially limited variability within this
group. Other studies that investigated the dose-response association of smoking with bone
outcomes are limited and have produced mixed findings. The discrepancies in findings
among these studies may be explained by methodological differences. Our findings highlight
the value of looking at former and current smokers separately, to better understand whether
these groups are fundamentally different with regards to their smoking habits and bone
outcomes. Regarding age at smoking initiation, some studies have reported a detrimental
effect of smoking on baseline bone parameters(®:32) and on bone gains(33) at young age,
although there are no cohort studies in older adults supporting this relation. It was
hypothesized that a young age at smoking onset, when peak bone mass is especially
sensitive to sex hormones, maturational timing, and lifestyle, would be associated with
worse bone outcomes. However, our results suggest that age of onset is not a key factor to
understand the link between smoking behavior and bone health later in life.

Several potential mechanisms have been proposed for the deleterious skeletal effects of
smoking, including a direct toxic effect on osteogenesis, 34 collagen metabolism(3>) in
combination with increased bone resorption and osteoclast activity and osteoclastogenesis.
(36) In addition, it is suggested that smoking also contributes indirectly by alterations in
calciotropic hormone metabolism(37:38) and dysregulation of sex hormones.(39 Thus, our
findings support the rationale for the deleterious skeletal effects of current smoking, which
were most consistently observed (both cross-sectionally and longitudinally) in the cortical
bone compartment.

The strengths of the AGES- Reykjavik Study include the large sample size, inclusion of men
and women participants, detailed baseline data that enabled us to control for several
potentially relevant factors, and examination of several indicators of cigarette smoking.
Participants had two QCT scans of the hip over a median follow-up of 5.2 years enabling us
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to explore both the cross-sectional and longitudinal (bone loss) relationship with smoking.
Whereas QCT has been previously applied to examine the cross-sectional relationship of
smoking with bone health, it has not been used in prospective studies irrespective of age
group. This study targeted the proximal femur that is one of the most clinically relevant
sites, as it is associated with significant morbidity, excess mortality and health and social
service expenditure.(40)

There are also limitations of this study. Although we controlled for several potential
confounders of the smoking/bone relationship, other factors that may also influence bone
health (quality of diet or resistance exercise training) were not measured. Recall bias in
ascertainment of smoking habits (status, number of cigarettes reported and the duration of
smoking - age of smoking initiation and cessation) is possible due to the extensive time that
elapsed between participants’ initial smoking behaviors and study baseline examination, and
these variables were based only on self-reported data. Because all participants were older
than 65 years and Caucasian, our results may not be generalizable to other populations and
ethnic groups. An important technical limitation of the QCT technique is the effect of partial
volume artifacts in the cortical regions caused by the limited spatial resolution. We selected
the percent cortical volume (and not cortical vBMD) as it might be a better measure of bone
health. It was previously observed that percent cortical volume is a significant predictor of
hip fracture risk.(4)

In conclusion, our data suggest that a history of smoking is associated with worse bone
health characteristics at older age and that subjects who keep smoking in their older age
experience faster bone loss. We found associations with all bone outcomes investigated,
trabecular and integral vBMD and cortical bone, with results being most consistent with
cortical bone, a key compartment to the structural stability of whole bone. The findings also
show benefits of quitting smoking for bone characteristics and that former smokers were not
different than never-smokers with regards to the rate of bone loss at older age. These data
highlight that lifestyle alterations, including smoking cessation, should be a major
component of bone therapeutic programs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by National Institutes of Health contract NO1-AG-1-2100, the Hjartavernd (the Icelandic
Heart Association), and the Althingi (the Icelandic Parliament). This research was supported in part by the
Intramural Research Program of the NIH, National Institute on Aging.

References

1. Daniell HW. Osteoporosis of the slender smoker. Vertebral compression fractures and loss of
metacarpal cortex in relation to postmenopausal cigarette smoking and lack of obesity. Arch Intern
Med. 1976; 136(3):298-304. [PubMed: 946588]

2. Yan C, Avadhani NG, Igbal J. The effects of smoke carcinogens on bone. Curr Osteoporos Rep.
2011; 9(4):202-9. [PubMed: 21874290]

Bone. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marques et al.

11.

12.

13.

15.

16.

17.

18.

19.

Page 10

. Wong PK, Christie JJ, Wark JD. The effects of smoking on bone health. Clin Sci (Lond). 2007;

113(5):233-41. [PubMed: 17663660]

. Barbour KE, Zmuda JM, Strotmeyer ES, et al. Correlates of trabecular and cortical volumetric bone

mineral density of the radius and tibia in older men: the Osteoporotic Fractures in Men Study. J
Bone Miner Res. 2010; 25(5):1017-28. [PubMed: 20200975]

. Cauley JA, Blackwell T, Zmuda JM, et al. Correlates of trabecular and cortical volumetric bone

mineral density at the femoral neck and lumbar spine: the osteoporotic fractures in men study
(MrOS). J Bone Miner Res. 2010; 25(9):1958-71. [PubMed: 20572023]

. Lorentzon M, Mellstrom D, Haug E, Ohlsson C. Smoking is associated with lower bone mineral

density and reduced cortical thickness in young men. J Clin Endocrinol Metab. 2007; 92(2):497-
503. [PubMed: 17077132]

. Verhulp E, van Rietbergen B, Huiskes R. Load distribution in the healthy and osteoporotic human

proximal femur during a fall to the side. Bone. 2008; 42(1):30-5. [PubMed: 17977813]

. Bleicher K, Cumming RG, Naganathan V, et al. Predictors of the rate of BMD loss in older men:

findings from the CHAMP study. Osteoporos Int. 2013; 24(7):1951-63. [PubMed: 23212282]

. Hannan MT, Felson DT, Dawson-Hughes B, et al. Risk factors for longitudinal bone loss in elderly

men and women: the Framingham Osteoporosis Study. J Bone Miner Res. 2000; 15(4):710-20.
[PubMed: 10780863]

10. Jones G, Nguyen T, Sambrook P, Kelly PJ, Eisman JA. Progressive loss of bone in the femoral

neck in elderly people: longitudinal findings from the Dubbo osteoporosis epidemiology study.
BMJ. 1994; 309(6956):691-5. [PubMed: 7950520]

Nordstrom A, Eriksson M, Stegmayr B, Gustafson Y, Nordstrom P. Low bone mineral density is an
independent risk factor for stroke and death. Cerebrovasc Dis. 2010; 29(2):130-6. [PubMed:
19955736]

Chiolero A, Faeh D, Paccaud F, Cornuz J. Consequences of smoking for body weight, body fat
distribution, and insulin resistance. Am J Clin Nutr. 2008; 87(4):801-9. [PubMed: 18400700]

Yoon V, Maalouf NM, Sakhaee K. The effects of smoking on bone metabolism. Osteoporos Int.
2012; 23(8):2081-92. [PubMed: 22349964]

14. Ward KD, Klesges RC. A meta-analysis of the effects of cigarette smoking on bone mineral

density. Calcif Tissue Int. 2001; 68(5):259-70. [PubMed: 11683532]

Harris TB, Launer LJ, Eiriksdottir G, et al. Age, Gene/Environment Susceptibility-Reykjavik
Study: multidisciplinary applied phenomics. Am J Epidemiol. 2007; 165(9):1076-87. [PubMed:
17351290]

Johannesdottir F, Poole KE, Reeve J, et al. Distribution of cortical bone in the femoral neck and hip
fracture: a prospective case-control analysis of 143 incident hip fractures; the AGES-REYKJAVIK
Study. Bone. 2011; 48(6):1268-76. [PubMed: 21473947]

Lang TF, Sigurdsson S, Karlsdottir G, et al. Age-related loss of proximal femoral strength in
elderly men and women: the Age Gene/Environment Susceptibility Study--Reykjavik. Bone. 2012;
50(3):743-8. [PubMed: 22178403]

Marques EA, Gudnason V, Sigurdsson G, et al. Are bone turnover markers associated with
volumetric bone density, size, and strength in older men and women? The AGES-Reykjavik study.
Osteoporos Int. 2016; 27(5):1765-76. [PubMed: 26630978]

Lee JJ, Patel R, Biermann JS, Dougherty PJ. The musculoskeletal effects of cigarette smoking. J
Bone Joint Surg Am. 2013; 95(9):850-9. [PubMed: 23636193]

20. Ribot C, Tremollieres F, Pouilles JM. Late consequences of a low peak bone mass. Acta Paediatr

Suppl. 1995:41131-5. discussion 6.

21. Szulc P, Debiesse E, Boutroy S, Vilauphiou N, Chapurlat R. Poor trabecular microarchitecture in

male current smokers: the cross-sectional STRAMBO study. Calcif Tissue Int. 2011; 89(4):303-
11. [PubMed: 21800164]

22. Kaji H, Kosaka R, Yamauchi M, et al. Effects of age, grip strength and smoking on forearm

volumetric bone mineral density and bone geometry by peripheral quantitative computed
tomography: comparisons between female and male. Endocr J. 2005; 52(6):659-66. [PubMed:
16410656]

Bone. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marques et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11

Sheu Y, Cauley JA, Bunker CH, et al. Correlates of trabecular and cortical volumetric BMD in men
of African ancestry. J Bone Miner Res. 2009; 24(12):1960-8. [PubMed: 19453259]

Taes Y, Lapauw B, Vanbillemont G, et al. Early smoking is associated with peak bone mass and
prevalent fractures in young, healthy men. J Bone Miner Res. 2010; 25(2):379-87. [PubMed:
19653814]

Wust RC, Winwood K, Wilks DC, et al. Effects of smoking on tibial and radial bone mass and
strength may diminish with age. J Clin Endocrinol Metab. 2010; 95(6):2763-71. [PubMed:
20375208]

Vogel JM, Davis JW, Nomura A, Wasnich RD, Ross PD. The effects of smoking on bone mass and
the rates of bone loss among elderly Japanese-American men. J Bone Miner Res. 1997; 12(9):
1495-501. [PubMed: 9286767]

McCullough ML, Weinstein SJ, Freedman DM, et al. Correlates of circulating 25-hydroxyvitamin
D: Cohort Consortium Vitamin D Pooling Project of Rarer Cancers. Am J Epidemiol. 2010;
172(1):21-35. [PubMed: 20562191]

Szulc P, Garnero P, Claustrat B, et al. Increased bone resorption in moderate smokers with low
body weight: the Minos study. J Clin Endocrinol Metab. 2002; 87(2):666-74. [PubMed:
11836302]

Kuo CW, Chang TH, Chi WL, Chu TC. Effect of cigarette smoking on bone mineral density in
healthy Taiwanese middle-aged men. J Clin Densitom. 2008; 11(4):518-24. [PubMed: 18789741]
Oncken C, Prestwood K, Kleppinger A, et al. Impact of smoking cessation on bone mineral density
in postmenopausal women. J Womens Health (Larchmt). 2006; 15(10):1141-50. [PubMed:
17199455]

Sneve M, Emaus N, Joakimsen RM, Jorde R. The association between serum parathyroid hormone
and bone mineral density, and the impact of smoking: the Tromso Study. Eur J Endocrinol. 2008;
158(3):401-9. [PubMed: 18299475]

Eleftheriou KI, Rawal JS, James LE, et al. Bone structure and geometry in young men: the
influence of smoking, alcohol intake and physical activity. Bone. 2013; 52(1):17-26. [PubMed:
22985892]

Rudang R, Darelid A, Nilsson M, et al. Smoking is associated with impaired bone mass
development in young adult men: a 5-year longitudinal study. J Bone Miner Res. 2012; 27(10):
2189-97. [PubMed: 22653676]

Ma L, Zheng LW, Sham MH, Cheung LK. Uncoupled angiogenesis and osteogenesis in nicotine-
compromised bone healing. J Bone Miner Res. 2010; 25(6):1305-13. [PubMed: 20200934]
Sorensen LT, Toft BG, Rygaard J, et al. Effect of smoking, smoking cessation, and nicotine patch
on wound dimension, vitamin C, and systemic markers of collagen metabolism. Surgery. 2010;
148(5):982-90. [PubMed: 20347467]

Tang TH, Fitzsimmons TR, Bartold PM. Effect of smoking on concentrations of receptor activator
of nuclear factor kappa B ligand and osteoprotegerin in human gingival crevicular fluid. J Clin
Periodontol. 2009; 36(9):713-8. [PubMed: 19570104]

Brot C, Jorgensen NR, Sorensen OH. The influence of smoking on vitamin D status and calcium
metabolism. Eur J Clin Nutr. 1999; 53(12):920-6. [PubMed: 10602348]

Need AG, Kemp A, Giles N, et al. Relationships between intestinal calcium absorption, serum
vitamin D metabolites and smoking in postmenopausal women. Osteoporos Int. 2002; 13(1):83-8.
[PubMed: 11883410]

Brand JS, Chan MF, Dowsett M, et al. Cigarette smoking and endogenous sex hormones in
postmenopausal women. J Clin Endocrinol Metab. 2011; 96(10):3184-92. [PubMed: 21832108]
Budhia S, Mikyas Y, Tang M, Badamgarav E. Osteoporotic fractures: a systematic review of U.S.
healthcare costs and resource utilization. Pharmacoeconomics. 2012; 30(2):147- 70. [PubMed:
22187933]

Black DM, Bouxsein ML, Marshall LM, et al. Proximal femoral structure and the prediction of hip
fracture in men: a large prospective study using QCT. J Bone Miner Res. 2008; 23(8):1326-33.
[PubMed: 18348697]

Bone. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Marques et al.

Page 12

Highlights
History of smoking was associated with lower baseline hip vBMD
Associations followed a dose-response pattern
Current smoking was consistently associated with faster decline in all bone measures

Former smoking was not associated with trabecular and cortical bone loss
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