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Low testosterone 
and cardiometabolic risks 
in a real‑world study of US male 
firefighters
Sushant M. Ranadive1,5, Adriana Lofrano‑Porto 2,5, Edgard M. K. V. K. Soares 3, 
Lauren Eagan1, Luiz Guilherme Grossi Porto 3 & Denise L. Smith 4*

Low serum total testosterone (TT) is associated with increased cardiovascular risk and metabolic 
derangements, with fatty liver (FL) emerging as an additional cardiometabolic threat. We investigated 
the associations between TT and cardiometabolic (CM) health in 298 US male firefighters. Cross‑
sectional data from occupational health examination were analyzed. TT was categorized as low 
(< 264 ng/dL), borderline (264–399 ng/dL), and reference (400–916 ng/dL). Conventional CM risk 
factors were compared among TT categories, and between firefighters with and without FL. 81% of 
firefighters were obese/overweight; almost 40% had FL. In the low‑TT group, only 3.1% had normal 
BMI, while 78.1% had FL. The low‑TT group had a worse CM profile, independently of age and BMI, and 
a fourfold higher adjusted odds of having FL. FL was associated with lower TT, regardless of age, BMI 
and HbA1c. Having a FL, HbA1c ≥ 5.7% or triglycerides ≥ 150 mg/dL increased the odds for low‑TT by 
4.1, 2.7 and 6.6 times, respectively. These real‑world data reveal strong associations between low‑TT 
and CM risk factors and support a call for action towards screening for low‑TT and FL, regardless of 
age, BMI or dysmetabolic conditions in firefighters. Recognizing cardiometabolic risks in firefighters 
provides an opportunity to lessen cardiovascular diseases burden.

Strenuous firefighting activity causes multiple changes in the cardiovascular  system1, including impaired endothe-
lial  function2, diastolic  dysfunction2, and an increased coagulatory  state3,4. Sudden cardiac events are a leading 
cause of duty related death among firefighters, accounting for approximately 50% of line of duty deaths each year 
based on the National Fire Protection  Association5. Further, firefighters are at a greater risk of sudden cardiac 
events during and shortly after fire suppression activities than on station  duties6,7.

In the last decade, significant associations between endogenous total testosterone (TT) and cardiovascular 
(CV) health have been observed. Testosterone levels in the normal reference range have been positively associ-
ated with CV  health8,9 in men, while low TT has been linked with higher cardiovascular morbi-mortality10 and 
 multimorbidity11. A direct or reverse causality is yet to be  clarified12 due to complex interactions between TT and 
CV health, especially in firefighters. Testosterone deficiency (TD) and CV diseases share common risk factors, 
such as obesity and metabolic  syndrome13,14, which are highly prevalent among  firefighters15–18.

Clinically, low testosterone is most commonly associated with increased visceral obesity, loss of muscle 
mass, fatigue, loss of bone strength, altered mood and low sex  drive8. In regards to firefighters, the screening for 
testosterone deficiency is particularly relevant because: (a) firefighting independently induces a pro-coagulatory 
 state4,19,20; (b) firefighting can impair vascular function which may be further potentiated by testosterone imbal-
ances; (c) firefighters commonly exhibit multiple risk factors that are associated with low testosterone levels, 
including obesity, metabolic dysfunction and sleep  disturbance21–23. However, there is limited data reporting 
the relationship between cardiometabolic health risks and endogenous testosterone levels among firefighters.
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Interestingly, most of the preventable cardiometabolic factors are also strongly related to non-alcoholic fatty 
liver disease (NAFLD), a rapidly emerging inflammatory liver disease that has also been related to cardiovascular 
morbidity and mortality  worldwide24,25. In this context, an independent role of NAFLD in CV health remains 
underexplored, despite of increasing evidence of the occurrence of common pathogenic  mechanisms24–28. Several 
integrating processes linking NAFLD to the complex network of cardiometabolic factors have been proposed, 
including low-grade inflammation due to increased secretion of deleterious hepatokines, hyperinsulinemia and 
hyperglycemia, atherogenic dyslipidemia, endothelial disfunction and  thrombogenesis29. However, to our knowl-
edge, there is no previous study on the prevalence of NAFLD in firefighters, which is remarkable considering the 
high prevalence of traditional CV risk factors among these  men17,18,21,22.

Therefore, the purpose of this study is to explore the association between endogenous serum testosterone 
levels and measures of cardiometabolic health, including traditional cardiometabolic risk factors and the pres-
ence of fatty liver among US firefighters in a real-world scenario. We hypothesize that firefighters presenting 
with lower testosterone levels have a more unfavorable overall cardiometabolic profile and higher prevalence of 
fatty liver disease, compared to those with testosterone levels in the reference range.

Methods
Study design and subjects. Using a cross-sectional study design, we evaluated occupational health 
records from a convenience sample of US male career firefighters who had serum testosterone levels and stand-
ard cardiovascular disease risk factors assessed as part of an occupational health evaluation. The present study 
is a novel research arm of a recently published study from our group. The initial study population included all 
male firefighters (n = 341) in a fire department in Florida who were cleared for firefighting duty and had a nor-
mal ejection fraction (> 55%), as previously  described16. For the current study, 23 subjects were excluded due to 
the absence of two or more results in the studied variables (missing data), and 11 due to elevated testosterone 
levels at the time of the occupational health evaluation (> 916 ng/dL). Additionally, 8 subjects were excluded 
for reporting the use of testosterone formulations (n = 6) or of medications that induce testosterone production 
(clomiphene and anastrazole; n = 2). One insulin pump user was excluded due to acute diabetic decompensation at 
the time of the evaluation. None of the firefighters used medications that could impact the risk of fatty liver disease, 
such as amiodarone, methotrexate, glucocorticoids, valproate and anti-retrovirals, among others. Thus, our final 
sample consisted of 298 male career firefighters.

The occupational medical evaluation was required of all members based on fire department policies and was 
provided by a contractual arrangement with an occupational health clinic. Components of the medical evalua-
tion included a physical examination, collection of anthropometric data, cardiometabolic blood chemistry panel, 
ultrasonographic screening of fatty liver, and serum total testosterone level (TT).

Data were examined retrospectively. The occupational health clinic sent deidentified medical records to the 
research team who extracted relevant data. The study was performed in accordance with the Declaration of 
Helsinki and all methods were performed in accordance with the relevant guidelines and regulations. Informed 
consent was waived by the Skidmore College Institutional Review Board since researchers received deidentified 
data and due to the retrospective nature of the study. The study protocol was approved by the Skidmore College 
Institutional Review Board.

Data assessment and analysis. Height and weight were assessed using a stadiometer and physician 
scale. BMIs were calculated as weight (kg)/height squared  (m2). Resting blood pressure (BP) was measured by a 
trained health care provider with the firefighter in a seated  position30.

Blood samples from eight to ten hours fasting were obtained in the early morning hours and were analyzed 
for blood biochemistry, which included glucose, HbA1c, lipid profile and basic liver function tests (AST, ALT) 
as primary variables. Serum total testosterone (TT) was assessed using a standard electrochemiluminescence 
assay (ECLIA, Roche Diagnostics, Indianapolis, IN, USA). Reference interval for adult males was determined 
by the clinical laboratory based on standardization of the assay to the CDC reference method (labcorp.com/
assets/11476). All blood analysis were performed by LabCorp (Laboratory Corporation of America, Burlington, 
NC, USA).

Serum TT values were categorized using the standard adult male reference range based on the Center of Dis-
ease Control (CDC, USA) reference method, as recommended by the Endocrine Society (264 to 916 ng/dL)8,31, 
resulting in the following groups: low (< 264 ng/dL), borderline (264–399 ng/dL), reference (400–916 ng/dL) and 
high testosterone (> 916 ng/dL). Due to the possibility of unreported exogenous testosterone supplementation or 
over-the-counter testosterone stimulants, the high testosterone group was not analyzed and therefore excluded 
from the study in order to avoid misinterpretation or artificial overestimation of associations among the variables.

Liver ultrasonography was performed by trained technicians at the occupational medicine clinic as part of an 
abdominal scan using a conventional B-mode ultrasound. Parenchymal echotexture was routinely assessed to 
estimate the degree of diffuse fatty infiltration in the liver. Findings consistent with fatty liver include hyperechoic 
parenchymal texture and liver brightness, contrast between the liver and the kidney, and impaired appearance 
of the intrahepatic vessels and  diaphragm32,33.

Statistical analyses. The normality of the variables’ distributions was confirmed in the groups and sub-
groups using the Kolmogorov–Smirnov test. Variables that were possibly not normally distributed were further 
examined using the Q-Q  Plot34 and normality was confirmed. Homogeneity of variance was also confirmed 
using Levene’s test in all groups and subgroups. Descriptive statistics for serum total testosterone and cardiomet-
abolic health parameters are presented as continuous and categorical variables. To compare the effect of different 
testosterone levels on cardiometabolic variables an ANOVA was performed using Tukey’s post hoc analysis. We 



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14189  | https://doi.org/10.1038/s41598-021-93603-z

www.nature.com/scientificreports/

also performed a T-test comparison between those with increased (≥ 5.7%) vs normal HbA1c (< 5.7%)35, those 
with the ultrasonographic-defined fatty liver vs those without it, those with high triglycerides (≥ 150 mg/dL) vs 
normal triglycerides (< 150 mg/dL), and firefighters with low (< 40 mg/dL) vs normal HDL-cholesterol (HDL) 
(≥ 40 mg/dL)36. Chi-squared test was used to analyze the association between TT and positive fatty liver and 
abnormal categories of HbA1c, triglycerides and HDL. To express the strength of association, the crude and 
the adjusted odds ratios (OR) and 95% confidence intervals (95% CI) were calculated. IBM SPSS  Statistics® 21 
(IBM Corporation, USA) software package was used for data processing and analysis and Prism 8 for Windows 
(GraphPad Software, USA) for graphic design. The differences were considered statistically significant when a 
two-tailed P-value was less than or equal to 5% (≤ 0.05).

Results
This is a cohort of young and middle-aged firefighters, ranging from 19 to 60 years old. Almost 85% of the 
participants were 50 or less, and 99.7% were below 60 years old. The mean BMI was in the overweight range, 
varying from 19.1 to 45.5 kg/m2. Despite the relatively low average age (37.6 ± 10.2 years old), only 18.8% of the 
sample (n = 56) had normal BMI, while 45.3% (n = 135) were overweight, and 35.9% (n = 107) were in the obese 
range; 35.6% (n = 106) had abnormal resting blood pressure (≥ 140 mmHg systolic and/or ≥ 90 mmHg diastolic), 
and 13.4% (n = 40) had HbA1c levels at the diabetic or pre-diabetic ranges (≥ 5.7%). Of all firefighters included in 
the study, 12.4% (n = 37) have been treated with at least one anti-hypertensive, 5.0% (n = 15) with lipid-lowering 
agents, 1.3% (n = 4) with anti-diabetics, and in 1.7% (n = 5) of the participants data on medication use was not 
available for the study. Mean TT value was in the reference range but there was a high interindividual variation. 
Characteristics of the study population are presented in Table 1.

A descriptive analysis of BMI among all men separated by TT groups is presented in Fig. 1. In the low TT 
group, only 3.1% of the firefighters had BMI in the normal range.

Comparisons of cardiometabolic variables based on TT groups are shown in Table 2. Of note, the low-TT 
group was older, and had higher BMI. Systolic and diastolic blood pressure were also significantly higher in the 
low testosterone group, though still with mean values in the normal range.

Laboratory parameters commonly used to assess cardiometabolic risk in clinical practice significantly differed 
among TT groups. Most importantly, significant differences in the blood lipid profile were observed, including 
a lower HDL and higher triglycerides in both low and borderline TT groups compared to firefighters with TT 
in the reference range. Consistently, non-HDL cholesterol levels were also higher in the low TT group. Fasting 
glucose and HbA1c did not differ among TT categories (Table 2). However, serum TT values were significantly 
lower in firefighters with HbA1c levels in the pre-diabetic or diabetic range (≥ 5.7%) compared to those with 
normal HbA1c (Fig. 2). Remarkably, ALT levels were significantly higher in the low TT group, thus revealing a 
lower AST/ALT ratio in this group (Table 2).

The overall prevalence of fatty liver identified by ultrasound (US) in our cohort is approximately 40% 
(119/298), and 78.1% among firefighters with low TT (25/32). We found significant associations between the 
presence of fatty liver and conventional cardiometabolic risk factors (glucose, HbA1c and lipid profile), as well 
as with testosterone levels. Firefighters with fatty liver showed significant unfavorable differences in most of 
the cardiometabolic variables as compared to those without fatty liver (Table 3). Although in the upper limit of 
normality or only slightly increased, the statistically significantly higher ALT levels in the group with fatty liver 
are noteworthy. The fatty liver group also showed significantly lower testosterone levels as well as lower AST/
ALT ratios (Fig. 3a,b).

A similar pattern of unfavorable associations as seen when comparing those with and without fatty liver  for 
all cardiometabolic variables when groups were categorized by clinically relevant values: HbA1c (≥ 5.7 vs. < 5.7%), 

Table 1.  Characteristics of the study population. Variables are expressed as mean ± standard deviation; BMI: 
body mass index; BP: blood pressure; HbA1c: glycated hemoglobin; Different sample sizes for the variables due 
to missing data: aSample size is n = 293; bSample size is n = 294.

Participants (n = 298)

Serum total testosterone (ng/dL) 452.7 ± 163.0

Age (yrs) 37.6 ± 10.2

BMI (kg/m2) 28.9 ± 4.5

Systolic BP (mmHg) 121.4 ± 7.6

Diastolic BP (mmHg) 77.2 ± 5.5

HbA1c (%) 5.4 ± 0.7

Glucose (mg/dL) a 92.6 ± 14.3

TC (mg/dL) 185.5 ± 37.9

HDL (mg/dL) 48.6 ± 11.6

LDL (mg/dL)b 111.4 ± 32.7

Triglycerides (mg/dL) 130.5 ± 86.3

AST (IU/L) 24.2 ± 8.4

ALT (IU/L) 30.1 ± 16.4
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triglycerides (≥ 150 vs. < 150 mg/dL), and HDL (< 40 vs. ≥ 40 mg/dL). Remarkably, TT levels were also significantly 
lower in each metabolically abnormal categories (p < 0.01) (data not shown).

After adjusting for confounding variables, the odds of having fatty liver was almost fourfold higher for the 
low-TT group as compared to the reference TT group (Table 4). The reverse analysis also showed a strong 

Whole sample (n=298)

Normal
Overweight
Obesity

35.9%
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45.3%
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Normal
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Figure 1.  Distribution of firefighters of different BMI categories among total testosterone groups, Low TT 
(< 264 ng/dL), Borderline TT (264–399 ng/dL), and Reference TT (400–916 ng/dL).

Table 2.  Comparison of cardiometabolic parameters among firefighters within different categories of serum 
total testosterone levels. a Significantly different when compared to reference group (Tukey’s post-hoc); 
bSignificantly different when compared to borderline group; Different sample sizes for the variables: *Low 
TT (n = 31), Borderline TT(n = 81), and Reference TT (n = 181); #Low TT(n = 31), Borderline TT(n = 81), and 
Reference TT (n = 182). BMI (Body Mass Index); BP: Blood Pressure; HbA1c: Glycated Hemoglobin; TC: 
Total cholesterol; HDL: High Density Lipoprotein-cholesterol; LDL: Low Density Lipoprotein-cholesterol; 
VLDL: Very Low Density Lipoprotein- cholesterol; AST: Aspartate Aminotransferase; ALT: Alanine 
Aminotransferase.

Low TT 
(< 264 ng/dL)
n = 32

Borderline TT 
(264–399 ng/dL)
n = 83

Reference range TT 
(400–916 ng/dL)
n = 183 p-value

Serum total testosterone (ng/dL) 210.6 ± 51.6a,b 330.0 ± 40.7a 550.6 ± 124.0  < 0.01

Age (years) 42.5 ± 9.3a 37.9 ± 10.7 36.6 ± 9.9 0.01

BMI (kg/m2) 32.4 ± 5.4a,b 29.7 ± 4.1a 28.0 ± 4.1  < 0.01

Systolic BP (mmHg) 125.6 ± 6.5a 122.9 ± 8.2a 120.0 ± 7.0  < 0.01

Diastolic BP (mmHg) 79.2 ± 4.0a 77.9 ± 5.5 76.5 ± 5.6 0.01

HbA1c (%) 5.6 ± 0.7 5.5 ± 0.6 5.3 ± 0.7 0.14

Glucose (mg/dL)* 94.1 ± 14.3 93.6 ± 13.2 91.9 ± 14.3 0.54

TC (mg/dL) 196.1 ± 43.0 184.4 ± 40.1 184.2 ± 35.8 0.25

HDL (mg/dL) 42.7 ± 9.0a 45.0 ± 9.8a 51.3 ± 11.9  < 0.01

LDL (mg/dL)# 116.4 ± 38.8 111.1 ± 36.9 110.7 ± 29.5 0.67

LDL/HDL# 2.77 ± 0.95a 2.54 ± 1.00a 2.27 ± 0.75  < 0.01

VLDL (mg/dL)# 36.1 ± 15.6a,b 28.0 ± 14.0a 22.2 ± 13.8  < 0.01

N-HDL cholesterol (mg/dL) 153.4 ± 41.3a 139.4 ± 41.0 133.0 ± 35.6 0.02

Triglycerides (mg/dL) 188.8 ± 89.5a,b 147.6 ± 97.7a 112.5 ± 73.8  < 0.01

AST (IU/L) 26.8 ± 9.5 23.4 ± 8.3 24.2 ± 8.2 0.15

ALT (IU/L) 40.7 ± 15.6a,b 30.8 ± 19.2 28.0 ± 14.5  < 0.01

AST/ALT 0.69 ± 0.19a,b 0.86 ± 0.30a 0.95 ± 0.28  < 0.01
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association between TT and fatty liver. Those with fatty liver have an adjusted odds-ratio of 4.1 (95%CI 1.5–11.3) 
of having low TT as compared to those without.

When categorizing the groups by HbA1c and triglycerides, the adjusted odds of having altered HbA1c 
(≥ 5.7%) or high triglycerides (≥ 150 mg/dL) were 2.8 (1.0–7.5) and 6.4 (2.6–15.3), respectively, among firefight-
ers in the low-TT group as compared to the reference TT group (Table 4).

Discussion
To the best of our knowledge, this is the first study to report the relationship between serum testosterone levels 
with conventional cardiometabolic variables and fatty liver in the US fire service, an important public safety group 
that has an unacceptably high rate of duty-related sudden cardiac deaths. Our main findings among young/mid-
dle aged career firefighters were that : (a) firefighters in the low-TT group have a worse overall cardiovascular risk 
profile, including the presence of fatty liver on ultrasound, independently of age and BMI; (b) the prevalence of 
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Figure 2.  Serum Total testosterone levels (Mean ± SD) in firefighters with increased (n = 40) vs normal Hb1Ac 
(n = 258); *(p < 0.05; T-test).

Table 3.  Comparison of primary cardiometabolic parameters among firefighters with (fatty liver +) and 
without fatty liver on ultrasound (fatty liver −). Different sample size for the variables due to missing data: 
aFatty liver+ (n = 116), Fatty liver− (n = 177); bfatty liver+ (n = 116), Fatty liver− (n = 178).

Fatty liver + 
(n = 119)

Fatty liver −
(n = 179) p-value

Serum total testosterone (ng/dL) 399.3 ± 154.1 488.2 ± 159.5  < 0.01

Age (years) 42.2 ± 9.3 34.5 ± 9.6  < 0.01

BMI (kg/m2) 31.5 ± 4.6 27.3 ± 3.5  < 0.01

Systolic BP (mmHg) 124.0 ± 7.1 119.7 ± 7.4  < 0.01

Diastolic BP (mmHg) 78.4 ± 5.4 76.3 ± 5.3  < 0.01

Glucose (mg/dL)a 96.8 ± 19.5 89.8 ± 8.5  < 0.01

HbA1c (%) 5.6 ± 1.0 5.3 ± 0.4  < 0.01

TC (mg/dL) 193.6 ± 38.4 180.1 ± 36.6  < 0.01

HDL (mg/dL) 45.5 ± 11.1 50.7 ± 11.4  < 0.01

LDLb (mg/dL) 117.4 ± 34.3 107.5 ± 31.1 0.01

LDL/HDLb 2.68 ± 0.92 2.22 ± 0.78  < 0.01

VLDL (mg/dL)b 30.3 ± 14.2 22.0 ± 14.2  < 0.01

N-HDL cholesterol (mg/dL) 148.3 ± 37.7 129.4 ± 36.7  < 0.01

Triglyceride (mg/dL) 158.3 ± 89.3 112.0 ± 79.3  < 0.01

AST (IU/L) 25.0 ± 8.8 23.7 ± 8.1 0.21

ALT (IU/L) 35.8 ± 20.2 26.4 ± 12.1  < 0.01

AST/ALT 0.79 ± 0.27 0.97 ± 0.27  < 0.01
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fatty liver identified by ultrasound in the whole cohort is high (± 40%), and even higher among those men with 
low TT (78.1%); (c) fatty liver was associated with lower TT levels regardless of age, BMI and HbA1c, and other 
cardiometabolic risk factors; and (d) having a fatty liver, altered HbA1c or high triglycerides increases the odds 
for presenting with low TT levels by 4.1, 2.7 and 6.6 times, respectively.

The associations of TT levels with age and BMI are well established and support our multivariate approach. 
The prevalence of testosterone deficiency (TD) is positively and linearly correlated with age in the general popu-
lation as well as among military  personnel8,37,38. Among obese men, it has been shown to be as high as 78%39. 
We found a prevalence of 38.6% of low or borderline TT levels in this relatively young cohort of firefighters 
raising important concerns that might be specific for firefighter’s health. Perhaps even more concerning, we 
found increased risk (high odds ratio) of having low TT among young/middle-aged firefighters with fatty liver 
or abnormal glucose and lipid profiles, even when controlling for common confounders.

Our real-world data from annual occupational medical exams extend previous research by presenting novel 
findings about the association of low testosterone levels and cardiometabolic health in men, including traditional 
risk factors and fatty liver—an emerging cardiometabolic threat. The high prevalence of ultrasonography defined 
fatty liver and its association with low testosterone levels among firefighters represents a novel and relevant 
finding, beyond its expected association with conventional cardiometabolic risk factors. While the estimated 
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Figure 3.  Serum total testosterone levels (a) and AST/ALT ratio (b) (mean ± SD) in firefighters with fatty liver 
(fatty liver + [n = 119]) and in those without it (fatty liver− [n = 179]). *p < 0.01 (T-test).

Table 4.  Odds ratio of having various metabolic abnormalities in male career firefighters with borderline or 
low total testosterone (TT) levels compared to those with TT in the reference range. TT: total testosterone; p: 
Pearson’s Chi-square p-value. # Adjusted for body mass index, age, and HbA1c; *Significantly different when 
compared to reference group.

Total testosterone group n %

Crude analysis Adjusted  analysis#

OR (95%CI) p OR (95%CI) p

Fatty liver + 

Reference range TT (400–916 ng/dL) 183 31.1 1.00 – 1.00 –

Borderline TT (264–399 ng/dL) 83 44.6 1.78* (1.04–3.03) 0.04 1.29 (0.69–2.41) 0.43

Low TT (< 264 ng/dL) 32 78.1 7.90* (3.23–19.31)  < 0.01 3.99* (1.45–10.94) 0.01

HbA1c ≥ 5.7%

Reference range TT (400–916 ng/dL) 183 8.2 1.00 – 1.00 –

Borderline TT (264–399 ng/dL) 83 16.9 2.27* (1.04–4.96) 0.04 1.79 (0.78–4.10) 0.17

Low TT (< 264 ng/dL) 32 34.4 5.87* (2.38–14.44)  < 0.01 2.76* (1.01–7.53) 0.05

Triglycerides (≥ 150 mg/dL)

Reference range TT (400–916 ng/dL) 183 18.6 1.00 – 1.00 –

Borderline TT (264–399 ng/dL) 83 33.7 2.23* (1.24–4.02) 0.01 1.86* (1.00–3.46) 0.05

Low TT (< 264 ng/dL) 32 68.8 9.64* (4.18–22.23)  < 0.01 6.36* (2.62–15.37)  < 0.01

HDL-cholesterol < 40 mg/dL

Reference range TT (400–916 ng/dL) 183 12.6 1.00 – 1.00 –

Borderline TT (264–399 ng/dL) 83 27.7 2.67* (1.39–5.10)  < 0.01 2.34* (1.20–4.57) 0.1

Low TT (< 264 ng/dL) 32 37.5 4.17* (1.80–9.66)  < 0.01 2.42 (0.94–6.28) 0.07
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prevalence of non-alcoholic fatty liver in the US general population, also identified by ultrasound, is around 
24%40, we found that 25 out of 32 middle-aged firefighters with low TT had fatty liver (78%). Further, the preva-
lence of 53.9% of fatty liver among firefighters with TT below the reference range (≤ 400 ng/dL) is remarkable.

The fact that approximately half of duty-related deaths among US firefighters are due to sudden cardiac 
events lends urgency to unravel the complex cardiometabolic interactions that drive the risk of major adverse 
cardiovascular events in these men. The odds for severe cardiovascular events among firefighters are not random, 
but are associated with physically and psychologically stressful job  tasks6,7,41. Firefighters’ duty-related deaths 
attributed to coronary heart disease and increased heart size were associated with a stunning 112-fold increased 
risk of cardiac death during fire suppression activities compared with non-emergency duties at the fire  station6. 
Thus, a major challenge for the fire service and for the occupational health team is the early identification of the 
most susceptible  workers42, and strategies and policies to prevent the advancement of cardiovascular disease. 
Recently, a study in a German Fire Service reported that firefighters with higher cardiorespiratory fitness levels 
had more favorable cardiovascular risk parameters, namely lower BMI, waist circumference, body fat, resting 
systolic blood pressure and  triglycerides43.

Two recent literature reviews have pointed out for an important association between fatty liver disease and 
CV events, and its possible independent effect on cardiac risk independent of traditional CV risk factors, such 
as hypertension and  dyslipidemia26,27. NAFLD was associated with an increased incidence of CV disease in 
DM2 patients, independent of traditional CV risk factors and metabolic syndrome components, i.e., atherogenic 
dyslipidemia, dysglycemia, obesity and  hypertension44. In addition, it has been proposed that the concomitance 
of dyslipidemia and NAFLD in a single individual could enhance atherogenic activity, especially in the pres-
ence of high LDL/VLDL, low HDL, and high  triglycerides27. Although our study was not designed to address 
CV outcomes, most of our fatty liver cases are associated with at least one of the dysmetabolic conditions that 
frequently affect firefighters and increase their overall CV risk. Interestingly, the mean lipid profile in our cohort 
is only mildly abnormal, which could be partially related to the use of lipid-lowering drugs, relatively young age 
of our sample or behavioral or environmental factors that were not addressed in the study. Nevertheless, the 
major lipid alterations were found in the low-TT and fatty liver positive groups, including low HDL-cholesterol 
and high triglycerides and non-HDL cholesterol (Tables 1, 2, 3).

Previous research have shown systemic microvascular damage associated with endothelial dysfunction related 
to persistent inflammation, subclinical atherosclerosis, structural cardiac abnormalities, and oxidative stress, all 
possible mechanisms underlying the increased CV risk associated with  NAFLD26,27,45,46. These findings are of 
particular concern among firefighters due to the acute effects of firefighting on vascular  function2,20 and the high 
prevalence of left ventricular hypertrophy or cardiomegaly in autopsies of firefighters who died due to cardiac 
 conditions47. Of note, we have recently shown that firefighters with borderline-low TT levels (between 264 and 
320 ng/dL) have a fourfold higher risk of having a lower left ventricular wall thickness, independently of age, 
BMI, and  HbA116. Whether the available cardiovascular findings correlate with fatty liver and/or an unfavorable 
overall cardiometabolic profile related to low testosterone levels is still hypothetical, thus highlighting the need 
for additional studies.

The present data corroborate the association of low testosterone with multiple cardiometabolic risk  factors48,49 
that have been described in the context of the fire  service22,50. However, the design of our study does not allow 
us to establish causality nor exclude reverse causality between low TT and cardiometabolic risk factors, includ-
ing fatty liver. On the other hand, the consistency of the differences between groups, either when categorized 
by TT level, presence or not of fatty liver, or by HbA1c, triglycerides and HDL-cholesterol conventional cut-off 
points corroborates the complex interactions between testosterone secretion and cardiovascular risk factors. 
The fourfold increased risk of having low testosterone among firefighters with fatty liver, and vice-versa, after 
adjustment for obesity, also strongly support the idea that fatty liver disease negatively influences circulating 
testosterone levels bidirectionally.

Fatty liver is linked to obesity and it appears that the combination of these two conditions is related to low 
testosterone in a significant percentage of men, partly due to decreased SHBG levels that frequently accompa-
nies obesity and  NAFLD12. However, the levels of SHBG secreted by the liver, and thus TT levels are not solely 
dependent of the degree of fat. For example, there is a significant role of SHBG gene polymorphisms on the levels 
of SHBG independently of obesity, fatty liver and testosterone. Also, the degree of inflammation, distribution of 
adiposity and the energetic efficiency of the different adipose tissue deposits have been studied as determinants 
of both NAFLD and testosterone insufficiency, beyond obesity per  se29.

Consistent with the hypothesis of an effect of testosterone on liver fat deposition, independent of obesity, 
an increased fat deposition was observed in testicular feminizing mice (tfm) fed with a high-cholesterol diet, 
compared with their wild-type littermates. Those mice have a non-functional androgen receptor (AR) and severe 
testosterone deficiency. Testosterone supplementation in those animals reduced hepatic steatosis, suggesting an 
AR independent role on key regulatory lipogenic  enzymes51. Another study using a liver-specific AR knock-out 
mouse model showed that a high-fat diet induced insulin resistance and hepatic steatosis only in the males, not 
in  females52.

Furthermore, several studies have investigated cardiometabolic risks in Klinefelter syndrome. Men with this 
chromosomal disorder have variable degrees of testosterone insufficiency lifelong, and present an increased 
prevalence of metabolic syndrome, high triglycerides, type 2 diabetes mellitus and increased platelet activity, 
along with increased CV  risk53. However, it is still unclear whether an unfavorable body composition and dys-
metabolism in those men is a consequence of a peculiar gene expression pattern, testosterone deficiency or both. 
This is an especially critical clinical question because testosterone replacement only partly reverts this metabolic 
scenario though without definite evidence of beneficial effects on cardiovascular  outcomes54. Overall, current 
knowledge points to a multifactorial interactive network, in which genetics, environmental and job-related 
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factors, sleep pattern, diet, exercise and tissue specific testosterone-related metabolic effects, all play determinant 
roles on a man’s risk of having a major cardiovascular acute  event12,54.

Apart from the strengths of our data, some limitations inherent to the study design should be pointed out. 
The retrospective design based on clinical charts review is subject to occasional missing data and precludes 
a more detailed analysis. The data from the current study does not allow for a definitive clinical diagnosis of 
NAFLD, since exclusion of excessive alcohol intake was not possible. On the other hand, although restricted to 
ultrasound-based liver appearance to screen for hepatic fatty infiltration, this is the dominant screening tool 
for NAFLD worldwide, due to its low cost, safety and  accessibility32. Furthermore, although insufficient for a 
diagnosis of NAFLD, the higher ALT levels and, consequently, lower AST/ALT ratio in the firefighters with 
fatty liver corroborate previous  studies29,32. A prospective study of 400 US military personnel and their relatives 
(mean age 55 years) estimated the prevalence of NAFLD by ultrasound, further confirmed by liver biopsy, to be 
as high as 46%. In this study, factors associated with NAFLD included male sex, increasing age, and the presence 
of systemic hypertension, obesity, or diabetes, similar to the findings of the current  study55.

Lastly, it is important to point out that our study was based on a single serum TT measure, instead of at least 
two independent measures recommended for the clinical diagnosis of hypogonadism. TT levels are subjected 
to variations related to the circulating levels of Sex-Hormone Binding Globulin (SHBG), which is produced 
in the liver and can be mildly reduced under states of obesity, insulin resistance, and NAFLD. Also, medica-
tions routinely used by the participants, such as antihypertensive drugs (12.4%), lipid-lowering agents (5.0%) 
and antidiabetics (1.3%), could potentially influence the results of the cardiometabolic variables. However, we 
note that a relatively small proportion of participants reported taking those drugs, and further, their prescrip-
tion supposes the diagnosis of hypertension, dyslipidemia and diabetes, which are considered cardiometabolic 
disease equivalents and thus would likely underestimate our results, rather than artificially overestimate them. 
Additional studies, with longitudinal designs, are necessary to confirm and clarify the direction of the relation-
ships between endogenous low TT, fatty liver and NAFLD, and other cardiometabolic impairments in men in 
the general population as well as in firefighters. Importantly, our findings highlight the need to investigate the 
roles of testosterone replacement on cardiovascular health of men with unambiguous evidence of testosterone 
deficiency and  NAFLD25.

In summary, these real-world data reinforce and extend our previous exploratory findings regarding the 
association between TT and cardiovascular health among firefighters, highlighting the importance of assessing 
serum testosterone levels in the fire service workforce, even at a relatively young age. By both an inferential or 
associative statistical approach, our results support two possible general interpretations: (1) that low TT lev-
els, an unfavorable cardiometabolic profile, and the presence of fatty liver constitute “pillars” of a unique and 
complex metabolic clinical condition, potentially reversed if recognized early, that increases the risk of a major 
cardiovascular acute events; (2) that all of those factors consist of independent pathophysiological entities, that 
interact and aggregate cardiovascular risk one to the other. Either possibility warrants a call for action towards 
early screening for low  TT16 and fatty  liver27, regardless of age, BMI or glucose control in this unique workforce 
that has a higher overall CV risk due to its inherent job-related  tasks1,6. Furthermore, unravelling cardiometabolic 
triggers in firefighters provides important information for the improvement of actions to prevent the growth of 
cardiovascular diseases globally.

Conclusions
Our data confirm the preliminary hypotheses that firefighters in the low endogenous serum testosterone group 
had a more unfavorable cardiometabolic profile compared to those in the testosterone reference range, including 
a higher prevalence of fatty liver. A high overall prevalence of ultrasonographic-defined fatty liver was observed 
in this population, that was even more pronounced in men in the low TT group. The odds of having fatty liver, 
abnormal glucose and lipid profiles were significantly higher among firefighters with low TT as compared to 
those in the reference range of TT. In this young and middle-aged career cohort of firefighters we found signifi-
cant associations between low serum testosterone level, a worse traditional CV risk profile and the presence of 
fatty liver. Those in the low-TT group were older, had higher BMI, a higher Hba1c and had a more impaired 
lipid profile. Importantly, the presence of fatty liver was associated with lower testosterone levels regardless of 
age, BMI and HbA1c.

Our results provide a starting rationale for early screening of both testosterone deficiency and fatty liver in 
firefighters along with other CV risk factors. This would allow evidence-based clinical follow up and referral for 
those who might benefit from timely and individualized pharmacological and/or non-pharmacological therapies, 
thus avoiding expensive high complexity procedures, and promoting a better quality of life. Our data extend 
previous literature  findings56,57 that support early and continuous implementation of healthy lifestyle strategies 
based on physical activity/fitness promotion and good quality diets as  well58.

Received: 21 February 2021; Accepted: 10 June 2021

References
 1. Smith, D. L., DeBlois, J. P., Kales, S. N. & Horn, G. P. Cardiovascular strain of firefighting and the risk of sudden cardiac events. 

Exerc. Sport Sci. Rev. 44, 90–97 (2016).
 2. Fahs, C. A. et al. Acute effects of firefighting on arterial stiffness and blood flow. Vasc. Med. 16, 113–118 (2011).
 3. Smith, D. L., Horn, G. P., Woods, J., Ploutz-Snyder, R. & Fernhall, B. Effect of aspirin supplementation on hemostatic responses 

in firefighters aged 40 to 60 years. Am. J. Cardiol. 118, 275–280 (2016).
 4. Smith, D. L. et al. Clotting and fibrinolytic changes after firefighting activities. Med. Sci. Sports Exerc. 46, 448–454 (2014).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14189  | https://doi.org/10.1038/s41598-021-93603-z

www.nature.com/scientificreports/

 5. Fahy, R. F., Petrillo, J. T. & Molis, J. L. Firefighter fatalities in the US. https:// www. nfpa. org/% 2F-% 2Fmed ia/ Files/ News- and- Resea 
rch/ Fire- stati stics- and- repor ts/ Emerg ency- respo nders/ osFFF. pdf (2019).

 6. Smith, D. L. et al. The relation of emergency duties to cardiac death among US firefighters. Am. J. Cardiol. 123, 736–741 (2019).
 7. Kales, S. N., Soteriades, E. S., Christophi, C. A. & Christiani, D. C. Emergency duties and deaths from heart disease among fire-

fighters in the United States. N. Engl. J. Med. 356, 1207–1215 (2007).
 8. Bhasin, S. et al. Testosterone therapy in men with hypogonadism: An Endocrine Society Clinical Practice Guideline. J. Clin. 

Endocrinol. Metab. 103, 1715–1744 (2018).
 9. Dandona, P. & Rosenberg, M. T. A practical guide to male hypogonadism in the primary care setting. Int. J. Clin. Pract. 64, 682–696 

(2010).
 10. Corona, G. et al. Endogenous testosterone levels and cardiovascular risk: Meta-analysis of observational studies. J. Sex Med. 15, 

1260–1271 (2018).
 11. Peterson, M. D., Belakovskiy, A., McGrath, R. & Yarrow, J. F. Testosterone deficiency, weakness, and multimorbidity in men. Sci. 

Rep. 8, 5897 (2018).
 12. Gagliano-Jucá, T. & Basaria, S. Testosterone replacement therapy and cardiovascular risk. Nat. Rev. Cardiol. 16, 555–574 (2019).
 13. Mulligan, T., Frick, M. F., Zuraw, Q. C., Stemhagen, A. & McWhirter, C. Prevalence of hypogonadism in males aged at least 45 

years: The HIM study. Int. J. Clin. Pract. 60, 762–769 (2006).
 14. Corona, et al. Hypogonadism as a risk factor for cardiovascular mortality in men: A meta-analytic study. Eur. J. Endocrinol. 165, 

687–701 (2011).
 15. Baur, D. M., Christophi, C. A. & Kales, S. N. Metabolic syndrome is inversely related to cardiorespiratory fitness in male career 

firefighters. J. Strength Cond. Res. 26, 2331–2337 (2012).
 16. Lofrano-Porto, A., Soares, E. M. K. V. K., Matias, A., Porto, L. G. G. & Smith, D. L. Borderline-low testosterone levels are associated 

with lower left ventricular wall thickness in firefighters: An exploratory analysis. Andrology 8, 1753–1761 (2020).
 17. Hollerbach, B. S., Mathias, K. C., Stewart, D., Jack, K. & Smith, D. L. A Cross-sectional examination of 10-year atherosclerotic 

cardiovascular disease risk among US firefighters by age and weight status. J. Occup. Environ. Med. 62, 1063–1068 (2020).
 18. Smith, D. L., Graham, E., Stewart, D. & Mathias, K. C. Cardiovascular disease risk factor changes over 5 years among male and 

female US firefighters. J. Occup. Environ. Med. 62, 398–402 (2020).
 19. Smith, D. L. et al. Effect of live-fire training drills on firefighters’ platelet number and function. Prehosp. Emerg. Care 15, 233–239 

(2011).
 20. Smith, D. L. et al. Effect of obesity on acute hemostatic responses to live-fire training drills. Am. J. Cardiol. 114, 1768–1771 (2014).
 21. Poston, W. S. C. et al. The prevalence of overweight, obesity, and substandard fitness in a population-based firefighter cohort. J. 

Occup. Environ. Med. 53, 266–273 (2011).
 22. Nogueira, E. C. et al. Body composition is strongly associated with cardiorespiratory fitness in a large brazilian military firefighter 

cohort: The Brazilian firefighters study. J. Strength Cond. Res. 30, 33–38 (2016).
 23. Choi, B. et al. Very long (> 48 hours) shifts and cardiovascular strain in firefighters: A theoretical framework. Ann. Occup. Environ. 

Med. 26, 5 (2014).
 24. Targher, G., Byrne, C. D. & Tilg, H. NAFLD and increased risk of cardiovascular disease: Clinical associations, pathophysiological 

mechanisms and pharmacological implications. Gut 69, 1691–1705 (2020).
 25. Brouwers, M. C. G. J., Simons, N., Stehouwer, C. D. A. & Isaacs, A. Non-alcoholic fatty liver disease and cardiovascular disease: 

Assessing the evidence for causality. Diabetologia 63, 253–260 (2020).
 26. Ismaiel, A. & Dumitraşcu, D. L. Cardiovascular risk in fatty liver disease: The liver-heart axis—Literature review. Front. Med. 6, 

202 (2019).
 27. Tana, C. et al. Cardiovascular risk in non-alcoholic fatty liver disease: Mechanisms and therapeutic implications. Int. J. Environ. 

Res. Public Health 16, 3104 (2019).
 28. Alexander, M. et al. Non-alcoholic fatty liver disease and risk of incident acute myocardial infarction and stroke: findings from 

matched cohort study of 18 million European adults. BMJ 367, 15367 https:// doi. org/ 10. 1136/ bmj. l5367 (2019).
 29. Cusi, K. & Godinez Leiva, E. Cardiovascular risk in patients with nonalcoholic fatty liver disease: Looking at the liver to shield the 

heart. Curr. Opin. Lipidol. 31, 364–366 (2020).
 30. Cifu, A. S. & Davis, A. M. Prevention, detection, evaluation, and management of high blood pressure in adults. JAMA 318, 

2132–2134 (2017).
 31. Travison, T. G. et al. Harmonized reference ranges for circulating testosterone levels in men of four cohort studies in the United 

States and Europe. J. Clin. Endocrinol. Metab. 102, 1161–1173 (2017).
 32. Ferraioli, G. & Soares Monteiro, L. B. Ultrasound-based techniques for the diagnosis of liver steatosis. World J. Gastroenterol. 25, 

6053–6062 (2019).
 33. Hernaez, R. et al. Diagnostic accuracy and reliability of ultrasonography for the detection of fatty liver: A meta-analysis. Hepatology 

54, 1082–1090 (2011).
 34. Ghasemi, A. & Zahediasl, S. Normality tests for statistical analysis: A guide for non-statisticians. Int. J. Endocrinol. Metab. 10, 

486–489 (2012).
 35. Association, A. D. 2. Classification and diagnosis of diabetes: Standards of medical care in diabetes—2021. Diabetes Care 44, 

S15–S33 (2021).
 36. Grundy, S. M. et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA guideline on the man-

agement of blood cholesterol? A report of the American College of Cardiology/American Heart Association Task Force on Clinical 
Practice Guidelines. J. Am. Coll. Cardiol. 25, e285-350 (2019).

 37. Morgentaler, A. et al. Fundamental concepts regarding testosterone deficiency and treatment: International expert consensus 
resolutions. Mayo Clin. Proc. 91, 881–896 (2016).

 38. Nardozza Júnior, A., Szelbracikowski, S. D. S., Nardi, A. C. & Almeida, J. C. D. Age-related testosterone decline in a Brazilian cohort 
of healthy military men. Int. Braz. J. Urol. 37, 591–597 (2011).

 39. Zarotsky, V. et al. Systematic literature review of the risk factors, comorbidities, and consequences of hypogonadism in men. 
Andrology 2, 819–834 (2014).

 40. Younossi, Z. et al. Global burden of NAFLD and NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. 
Hepatol. 15, 11–20 (2018).

 41. Soteriades, E. S., Smith, D. L., Tsismenakis, A. J., Baur, D. M. & Kales, S. N. Cardiovascular disease in US firefighters: A systematic 
review. Cardiol. Rev. 19, 202–215 (2011).

 42. Kales, S. N. & Smith, D. L. Firefighting and the heart: Implications for prevention. Circulation 135, 1296–1299 (2017).
 43. Strauss, M. et al. Higher cardiorespiratory fitness is strongly associated with lower cardiovascular risk factors in firefighters: A 

cross-sectional study in a German fire brigade. Sci. Rep. 11, 2445 (2021).
 44. Targher, G. et al. Nonalcoholic fatty liver disease is independently associated with an increased incidence of cardiovascular events 

in type 2 diabetic patients. Diabetes Care 30, 2119–2121 (2007).
 45. Villanova, N. et al. Endothelial dysfunction and cardiovascular risk profile in nonalcoholic fatty liver disease. Hepatology 42, 

473–480 (2005).
 46. Jaruvongvanich, V. et al. Increased arterial stiffness in nonalcoholic fatty liver disease: A systematic review and meta-analysis. Eur. 

J. Gastroenterol. Hepatol. 29, e28–e35 (2017).

https://www.nfpa.org/%2F-%2Fmedia/Files/News-and-Research/Fire-statistics-and-reports/Emergency-responders/osFFF.pdf
https://www.nfpa.org/%2F-%2Fmedia/Files/News-and-Research/Fire-statistics-and-reports/Emergency-responders/osFFF.pdf
https://doi.org/10.1136/bmj.l5367


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14189  | https://doi.org/10.1038/s41598-021-93603-z

www.nature.com/scientificreports/

 47. Smith, D. L. et al. Pathoanatomic findings associated with duty-related cardiac death in US firefighters: A case-control study. J. 
Am. Heart Assoc. 7, e009446 (2018).

 48. Casulari, L. A., Caldas, A. D. A., Domingues Casulari Motta, L. & Lofrano-Porto, A. Effects of metformin and short-term lifestyle 
modification on the improvement of male hypogonadism associated with metabolic syndrome. Minerva Endocrinol. 35, 145–151 
(2010).

 49. Caldas, A. D. A., Porto, A. L., da Motta, L. D. C. & Casulari, L. A. Relationship between insulin and hypogonadism in men with 
metabolic syndrome. Arquivos Brasileiros de Endocrinologia & Metabologia 53, 1005–1011 (2009).

 50. Mathias, K. C., Bode, E. D., Stewart, D. F. & Smith, D. L. Changes in firefighter weight and cardiovascular disease risk factors over 
five years. Med. Sci. Sports Exerc. 52, 2476–2482 (2020).

 51. Kelly, D. M. et al. Testosterone suppresses the expression of regulatory enzymes of fatty acid synthesis and protects against hepatic 
steatosis in cholesterol-fed androgen deficient mice. Life Sci. 109, 95–103 (2014).

 52. Kelly, D. M. & Jones, T. H. Testosterone: A metabolic hormone in health and disease. J. Endocrinol. 217, R25-45 (2013).
 53. Bojesen, A. et al. The metabolic syndrome is frequent in Klinefelter’s syndrome and is associated with abdominal obesity and 

hypogonadism. Diabetes Care 29, 1591–1598 (2006).
 54. Calogero, A. E. et al. Klinefelter syndrome: Cardiovascular abnormalities and metabolic disorders. J. Endocrinol. Investig. 40, 

705–712 (2017).
 55. Williams, C. D. et al. Prevalence of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among a largely middle-aged 

population utilizing ultrasound and liver biopsy: A prospective study. Gastroenterology 140, 124–131 (2011).
 56. Korre, M., Sotos-Prieto, M. & Kales, S. N. Survival mediterranean style: Lifestyle changes to improve the health of the US fire 

service. Front Public Health 5, 331 (2017).
 57. Lan, F.-Y. et al. A Mediterranean lifestyle is associated with lower hypertension prevalence and better aerobic capacity among new 

england firefighter recruits. J. Occup. Environ. Med. 62, 466–471 (2020).
 58. 2018 Physical Activity Guidelines Advisory Committee. 2018 Physical Activity Guidelines Advisory Committee Scientific Report. 

https:// health. gov/ our- work/ physi cal- activ ity/ curre nt- guide lines/ scien tific- report (2018).

Acknowledgements
The authors would like to thank LifeScan Wellness Centers for providing the data for this study and to gratefully 
acknowledge their help in managing the data and providing important context to how the data were collected.

Author contributions
S.M.R., A.L.P., L.G.G.P., and D.L.S. were involved in the conception and design of the study, data analysis and 
interpretation, drafting and writing the article, and approval of the manuscript. E.M.K.V.K.S. was involved in 
the conception and design of the study, data analysis and interpretation, tables and graphics composition, and 
approval of the manuscript. L.E. was involved in data entry, initial data analysis, and approval of the manuscript.

Funding
This publication was made possible by Federal Emergency Management Agency (FEMA), Grant/Award Num-
ber: EMW – 2017 – FP – 00445 (author DLS), Fundação de Apoio à Pesquisa do Distrito Federal, Grant/Award 
Number: 3/2016 (author LGGP) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - Finance 
Code 001: EMKVKS was supported by a CAPES scholarship (author EMKVKS).

Competing interests 
DLS served as a consultant in cases involving firefighters’ cardiac issues. The remaining authors have no disclo-
sures to report.

Additional information
Correspondence and requests for materials should be addressed to D.L.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021, corrected publication 2022

https://health.gov/our-work/physical-activity/current-guidelines/scientific-report
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Low testosterone and cardiometabolic risks in a real-world study of US male firefighters
	Methods
	Study design and subjects. 
	Data assessment and analysis. 
	Statistical analyses. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


