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Abstract
Summary The submarine environment is unique in that there
is limited space and no sunlight, which may negatively affect
skeletal health and lead to accelerated bone loss, osteoporosis,
and fractures.
Introduction The primary purpose of this study was to deter-
mine whether there was an association with submarine ser-
vice, specifically time spent at sea, and bone mineral content
(BMC) and bone mineral density (BMD) of the lumbar spine
and dual proximal femur (total hip and femoral neck) mea-
sured by DXA.
Methods This is a cross-sectional study of 462 submariners
20–91 years old. Variables included in the analysis were age,
height, race, alcohol intake, tobacco use, fracture history,
conditions, and medications known to cause bone loss and
osteoporosis and submarine service.
Results Of the submarine service predictors, only serving
onboard a diesel submarine was determined to be indepen-
dently associated with a reduction in BMD of the total hip and
femur neck, while no submarine service predictor increased
the odds of having low BMD. In submariners 50+ years old,
the age-adjusted prevalence of osteopenia was 15.7% (lumbar
spine) and 40.4 % (femur neck), while the prevalence of
osteoporosis was 4.8 % (lumbar spine) and 4.2 % (femur

neck), rates that did not differ from NHANES 2005–2008.
In submariners <50 years old, 3.1 % was below the expected
range for age. The proportion of submariners 50+ years old
that met the FRAX criteria for pharmacological treatment was
12 %.
Conclusions Intermittent periods of submergence that can
range from a few days to 3+ months do not appear to com-
promise skeletal health differently than the general population.

Keywords Fracture risk assessment . Men . Osteoporosis .
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Introduction

Bone loss in elderly men has been reported to range from 0.04
to 0.90 % per year, depending upon the anatomic site [1].
Bone mineral density (BMD) comprises approximately 70 %
of bones strength [2]; thus, it is used to classify low BMD
(osteopenia) and osteoporosis [3]. The prevalence of low
BMD and osteoporosis at the femoral neck and lumbar spine
in US non-Hispanic white men aged 50 years and older is 32.2
and 2.0 % and 17.5 and 2.2 %, respectively, with 32.6 %
meeting the National Osteoporosis Foundation (NOF) treat-
ment thresholds [4]. Additionally, of the 309,568 hip fractures
that occurred in the USA during 2010, 27.2 % were men [5].
Although the prevalence of osteoporosis and related fractures
in men are substantially less than in women, the absolute risk
of sustaining a subsequent osteoporotic fracture is similar
between genders [6], with mortality following osteoporotic
fractures actually being greater in men [7]. Unsettling, the
prevalence of osteoporosis in men is projected to increase by
50 % in the next 15 years [8]. Therefore, screening men for
early detection of low BMD and osteoporosis will assist in
decreasing the annual costs related to osteoporotic fractures,
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which are projected to increase from $17 billion to $25 billion
by 2025 [9].

Currently, BMD testing is recommended in men that are
≥70 years old between the ages of 50 and 69 years with
clinical risk factors for fracture, (i.e., a previous fragility frac-
ture or a disease or condition associated with low bone mass or
bone loss) or have a condition or are taking medications
associated with low bone mass or bone loss [10, 11].
Although these criteria for BMD testing are appropriate for
the general population, occupations that require individuals to
be exposed to extreme environments are not considered. One
such environment that has been reported to result in bone loss
at a rate of 0.9% and 1.2–1.5% per month at the spine and hip,
respectively, is space exploration [10]. Another, perhaps less
studied, occupation that requires individuals to reside in an
environment with limited space for physical activity and no
sunlight exposure is submarine duty. Prior to widespread use of
dual-energy X-ray absorptiometry (DXA) for determining
BMD and diagnosing osteoporosis, BMC of the radius was
measured in a group of active duty and retired submariners by
single photon absorptiometry and considered to be within a
normal range [12]. However, since then, others have reported
mixed changes in serum markers of bone turnover and decre-
ments in bone strength during a submarine patrol [13–15],
suggesting that a single patrol that can range in duration from
days to 3+ months may negatively affect the skeleton. The
question as to whether repeated periods of submergence results
in bone loss and osteoporosis remains unanswered.

In light of there being limited data on skeletal health in
submariners, we carried out a cross-sectional examination to
determine whether submarine duty, specifically cumulative
time spent at sea, is associated with bone mineral content
(BMC) and BMD of the lumbar spine and proximal femur
(total hip and femoral neck) and increased odds of having low
BMD in submariners. In addition, we wanted to determine if
the prevalence of osteopenia and osteoporosis in the 50+ age
group differed from the rates reported from the National
Health and Nutrition Examination Survey (NHANES)
2005–2008 for the femur neck and lumbar spine [4]. Finally,
we determined the proportion of submariners 50+ years old
that would be considered for pharmacotherapy according to
the NOF treatment thresholds [11]. To our knowledge, this is
the first study that has examined the association between
submarine service and BMC and BMD of the lumbar spine
and proximal femur.

Methods

Subjects

Males (n=462), who currently or previously served onboard
US submarines, between the ages of 20 and 91 years were

recruited to participate in this cross-sectional study. All subjects
provided written informed consent prior to participation in this
research study. Volunteers were residing in New England,
USA, at the time of recruitment, which occurred from 2011
to 2012. The study protocol (NSMRL.2011.0001) was ap-
proved by the Naval Submarine Medical Research
Laboratory (NSMRL) Institutional Review Board in compli-
ance with all applicable Federal regulations governing the
protection of human subjects.

Past medical history and submarine service

A medical screening questionnaire was administered to the
volunteers in order to obtain information regarding their
health and submarine service. Specifically, subjects reported
smoking and smokeless tobacco use in order to calculate pack
and can years [16] and alcohol consumption, whether they had
previously sustained a fragility fracture, were previously di-
agnosed with conditions and diseases known to cause or
contribute to osteoporosis and fractures, and whether they
were currently taking prescribed medications reported to
cause drug-induced osteoporosis [11]. Conditions and dis-
eases reported included alcoholism, diabetes mellitus, cirrho-
sis, hyperthyroidism, inflammatory bowel disease, lympho-
ma, rheumatoid arthritis, and vitamin D deficiency.
Medications reported included anticoagulants, glucocorti-
coids, loop diuretics, proton pump inhibitors, selective sero-
tonin reuptake inhibitors, and thyroid hormone. Volunteers
provided a history of their submarine service, including their
duty status (active duty or left service), estimated time spent at
sea (submerged), military grade (enlisted or officer), and
submarine type(s) that they served on (i.e., diesel, submerged
ship nuclear (SSN), submerged ship ballistic nuclear (SSBN),
or a different type categorized as other). The size and mission
of these submarines differ substantially.

Measurement

Upon recruitment and completion of the questionnaires, the
volunteers reported to the Radiology Department at the Naval
Branch Health Clinic, Groton, CT, for height, weight, and
DXA measurements. Standing height without shoes and
weight were determined with a stadiometer and clinical scale.
BMC (g) and BMD (g/cm2) of the lumbar spine (L1–L4) and
dual proximal femur (total hip: neck, trochanter, and
intertrochanter) were measured with a GE Lunar iDXA fan
beam densitometer (GE Healthcare, Madison, WI) using
enCORE Version 13.60 software (2011). Each day scans were
scheduled; a quality assurance test was conducted using a
calibration phantom consisting of tissue-equivalent material
with three bone-simulating chambers of known BMC. The
coefficient of variation (CV) for the lumbar spine and left and
right total hip and femur neck were determined to be 0.8 % for
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BMC and 0.7 % for BMD (lumbar spine), 0.3 % for BMC and
0.4 % for BMD (left total femur), 1.1 % for BMC and 0.9 %
for BMD (left femoral neck), 0.7 % for BMC and 0.6 % for
BMD (right total femur), and 1.3 % for BMC and 1.0 % for
BMD (right femoral neck).

All densitometry measurements and analyses were com-
pleted in accordance with the ISCD recommendations [10].
For the lumbar spine, the subject’s data were excluded from
analyses if there were less than two normal vertebrae or there
was a T-score difference >1.0 between adjacent vertebrae. Each
proximal femur was analyzed separately due to the potential
for left-right differences [17]. For the six volunteers that
previously had unilateral (n=2 left and 2 right) or bilateral
(n=2) hip arthroplasty, no measurements were completed at
these sites. If the vertebrae or total femur Z-scores were ≥2.5
(observed in 23 subjects), those anatomical sites were excluded
from the analyses due to the potential of representing a
high-bone density disease [18]. Of the 462 volunteers who
underwent osteodensitometry, valid data were available on
433 (lumbar spine), 454 (total femur), and 453 (femur neck)
subjects.

The USA (NHANES III/Lunar) reference population was
used to determine T-and Z-scores. The World Health
Organization’s (WHO’s) classification of osteopenia (T-score
<−1.0 and >−2.5) and osteoporosis (T-score ≤−2.5) were used
for individuals 50+ years old [3]. Due to no WHO categories
existing for males <50 years old, Z-scores were used
to determine whether BMD was within the expected range for
age (Z-score >−2.0) or below the expected range for age
(Z-score ≤−2.0) [10].

Treatment eligibility

In order to determine whether the subjects 50+ years old were
eligible for treatment, the NOF criterion was used [11].
Specifically, a self-reported low-trauma fracture of the hip or
spine after the age of 20 years, osteoporosis determined by
spine or femoral neck BMD or low BMD of the femoral neck
with a 10-year hip fracture probability of ≥3 %, or a major
osteoporotic fracture (hip, spine, proximal humerus, or distal
forearm) probability of ≥20%were determined by theWHO’s
fracture prediction tool, FRAX [3]. The FRAX algorithm
(version 3.1) was included in the iDXA software and risk
factors (alcohol intake, parent hip fracture, chronic glucocor-
ticoids, fracture history, rheumatoid arthritis, and current
smoker) were entered with the lowest femoral neck BMD
and appropriate race selected to calculate the 10-year proba-
bility of major osteoporotic and hip fractures.

Statistical analysis

Most analyses were conducted for the total sample and
stratified by age, <50 and 50+ years old. When there

were valid measurements for the left and right proximal
femur, the mean of both sides were used. Statistical
significance was set at p<0.05 for all tests. Analyses
were conducted using SPSS, version 19.0 (IBM Corp.,
Armonk, NY).

Due to age-associated bone loss, BMC and BMD by
age group were assessed through analysis of variance
(ANOVA) tests for linear trends. When significant trends
were observed, contrasts were tested between adjacent
age groups.

Multiple regression models were used to determine
whether there was an association between submarine
service and BMC and BMD while adjusting for con-
founding variables that potentially could affect bone.
Due to the known dependency of body weight on
height, weight was excluded as a potential predictor.
With a small number of subjects representing some of
the predictor categories, a representation rule was made
to exclude predictors with <5 % categorical representa-
tion or with <10 subjects of the group being modeled
(i.e., total, <50 or 50+). Bivariate analyses identified
predictors for model entry shown to have an unadjusted
association (p<0.10) with BMD or BMC. Multiple re-
gression models were conducted with predictors meeting
model entry criteria. Using backward elimination, non-
significant variables (p>0.05) were removed sequential-
ly according to the highest p value.

To determine if submarine duty increased the odds
ratio of having low BMD, we performed multiple logis-
tic regression models. Low BMD was considered to be
a Z-score ≤−2.0 in the <50-year old group (below
expected range for age) or a T-score <−1.0 in the 50+
age group (osteopenia and osteoporosis) at any of the
five sites measured.

Chi-square and Fisher’s exact tests were used to
determine if the prevalence of osteopenia and osteopo-
rosis, respectively, of the lumbar spine and femur neck
in submariners 50+ years old differed from NHANES
2005–2008 [4]. For consistency with NHANES 2005–
2008, submariner age was standardized using the age
distribution from the US Census 2000 (non-Hispanic
white males 50+ years old), and the left femur neck
was used unless the subject had a left hip arthroplasty
or the Z-score was ≥2.5 in which case the right femur
neck was used (n=3). In addition, the crude prevalence
of low BMD at the lumbar spine, femur neck, and total
hip was estimated in 10 years intervals for subjects 50–
70 years old and as one group for those 70+ years old
to determine the number meeting the NOF treatment
guidelines. It should be noted that left-right side differ-
ences in classification of osteopenia and osteoporosis were
observed for femur neck (n=15), total femur (n=8), and both
(n=4). Thus, in these instances, the side with the lower BMD

Osteoporos Int (2014) 25:2225–2234 2227



measurement was used in determining crude prevalence and
odds ratios.

Results

Subject characteristics are presented in Table 1. The majority
of the volunteers were non-Hispanic white with the remainder
being comprised of non-Hispanic black (3.2 %), Mexican
American (4.1 %), Asian American (1.7 %), and other

(0.4 %). In order to minimize variable exclusion as a result
of an insufficient number volunteers endorsing some predictor
categories, the following were collapsed and dichotomized:
race (non-Hispanic white or other), conditions and diseases
known to cause secondary osteoporosis and fractures (yes or
no), and medications known to cause drug-induced osteopo-
rosis (yes or no).

The mean BMC and BMD for all sites by age group are
shown in Table 2. Weighted linear trends for age were ob-
served for lumbar spine BMC (F(1,427)=26.39, p<0.001),
total hip BMD (F(1,448)=42.40, p<0.001), femur neck BMC
(F(1,447) =46.39, p<0.001), and femur neck BMD
(F(1,447)=107.61, p<0.001), indicating decreased BMC
and BMD with aging. Significant linear trends were not
identified for lumbar spine BMD (F(1,427)=3.41, p=0.070)
or total hip BMC (F(1,448)=3.05, p=0.080). Contrasts for
significant trends showed mean lumbar spine BMC for sub-
mariners was lower for those in their 50s compared to those in
their 40s (t(57)=−2.89, p=0.005). The mean total hip BMD of
subjects in their 60s was also less than that measured for those
in their 50s (t(448)=−2.62, p=0.009). For femur neck, no
adjacent mean comparisons were significantly different for
BMC; however, mean BMD was lower for submariners in
their 40s than their 30s (t(447)=−3.03, p=0.003), and their
60s than their 50s (t(447)=−2.29, p=0.023).

For the multiple regression models, predictors that did not
meet the representation rule (i.e., <5 % categorical represen-
tation or with <10 subjects of the group) included fracture
history, family history of osteoporosis, and the submarine
category “other,” for all groups. For the <50 and 50+ year
old groups, diesel and secondary causes of osteoporosis in the
former and race, duty status, and current smoking status in the
latter were also excluded as a result of insufficient represen-
tation. The remaining predictors listed in Table 1 not other-
wise identified for exclusion were included in the models if
they had an unadjusted association (p<0.10) to BMC and
BMD. Predictors determined to be independently associated
with BMC and BMD are displayed in Table 3.

For the total group at the lumbar spine, both age and height
accounted for 12 % of the variance in BMC, while height and
smoking pack years explained 3 % of the variance in BMD. In
the <50-year old group, height was the only predictor associ-
ated with BMC (5 % of the variance), and height and race
(other) accounted for 3% of the variance in BMD. For the 50+
year old group, height and having conditions and diseases
known to cause secondary osteoporosis and fractures
accounted for 13 % of the variance in BMC. No predictors
were significant in the 50+ year old BMD model.

At the total hip, height and race accounted for 14 % of the
variance in BMC, while age, race (other), and serving onboard
a diesel submarine explained 11% of the variance in BMD for
the total group. In the <50-year old group, 15 % of the
variance in BMC was explained by height and race (other),

Table 1 Subject characteristics

<50 years old 50+ years old Total
(n=354) (n=108) (n=462)

Age (years) 32.6±6.7 65.7±9.3 40.3±15.9

Height (cm) 177.6±6.6 175.2±7.0 177.1±6.8

Weight (kg)a 89.5±14.1 93.3±17.0 90.4±14.9

BMI (kg/m2)a 28.4±3.9 30.3±4.6 28.8±4.1

Race

Non-Hispanic white 88.4 97.2 90.5

Other 11.6 2.8 9.5

Duty status

Active duty 94.1 6.5 73.6

Non-active duty 5.9 93.5 26.4

Military grade

Enlisted 87.3 67.6 82.7

Officer 12.7 32.4 17.3

Time at sea (years) 3.6±2.5 4.4±2.6 3.8±2.5

Submarine type

Diesel 0.6 39.8 9.7

SSN 93.2 67.6 87.2

SSBN 24.9 60.2 33.1

Otherb 4.0 3.7 3.9

Alcohol intake (drinks/day) 1.0±1.4 1.0±1.4 1.0±1.4

Current smoker 23 8 19

Smoking pack years 4.3±7.1 19.1±27.3 7.7±15.8

Smokeless tobacco can years 0.6±2.3 0.5±2.7 0.6±2.4

Fracture historyb

Hip 0 3.7 0.9

Spine 0 0.9 0.2

Family history osteoporosisb 3.1 4.6 3.5

SCOB 4.0 26.9 9.3

Medications 6.8 34.3 13.2

Data are % or mean ± SD. For submarine type, percentages represent
whether submariners served on that type of boat

SCOB secondary causes of osteoporosis, SSN submerged ship nuclear,
SSBN submerged ship ballistic nuclear
a Variable was omitted from consideration as a potential predictor
b Predictor was excluded from all models due to small representation
(<5 % categorical representation or with <10 subjects of the group)
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whereas race (other) and smoking pack years accounted for
4 % of the variance in BMD. In those 50+ years old, only
height was independently associated with BMC (explaining
8 % of the variance) and only serving on a diesel submarine
independently explained 7 % of the variance in BMD.

At the femur neck, age, height, and race (other)
accounted for 24 % of the variance, in BMC and
25 % in BMD for the total group. In the <50-year old
group, these same predictors explained 20 and 13 % of
the variance in BMC and BMD, respectively. For those
50+ years old, only height was independently associated
with BMC, explaining 7 % of the variance, and only
serving on a diesel submarine explained 7 % of the
variance in BMD. When included in the final model,
height and race (other than white) were positively asso-
ciated with BMC and BMD; conversely, age, smoking
pack years, secondary causes of osteoporosis, and serv-
ing on a diesel submarine were negatively associated
with BMC and BMD.

The crude prevalence of low BMD in submariners by
age group is displayed in Table 4. For those <50 years
old, 3.1 % of submariners had a BMD at the lumbar
spine (most common site), femur neck, or total femur
that was below the expected range for age. In those 50+
years old, 50 % had osteopenia at any site measured
with the femur neck being the most common site. In the
50+ year old group, 9 % had osteoporosis at the lumbar
spine, femur neck, or total femur; however, this estimate
should be viewed with caution as the standard error/
percent was 30–39 %. If only one proximal femur was
included in the analyses, the prevalence of low BMD
(<50-year old group), osteopenia, and osteoporosis (50+
year old group) would have been 3 % for the left and
right, 46 % for left and 43 % for right, and 6 % for left
and 8 % right, respectively.

Again, due to small representation within the sample, frac-
ture history, family history of osteoporosis, submarine

category “other”, race, and current smoking status were ex-
cluded from logistic regression analyses. In addition, there
were only 11 submariners in the <50-year old group that were
identified as having BMD below the expected range for age at
one or more sites; thus, no categorical predictors were entered
for this age group. Duty status was only entered for the model
including both age groups. Fitting the remaining predictors to
the respective logistic models one at a time revealed no
unadjusted p values <0.10 for the <50-year old group
(Table 5); therefore, multiple logistic models were only con-
sidered for the 50+ year old and total group. Age, height, and
serving onboard a diesel boat were considered for model entry
in the 50+ year old group, while most of the remaining
predictors were entered in the total group model. The
final models showed that only age was independently
associated with low BMD in the 50+ year old (OR
1.05; 95 % CI, 1.001–1.09, p=0.045) and the total group
(OR 1.11, 95 % CI, 1.09–1.13, p<0.001). No submarine-
related predictor was independently associated with low
BMD.

For those 50+ years old, no significant differences were
found between the estimated prevalence of osteopenia at the
lumbar spine or femur neck between submariners and
NHANES 2005–2008 [4]: lumbar spine (submariners,
15.7 % vs. NHANES 2005–2008, 17.5 %; p=0.770) and
femur neck (submariners 40.4 % vs. NHANES 2005–2008,
32.2 %; p=0.120). Similarly, there were no significant differ-
ences in the prevalence of osteoporosis at the lumbar spine
(submariners, 4.8 % vs. NHANES 2005-2008, 2.2 %, p =
0.150) or femur neck (submariners, 4.2 % vs. NHANES 2005-
2008, 2.0 %, p = 0.270).

The percentages of submariners 50+ and 70+ years old
who met the NOF criteria for treatment were 12.0±3.1 and
22.5±6.6 %, respectively. Self-reported low-trauma fractures
of the hip or spine, and osteoporosis determined by femoral
neck or spinal BMD were the most common NOF treatment
criteria met.

Table 2 Lumbar spine, total hip, and femur neck BMC and BMD by age group

Age
(years)

Number Lumbar
spine BMCa

Lumbar spine
BMD

Number Total hip
BMC

Total hip
BMDa

Number Femur neck
BMCa

Femur neck
BMDa

Total 433 70.09±0.75 1.237±0.007 454 40.95±0.25 1.100±0.006 453 5.75±0.04 1.055±0.006

20–29 135 71.75±1.22 1.243±0.012 137 41.10±0.47 1.129±0.011 135 5.94±0.08 1.107±0.011

30–39 154 72.36±1.13 1.250±0.010 158 41.15±0.42 1.118±0.009 158 5.89±0.06 1.085±0.009a

40–49 56 72.83±1.77a 1.216±0.017 56 41.58±0.62 1.094±0.015 56 5.70±0.08 1.027±0.014a

50–59 32 63.44±2.72a 1.247±0.027 33 41.45±1.04 1.088±0.023a 32 5.48±0.14 1.007±0.023b

60–69 32 63.17±3.80 1.209±0.025 34 39.16±0.97 1.008±0.024a 34 5.19±0.14 0.938±0.021b

70+ 24 57.84±3.74 1.201±0.035 36 39.73±0.94 1.013±0.024 38 5.25±0.14 0.931±0.022

Data are mean ± SE.Weighted linear trend ANOVA, p <0.001. a,bMean values sharing commonwithin each column are significantly different, p <0.001
(contrasts were only tested between adjacent age groups)
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Discussion

For years, there has been question as to whether submariner
skeletal health is compromised as a result of repetitive cycles
of submergence over the course of a career. However, no
studies have examined BMD in submariners using DXA, the
standard method for diagnosing osteoporosis [19]; thus, it is

unknown as to whether this population is at increased risk for
developing osteoporosis. The novelty of this research is that
BMD measurements of the lumbar spine and proximal femur
were determined in a cohort of submariners of varying age
with four main findings to report. First, increased time spent at
sea is not associated with BMC or BMD at the lumbar spine
and proximal femur nor does it increase the odds of having

Table 3 Predictors associated with BMC and BMD

Dependent variable Model Predictor variable B coefficient p value Adj. R2

Lumbar spine BMC <50 years old Heighta 0.521 <0.001 0.058

50+ years old Heighta 0.845 0.002 0.133

SCOBb −10.059 0.016

Total Agea −0.224 <0.001 0.119

Heighta 0.595 <0.001

Lumbar spine BMD <50 years old Heighta 0.003 0.007 0.025

Raceb 0.045 0.039

50+ years old No model, no predictors

Total Heighta 0.003 0.001 0.033

Smoking pack yearsa −0.001 0.025

Total hip BMC <50 years old Heighta 0.307 <0.001 0.151

Raceb 1.938 0.017

50+ years old Heighta 0.234 0.003 0.075

Total Heighta 0.291 <0.001 0.138

Raceb 1.914 0.018

Total hip BMD <50 years old Raceb 0.054 0.007 0.035

Smoking pack yearsa −0.002 0.020

50+ years old Dieselb −0.077 0.006 0.071

Total Agea −0.002 0.001 0.107

Raceb 0.059 0.004

Dieselb −0.059 0.025

Femur neck BMC <50 years old Agea −0.015 0.008 0.203

Heighta 0.050 <0.001

Raceb 0.390 0.001

50+ years old Heighta 0.031 0.006 0.070

Total Agea −0.013 <0.001 0.236

Heighta 0.044 <0.001

Raceb 0.366 0.002

Femur neck BMD <50 years old Agea −0.004 <0.001 0.126

Heighta 0.004 <0.001

Raceb 0.083 <0.001

50+ yo Dieselb −0.079 0.003 0.073

Total Agea −0.003 <0.001 0.251

Heighta 0.003 <0.001

Raceb 0.081 <0.001

Adj. R2 is the proportion of variation in BMC or BMD accounted for by the total predictors in the model. For <50 years old group: lumbar spine, n=345;
total hip, n=354; femur neck, n=349. For 50+ years old group: lumbar spine, n=88; total hip, n=103; femur neck, n=104. For total group: lumbar spine,
n=433; total hip, n=454; femur neck, n=453

SCOB secondary causes of osteoporosis
a Continous predictors
b Dichotomous predictors
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low BMD at these sites. Second, of the submarine service
predictors, only serving onboard a diesel submarine was

determined to be independently associated with a reduction
in BMD at the total hip and femur neck. Third, the prevalence
of osteopenia and osteoporosis of the femur neck and lumbar
spine in submariners 50+ years old is similar to NHANES
2005–2008 [4]. Fourth, the percentage of submariners 50+
years old that met the 2013 NOF treatment thresholds for
treatment consideration was less than half reported in
NHANES 2005–2008 (12 vs. 28 %) [4].

Increased time spent at sea would seemingly favor bone
loss as a result of the lack of solar ultraviolet B radiation, the
main source of vitamin D in humans [20], and the confined
space that makes it difficult for crewmembers to obtain ade-
quate weight-bearing physical activity that is needed for skel-
etal health preservation. In addition, smoking was not
prohibited on submarines until 2010 suggesting that those
who served prior to this period are at greater risk regardless
of their smoking statue (i.e., non-smokers exposed due to
confined space) [21]. In contrast to our hypothesis, there was
no correlation between time spent at sea and BMC and BMD
nor was there an increased odds of having low BMD, sug-
gesting, perhaps, that any negative skeletal effects that
may occur during periods of submergence are resolved during
in port and shore duty. In support of this, others have reported
a decrease in bone strength using quantitative ultrasound of
the tibia immediately, and 1-month following a 30-day sub-
marine patrol, which returned to baseline 6 months later [15].
The present investigation employed a cross-sectional design;

Table 4 Crude prevalence of low BMD in submariners by age group

Sample size Percent SE

Below the expected range for age (Z-score ≤−2.0)
Total <50 years old 354 3.1 0.9

20–29 137 3.6a 1.6a

30–39 160 2.5a 1.2a

40–49 57 3.5a 2.4a

Osteopenia (T-score between −1.0 and −2.5)
Total 50+ years old 105 49.5 4.9

50–59 33 42.4 8.6

60–69 34 58.8 8.4

70+ 38 47.4 8.1

Osteoporosis (T-score ≤−2.5)
Total 50+ years old 105 8.6b 2.7b

50–59 33 –a –a

60–69 34 8.8a 4.9a

70+ 38 15.8b 5.9b

Data are % ± SE. All five sites were considered when calculating the
prevalence of low BMD by age group (lumbar spine and femur neck (left
and right) and total hip (left and right))
a Estimates unreliable; standard error/percent >40 % or estimate was zero
b Estimates may be unreliable; standard error/percent is 30–39 %

Table 5 Unadjusted odds ratios for association of predictors to low BMD by age group

<50 years old 50+ years old Total

OR p value OR p value OR p value

Age 1.00 0.974 1.05 0.045b 1.11 <0.001b

Height 0.94 0.166 0.95 0.074 0.93 <0.001

Duty status (non-active/active) –a –a –a –a 18.00 <0.001

Time at sea 0.90 0.463 1.05 0.545 1.09 0.068

Military grade (officer/enlisted) –a –a 2.06 0.106 3.35 <0.001

Diesel –a –a 2.02 0.092 15.78 <0.001

SSN –a –a 0.55 0.172 0.19 <0.001

SSBN –a –a 0.82 0.632 3.29 <0.001

Alcohol intake 1.11 0.573 1.20 0.241 1.10 0.252

Smoking pack years 0.99 0.874 1.00 0.532 1.03 <0.001

Smokeless tobacco can years 0.39 0.413 0.98 0.828 0.94 0.439

SCOB –a –a 0.95 0.905 3.97 <0.001

Medications –a –a 0.72 0.426 3.03 <0.001

Each predictor was fitted to the model one at a time. All five sites (lumbar spine, total hip (left and right), and femur neck (left and right)) were considered
for determination of low BMD in those <50 years old (Z-score ≤−2.0, below expected range for age) and those 50+ years old (T-score<−1.0, osteopenia
and osteoporosis). For <50 years old, n=354; for 50+ years old, n=105; for total group, n=459

SSN submerged ship nuclear, SSBN submerged ship ballistic nuclear, SCOB secondary causes of osteoporosis
a Excluded from model due to small representation (<5 % categorical representation or with <10 subjects of the group
bAge was the only predictor significant (p<0.05) in a final model after adjusting for other predictors
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thus, we cannot determine whether iterative submarine patrols
causes bone loss. However, Z- and T-scores are generated
from non-institutionalized people (general population) and
are used as an index of relative risk. Thus, if cumulative
submergence does result in bone loss, one would have expect-
ed the prevalence of osteopenia and osteoporosis in the 50+
year old group to have been greater than the general popula-
tion [4], yet this was not the case. In the <50-year old group,
3.1 % of the subjects had a Z-score below the expected range
for age. There are no published data from NHANES 2005–
2008 for this age group; thus, a comparison in prevalence rates
between submariners and the general population for the “be-
low the expected range for age” classification in the <50-year
old age group cannot be determined.We acknowledge that the
subject’s BMD could have been higher than the general pop-
ulation’s mean prior to entering the submarine force and were
experiencing a rapid loss of bone mineral with increased time
at sea. However, when BMD was measured in the present
study, the Z- and T-scores, which provide an index of relative
risk, were not reflective of actual declines in BMD. Although
a case for either cannot be confirmed by these data, the age
trends for BMC and BMD are reflective of an expected age-
associated decline vs. an accelerated loss and, therefore, do
not support a more pronounced reduction in BMC and BMD
with increased time spent at sea.

Interestingly, submariners who reported serving onboard a
diesel submarine during their navy service were identified as
having an associated reduction in total hip and femur neck
BMD. Diesel-powered submarines, which are no longer in
service by the US Navy, were smaller than current nuclear
powered submarines and had less strict atmospheric control
limits than present day. As such, atmospheric CO2 levels
would regularly exceed 1 % [22], which has been reported
to induce a systemic acidosis resulting in dissolution of bone
mineral in animals [23], and a reduction in bone formation
with a concomitant slight increase in bone resorption in
humans [24]. The higher CO2 levels, combined with minimal
exercise and tobacco exposure (active and passive), may
explain the negative association between serving onboard a
diesel submarine and total hip BMD. The clinical significance
of this association is, however, likely minimal as the odds of
having osteopenia or osteoporosis in submariners who served
onboard diesel submariners was not increased.

Peak bone mass, achieved by 18–25 years of age, is deter-
mined by genetics, nutrition, exercise, and hormones [11, 25].
The normal age-related decline in bone can be accelerated by
many factors, including genetic, lifestyle, many pathologies
and medications [11]. As a result of this, we examined risk
factors that can cause or contribute to osteoporosis and frac-
tures in addition to the submarine service-related variables.
Although many predictors showed an unadjusted correlation
with BMC or BMD, few independent associations were ob-
served. This may be explained by the inability to measure

many predictors independent of age as the older subjects were
no longer serving in the navy had served onboard diesel
submarines with more time spent at sea and had reported risk
factors for osteoporosis and fractures. This, however, was an
uncontrollable consequence of the submarine population that
was studied, with most of the 50+ year old group having
served as submariners for 20+ years. A cohort with a larger
group of older submariners who left service prior to retirement
or who did not spend much time at sea would have been
preferable.

Based on the 2013 NOF treatment recommendations, 12 %
of the 50+ year old group and 23 % of the 70+ year old group
were considered eligible for pharmacological treatment, pri-
marily due to either a previous hip or vertebral fracture or a T-
score ≤−2.5 at the lumbar spine, femur neck, or total hip.
These values are similar, or less than, NHANES 2005–2008
[4], suggesting that skeletal health is similar between subma-
riners and the general public. Surprisingly, however, is these
individuals were unaware that they had a condition that war-
ranted consideration for treatment nor had they recalled pre-
viously having their BMD measured. In addition, the individ-
uals in the 50+ year old group that were determined to have
osteopenia were also unaware of their bone classification. If
one out of five males over the age of 50 will suffer an
osteoporotic fracture during their lifetime [26] and the rate
of fracture is highest in men who have low BMD and are
experiencing accelerated bone loss [27], concern should be
raised over the lack of monitoring and treatment in males
regardless of occupation. Recognition of the criterion for
BMD testing in men will help identify males who are at risk
for sustaining fractures and allow for monitoring and treat-
ment decisions to be made with the goal of reducing fractures,
mortality and the associated healthcare costs.

This research is not without limitations/concerns; in partic-
ular, there are two that deserve comment. First, as previously
stated, the study design was cross-sectional and, therefore,
cannot determine cause and effect. A longitudinal design
would have been ideal for determining whether BMC and
BMDwere decreasing with age (true loss) or if the individuals
identified as having low BMD just had skeletons that were less
dense than the population mean. A second limitation is that
the majority of the predictor data was self-reported and may
lack a certain degree of accuracy, specifically the time period
in years that each submariner had spent at sea and tobacco
history use. In order to minimize erroneous reporting, all
subjects were provided detailed instruction on providing their
past medical history and submarine service with all reports
reviewed at the time of the DXA scan and again by the
principle investigator, though it is acknowledged that there
may be an unknown margin of error. Of particular concern
was the time spent at sea, as incorrect reporting may have
eliminated any association with BMC or BMD when there
truly was one. However, if a significant reduction was present,
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then one would expect a higher prevalence of osteopenia and
osteoporosis in the 50+ year old group compared to the
general US population.

In conclusion, time spent at sea was not associated with
BMC or BMD of the lumbar spine, femur neck, or total hip in
submariners. Of the submarine service-related predictors, only
serving onboard a diesel submarine was negatively associated
with total hip BMD. The magnitude of this observation is,
however, likely small as serving onboard a diesel submarine,
as well as the other submarine service predictors did not
increase the odds of having low BMD. In the 50+ age group,
we report a prevalence of osteopenia and osteoporosis that is
similar to the general public. Additionally, we determined that
the percentage of submariners who met the 2013 NOF treat-
ment thresholds was less than what has been reported for the
general public. Although this was not a longitudinal study,
these findings do not favor a difference in skeletal health
between submariners and the US general population.
Screening males who are at risk for osteoporosis and fractures
should be considered crucial if the goal is prevention and cost
reduction.
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