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Abstract
Background Monitoring elite athletes’ body composition (BC) is vital for health and optimizing performance in 
sports emphasizing leanness, such as athletics. This study aims to investigate and compare sex- and event-specific 
off-to in-season BC changes in endurance and power event athletics competitors.

Methods Elite male and female endurance athletes (> 800 m runners; n = 21) and power event athletes (sprinters, 
jumpers; n = 32) underwent dual-energy X-ray absorptiometry (DXA) scans for whole and regional lean mass (LM), fat 
mass (FM), bone mineral content (BMC), and density (BMD) during off-season (September-October) and in-season 
(April-May). Linear mixed models tested between-group off-season differences in BC, within-group off-season to 
in-season changes, and between-group differences in change. To assess meaningful or least significant changes 
(LSC) in BC, DXA precision errors were determined from two consecutive total body scans in a subsample of athletes 
(n = 30).

Results Male athletes (n = 26) gained significantly (p < 0.05) more body mass (BM; mean difference 1.5 [95% 
confidence interval (CI):0.5–2.4] kg), LM (843 [95% CI:-253:1459] g), and trunk LM (756 [-502:1156] g) than female 
athletes (n = 27). The proportion of changes in athlete’s BC exceeding the LSC threshold for LM and trunk LM were 
70% and 65% in males, and 48% and 26% in females. Significant (p < 0.05) within-group off-season to in-season 
increases in LM were found for male endurance and power athletes, and female power athletes. All groups 
significantly increased BMD (p < 0.05). Only male and female power athletes had significant in- to-off-season increases 
in BMC. 80% of all athletes who had a meaningful increase in BMC belonged to the power event group. No significant 
within- or between group change in FM was observed.

Conclusions The present study found that male athletes gained more BM, LM and trunk LM than females. 
Within-group increases in regional and whole-body LM and BMC were predominantly found among power event 
competitors. Incorporating individual meaningful changes alongside traditional statistics provided additional 
insights into sex and event-group differences. Future research on elite athletic event groups should include DXA 
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Introduction
Estimation of whole and regional body composition (BC) 
may be valuable for improving performance, injury pre-
vention, and assessing health risks in athletes [1]. Gen-
erally, a high power-to weight-ratio, characterized by a 
greater proportion of lean mass (LM), of which a signifi-
cant fraction is skeletal muscle, and a lower proportion of 
fat mass (FM) is considered crucial for locomotion and 
athletic performance [2]. On the other hand, an exces-
sive focus on obtaining a low body mass (BM) and FM 
content has been related to negative outcomes, includ-
ing decreased bone mineral density (BMD), reduced 
LM, disordered eating habits and menstrual dysfunction 
[3]. Monitoring changes of BC during an athletic season 
can provide vital information for coaches, athletes, and 
sport medicine professionals. It facilitates the evaluation 
of training program effectiveness, and identification of 
potential health and injury risks in sports emphasizing 
leanness such as athletics (track and field).

Numerous studies have examined BC in athletics ath-
letes across various events, including middle- to long-dis-
tance running (800 m to marathon), sprinting (60–400 m 
including hurdles), jumping (long jump, triple jump, high 
jump, pole vault) and throwing (shot put, javelin, discus, 
hammer) [4–10]. Each event category imposes distinct 
physical demands that necessitate specific anthropo-
metric dimensions and BC for optimal performance. 
For example, research on middle- to long-distance run-
ners has demonstrated an inverse relationship between 
regional, total, and relative FM (%FM) and performance, 
while LM has been positively associated with higher aer-
obic capacity (e.g., V̇O2 max) in both male and female 
runners [11–14].

Similarly, sprinters and jumpers, known as power 
event athletes, typically exhibit a lean physique [15, 16]. 
Cross-sectional studies have demonstrated that the fast-
est sprinters tend to possess the greatest lower body 
muscle mass [17–19]. These findings suggest that during 
the transition from the off-season to the competitive sea-
son, endurance event athletes may benefit from a gradual 
reduction in total BM by decreasing FM while minimiz-
ing changes in LM. Conversely, power event athletes may 
benefit from increasing LM, particularly in thigh skeletal 
muscle mass thickness. Studies conducted by Stanforth et 
al. [9] and Carbuhn et al. [5] have reported reductions in 
FM and %FM, accompanied by increases in LM and BMD 
over the course of a competitive season in female sprint-
ers and jumpers. However, it is essential to consider the 

disparities in training methods between sprinters/jump-
ers (involving sprinting, plyometric exercises, and power 
lifts) and middle- to long-distance runners (primarily 
comprising high-volume, low-intensity aerobic exercise). 
These divergent training approaches likely influence sea-
sonal changes in BC in an event-specific manner [20, 21], 
however event comparisons have not been systematically 
researched with regards to BC methodology.

Dual-energy X-ray absorptiometry (DXA) has become 
an increasingly popular method for quantifying whole 
and regional FM, LM, BMD, and bone mineral content 
(BMC) in athletes [22]. While DXA is renowned for its 
excellent reproducibility, it is important to acknowl-
edge that both biological factors (such as age, sex, body 
size, prior exercise, and acute food and fluid intake) and 
technical factors (DXA model, scan mode, and subject 
positioning on the scanning bed) can contribute to mea-
surement errors [22]. Although adhering to a meticulous 
scanning protocol can mitigate some of these issues, 
understanding the measurement precision of the DXA 
device is crucial for interpreting meaningful changes 
when conducting consecutive BC measurements. The 
International Society for Clinical Densitometry (ISCD) 
recommends the use of the least significant change 
(LSC), which is calculated based on the precision error 
for a specific group. The LSC represents the smallest 
change in a BC variable that can be considered beyond 
the margin of error or the inherent variability in the 
measurement process. The objective of this study was to 
assess variations in BC changes between sex and event 
categories, and to determine the proportion of athletes 
who had BC changes that exceeded the DXA’s LSC.

Methods
From a prospective cohort study consisting of 96 partici-
pants, which aimed to investigate risk factors and injuries 
over an eleven-month athletics season [23], a subsample 
of 53 elite athletics competitors (26 males (M), 27 females 
(F)) aged 22.2 ± 2.8 years, were selected for inclusion in 
this study. The majority of these athletes were part of 
the Swedish national team and regularly participated in 
international events. All participants were required to be 
over 18 years of age, resulting in the exclusion of n = 35 
athletes from the initial cohort study. Additionally, one 
athlete who ceased training due to severe injury for more 
than three consecutive weeks (10% of the study duration), 
between the off-season and in-season DXA measurement 
periods, was excluded from the analysis. Four athletes 

measurements closer to major outdoor-season competitions, coupled with site-specific measures (ultrasound, MRI) 
for better detection of subtle changes in LM and FM.
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underwent the off-season DXA measurement, but not 
the in-season scan and were therefore excluded. Three 
throwing event athletes were also excluded due to their 
significantly different training plans, both in terms of 
frequency and content, compared to the other included 
event categories (see below). The study was conducted in 
accordance with the declaration of Helsinki [24], and all 
procedures were approved by the Regional Ethical Com-
mittee in Gothenburg (dnr. 723–16), Sweden. Addition-
ally, all athletes gave their written informed consent.

DXA measurements
After an overnight fast, the athletes had their BM mea-
sured on a digital scale (Seca 764, Hamburg, Germany) 
to the nearest 0.1  kg while wearing underwear only. 
Height was measured to the nearest 0.5 cm with a stan-
dard wall-mounted stadiometer. Subsequently, BC was 
assessed using a fan-beam DXA scanner (iDXA GE 
Medical Systems, Madison, WI, USA) in the standard 
mode as determined automatically by the DXA software 
(EnCore, version 16.10) based on BMI. The athletes were 
positioned in a supine position, centrally aligned with 
their extremities fitting inside the measuring parameter 
and their feet and hands placed in custom-made radio-
opaque positioning aids [22]. All scans were inspected 
for regions of interest misalignments and artefacts by 
two experienced technicians. The EnCore software auto-
matically calculated whole- and regional FM, LM, BMC, 
BMD, and BMD Z-score. BMD Z-scores were calculated 
using the combined NHANES/Lunar database. Fat mass 
index (FMI) and fat-free mass index (FFMI) were calcu-
lated using the following formulas:

 
FMI(kg/m2) =

FM + BMC (kg)

Height2 (m2)

 
FFMI(kg/m2) =

LM + BMC(kg)

Height2 (m2)

The DXA assessments were conducted at two seasonal 
periods defined in this study: off-season assessments 
were completed after the outdoor athletic season (Sep-
tember-October), while in-season assessments were con-
ducted at the beginning of the outdoor athletic season 
(April-May). DXA measurements were conducted during 
two seasonal periods: off-season assessments occurred 
after the outdoor athletic season (September-October), 
while in-season assessments were done at the beginning 
of the outdoor athletic season (April-May). Time between 
the off-season and in-season measurements was 5.7 ± 0.7 
months. The athletes were classified into one of two event 
categories: Endurance athletes (M/F = 9/12) competing in 
running events from 800 m to 10,000 m and Power ath-
letes (M/F = 17/15) including sprinters (M/F = 14/7), long- 
(F = 1), triple- (M/F = 2/1) and high jumpers (F = 1) and 
pole-vaulters (M/F = 1/5).

Following the ISCD guidelines [25], a precision estima-
tion of the DXA equipment was performed on a subsam-
ple of the athletes (n = 30; M/F = 15/15; height 176 ± 6.9, 
BMI = 21.6 ± 2.0) who underwent duplicate scans with 
dismounting and repositioning on the scanning bed 
between measurements. The LSC was calculated fol-
lowing the recommended approach by the ISCD: RMS-
SD × 2.77 (95% confidence interval (CI)), see Table 1.

Table 1 Reliability statistics for DXA estimated body composition measures in elite power (n = 15, 7 males, 8 females) and endurance 
athletes (n = 15, 8 males, 7 females) scanned twice with repositioning

Precision LSC (95% CI)
Region Variables RMS-SD CV (%) RMS-SD CV (%)
Whole body Lean mass (g) 179 0.3 496 0.9

Fat mass (g) 143 1.3 396 3.7
Fat mass (%) 0.2 1.4 1 3.8
BMC (g) 8 0.3 21 0.7
BMD (g/cm2) 0.006 0.4 0.016 1.2

Arms Lean mass (g) 67 1.2 186 3.3
Fat mass (g) 35 3.7 96 10.3
BMC (g) 4 1.0 11 2.6

Trunk Lean mass (g) 201 0.8 557 2.2
Fat mass (g) 113 2.5 312 7
BMC (g) 7 0.8 20 2.3

Legs Lean mass (g) 151 0.8 417 2.1
Fat mass (g) 73 2.2 202 6.0
BMC (g) 5 0.4 14 1.1

Note BMC; bone mineral content, BMD; bone mineral density, CI; Confidence interval, CV; Coefficient of variation, LSC; least significant change, RMS-SD; root mean 
squared standard deviation.
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Training frequencies
Supplementary Fig.  1 provides information on the 
monthly number of training sessions and training days 
from October to April. The mean training hours per 
week (14 ± 3 h) did not significantly differ between event 
categories or sexes. Throughout the study period, the 
endurance athletes performed approximately two resis-
tance training sessions per week, while the majority of 
the power athletes engaged in four strength sessions per 
week from October to December and two sessions per 
week from January to April, (as per personal communica-
tion with the strength and conditioning coaches).

Statistical analysis
Linear mixed model was fitted for each variable using 
cluster-robust standard errors. Time (off-season or in-
season), sex (male or female), and event type (endurance 
or power), along with their two- and three-way interac-
tions were included as fixed factors. The model contained 
a random intercept for each athlete. Difference in esti-
mated marginal means from the models were used to test 
for between-group off-season differences in BC, within-
group off-season to in-season change, and for between-
group differences in change.

Based on the LSC calculations (Table  1), the off-sea-
son to in-season change of each athlete was categorized 
as meaningful increase, no change or decrease. All sta-
tistical analyses were conducted using R software (ver-
sion 4.1.2). A significance level of p < 0.05 was used to 
determine statistical significance, and the Benjamini–
Hochberg procedure was applied to control for the false 
discovery rate in all contrasts.

Results
Off-season sex- and event-specific differences in BC
The overall off- and in-season whole and regional BC 
estimates of the athletes are presented in Table  2, and 
off-season sex and event differences (mean [lower: upper, 
95% CI]) can be found in Supplementary Table  1. Male 
athletes had significantly higher BM, FFMI, BMD, BMD 
Z-score and total and regional LM and BMC than female 
athletes (p ≤ 0.042). Males, in comparison to females, 
also had lower FMI, %FM and total and regional FM 
(p ≤ 0.006; Table  2 and Supplementary Table  1), except 
for trunk FM (mean difference − 568; [-1280: 144] g; 
p = 0.116).

Off-season event comparisons showed that power ath-
letes (n = 32) had significantly higher BM, FFMI, BMD, 
BMD Z-score, FMI, and FM, and total- and regional 
LM and BMC (p ≤ 0.02) than endurance athletes (n = 21), 
while no significant differences between events in % FM 
and arms FM were observed.

Male power athletes had significantly higher FFMI, 
FMI, BMC, BMD and BMD Z-score (p ≤ 0.046) than male 

endurance athletes, but no significant differences in LM, 
FM, %FM or BM were observed (mean group BM dif-
ference 6.0 [0.6: 11.4] kg; p = 0.051). Female power ath-
letes had, except for total %FM (p = 0.058) and arms FM 
(p = 0.072), significantly higher off-season BMD, BMD 
Z-score and total- and regional LM, BMC, and FM than 
the female endurance athletes (p ≤ 0.041, see Table 2 and 
Supplementary Table 1).

Sex and event-type off- to in-season BC changes
Table  2 presents the within-group differences in total 
and regional body composition estimates from the off-
season to the in-season. Additionally, Fig.  1 illustrates 
the changes in total body and trunk LM, FM, and BMC 
from the off- to in-season periods, while Fig.  2 displays 
the alterations in BC specifically in the extremities (arms 
and legs). No significant change in absolute or %FM was 
observed. The male athletes gained 1.1  kg in BM (0.5: 
1.8  kg; p = 0.004), a BM change which mainly consisted 
of LM accretion (mean change 1257  g, [757: 1757] g, 
p < 0.001) in the trunk and legs (mean change 851 g and 
363  g, p = < 0.001 and p = 0.009, respectively). Conse-
quently, mean FFMI increased by 0.4  kg/m2 (p < 0.001) 
and significant increases in BMD, BMD Z-score, total 
BMC, and legs BMC were also noted (p ≤ 0.015).

Figure 3 illustrates mean changes in total and regional 
LM and BMC for power and endurance athletes, respec-
tively. The male power athletes significantly increased 
BM (mean change 1.4 [0.6: 2.3] kg), LM (1416 [703 
to 2130] g) and arms, legs, and trunk LM and FFMI 
(p ≤ 0.023). BMD, BMD Z-score (Fig. 4), total BMC, and 
legs and arms BMC were also higher in-season than at 
off-season (p ≤ 0.023), while no significant change was 
noted for FM variables except an increase in arms FM 
(p = 0.023). In male endurance athletes, increments in 
LM (1097 [396: 1797] g; p = 0.019), trunk LM (1089  g; 
p = 0.001) and FFMI (0.3 kg/m2; p = 0.019) were the only 
significant BC changes noted.

For the female athletes (n = 27) no significant changes 
were found for whole or regional FM and LM variables, 
except legs LM which increased by 275 g from off-season 
to in-season (79: 475  g, p = 0.030). Furthermore, female 
athletes BMD, BMD Z-score, total BMC and legs BMC 
were significantly (p ≤ 0.030) higher at in-season than 
off-season.

Female power athletes significantly increased LM 
(mean change 618 [133: 1103] g, p = 0.041) and FFMI 
(0.2  kg/m2, p = 0.041), total BMC and BMD (22  g and 
0.039  g/cm2, p = 0.024 and p = 0.001, respectively) and 
BMD Z-score (p = 0.008) but also legs LM (324 [67: 581] 
g; p = 0.041) and legs BMC (12 [4: 19] g; p = 0.024). In 
the female endurance athlete group, the only significant 
BC change observed over the course of the season were 
increased legs BMC (mean change 11 [6: 17] g; p = 0.001) 
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Fig. 1 Individual off-season to in-season changes in whole body (a, c, e) and trunk (b, d, f ) composition in elite male and female endurance and power 
athletics event competitors (n = 53). Grey area represents least significant change (LSC)-95% confidence interval, i.e., precision error of DXA measurement. 
The green lines represent athletes who experienced off- to in-season changes in LM, FM, and BMC that exceeded the LSC threshold. Red lines indicate 
athletes who experienced reductions surpassing the LSC threshold, while purple lines represent athletes who neither increased nor reduced beyond the 
LSC threshold
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Fig. 2 Individual off-season to in-season changes in legs (a, c, e) and arms (b, d, f ) composition in elite male and female endurance and power athlet-
ics event competitors (n = 53). Grey area represents least significant change (LSC)-95% confidence interval, i.e., precision error of DXA measurement. 
The green lines represent athletes who experienced off- to in-season changes in LM, FM, and BMC that exceeded the LSC threshold. Red lines indicate 
athletes who experienced reductions surpassing the LSC threshold, while purple lines represent athletes who neither increased nor reduced beyond the 
LSC threshold
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Fig. 4 Off-season (Off ) to in-season (In) changes in whole-body bone mineral density (BMD) Z-scores among elite female and male competitors in power 
(F: n = 15, M: n = 17) and endurance (F: n = 12, M: n = 9) athletics events. The box plots depict the mean BMD Z-score and the range of values (min-max 
distribution). Significant indicators denote within-group off- to in-season changes

 

Fig. 3 Mean off- to in-season whole and regional lean mass and bone mineral content (BMC) changes in elite male and female power (n = 32) and 
endurance (n = 21) athletics event competitors. Grey area represents least significant change (LSC)-95% confidence interval, i.e., precision error of DXA 
measurement
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and BMD Z-score (mean change 0.35 [0.15:0.55] 
p = 0.009).

Sex and event-type differences in off- to in-season BC 
changes
The results of the sex and event-type differences in off- 
to in-season BC changes, including 95% CI and p-values, 
are presented in Supplementary Table  2. Male athletes 
gained significantly more BM (mean difference 1.5 [0.5: 
2.4] kg; p = 0.027), LM (mean difference 843 [-253: 1459] 
g; p = 0.048) and Trunk LM (mean difference 756 [-502: 
1156] g; p = 0.007) than female athletes. No other sig-
nificant differences in BC change were found for sex and 
event-type.

Meaningful off- to-in-season BC changes
The figures (Figs. 1, 2 and 3) present the number of ath-
letes surpassing the LSC estimates for alterations in 
whole- and regional LM, BMC, BMD, and FM between 
the off-season and in-season, while additional statistical 
inferences are provided in Supplementary Table 3. Nota-
bly, 58% of all athletes (20 power and 11 endurance) expe-
rienced a substantial increase (> 496  g) in LM whereas 
six athletes (11% of the total sample) exhibited a mean-
ingful decrease in LM (> -496  g). In terms of regional 
LM changes, 51% and 45% respectively demonstrated 
a significant increase in leg LM (> 417 g) and trunk LM 
(> 417  g), while five athletes exhibited a decrease in leg 
LM (see Figs. 1d and 2c).

30% of athletes exhibited a verifiable increase, while 
40% demonstrated a noteworthy decrease in whole-body 
FM (LSC = ± 396  g). Among all athletes, 32% (n = 17) 
exhibited an increase in leg FM (> 202  g) with a similar 
relative distribution across sex and event groups (27–
35%, Supplementary Table  4). One-third of participants 
(n = 13) displayed a meaningful decrease in leg FM (Sup-
plementary Table 4 and Fig. 2a).

All participants had high off-season BMD (1.35 ± 0.11 
cm2, min-max = 1.14–1.65 cm2) and high BMD Z-score 
(2.23 ± 1.1, min-max = 0.0–5.3) values; however, 30% 
(n = 16) demonstrated a meaningful increase in whole-
body BMC (> 21 g), with the majority (81%) comprising 
power athletes (n = 13; M/F = 8/5, Fig. 1e). Three athletes 
showcased a decrease in whole-body BMC (Figs. 2e and 
3) that exceeded the LSC. 38% of all athletes experienced 
a meaningful increase (> 14 g) in leg BMC, with a larger 
proportion of the male power athletes (47%; n = 8) com-
pared to the other three groups (33%, respectively).

Discussion
The study aimed to investigate and compare changes in 
BC among elite athletics competitors during the tran-
sition from off-season to in-season, focusing on sex- 
and event-related variations. The results highlighted 

significant increases in BM, total LM, and trunk LM in 
male athletes compared to females. Significant within-
group off-season to in-season increases in regional and 
whole-body LM, BMC and BMD Z-score were more 
prominent in power athletes than in endurance ath-
letes. About 60% and 30% of all athletes demonstrated a 
meaningful increase in LM and BMC, respectively. For 
BMC, 80% of power athletes had a true increase, distrib-
uted equally between sexes. No significant changes were 
observed in any variable related to FM, except for an 
increase in arms FM in male power athletes.

Off- to in-season changes in LM
Sex comparisons revealed that male athletes, in contrast 
to females, exhibited a significant increase in LM and 
trunk LM from the off-season to the in-season period. 
The initial lower LM in females during the off-season 
may induce bias in favor of their increases in both total 
and trunk LM [26]. Other factors, such as differences in 
FFMI during the off-season could also contribute to the 
observed variation in LM accrual. Although we did not 
find any significant within- or between-group associa-
tions between off-season LM/FFMI and change in LM/
FFMI (likely due to small sample sizes), female athletes in 
power and endurance events exhibited higher off-season 
FFMI compared to normative sport-specific FFMI values 
[27]. In contrast, male athletes had lower off-season mus-
cularity index (FFMI = 19.0 ± 1.5) compared to previously 
reported values in aged-matched male track and field ath-
letes (FFMI = 22.4 ± 3.7) [28], suggesting a greater poten-
tial for LM increase than in the female athletes. However, 
it is important to note that skeletal muscle mass only 
makes up for approximately 30% of total trunk LM [29]. 
Still, 68% of the total LM accrual in male athletes con-
sisted of trunk LM, while in females, this proportion was 
23%. Previous research on healthy non-athletes [30] and 
world-class powerlifters [31] has indicated that females 
generally exhibit lower trunk muscle thickness/mass 
compared to males, implying a lesser potential for signifi-
cant increases in trunk skeletal mass and thus absolute 
trunk LM. Sex-differences in trunk LM accrual was also 
observed regarding meaningful changes, with 25% of all 
female endurance and power athletes exceeding the LSC, 
compared to 65% of their male counterparts, respectively.

While no significant between-event-group compari-
sons were found, there were significant within-group 
increases in LM observed in all groups, except for female 
endurance athletes. The off- to in-season increases in LM 
in the male and female power event group concur with 
previous findings in male and female NCAA Division 1 
jumpers and sprinters [5, 32] studied during the same 
period of the training year as the present study. Corre-
spondingly, Trinschek and colleagues [33] showed that 
the percentage of LM in elite male polish endurance 
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runners and sprinters significantly increased between 
consecutive phases of the annual training cycle. Consid-
ering that even modest resistance training frequencies 
have been shown to be effective in increasing muscle 
mass and strength [34] the inclusion of two (for endur-
ance athletes) up to four (for power athletes) resistance 
training sessions per week during the study period is 
a plausible explanation as to why almost all athletes 
(87%) in the present study were able to maintain (28%) 
or increase (59%) LM above the LSC threshold. How-
ever, although the DXA in this study demonstrated com-
mendable short-term precision error values for total 
LM (0.3%), below the ISCD [25] recommended limit 
(LM < 2%), future research should consider combining 
DXA with site-specific measures (ultrasound, CT, MRI) 
for improved detection of subtle seasonal changes in LM 
between different athletic events [35].

Off- to in-season changes in FM
Contrarily to LM changes, no significant within- or 
between-group reductions in whole body FM, or %FM, 
were observed. Off-season %FM ranged from 11.6 to 
19.3% (endurance males and female power athletes, 
respectively) which is similar to some studies [9, 33], but 
higher than other previously published DXA-derived 
off-season FM values in elite athletics athletes [32]. Low 
initial (off-season) FM levels of athletes have previously 
been suggested as a possible explanation for the lack of 
change observed during different seasons of training and/
or competition [36]. However, considering that the ath-
letes off-season FM levels in the present cohort are well 
above the minimum %FM cut-off values proposed by the 
International Olympic Committee´s Medical Commis-
sion [3] (i.e., < 5 and 12%, males and females respectively), 
an alternative explanation for the lack of significant 
off- to in-season change in FM could be the timing of 
the present study’s BC measurements in relation to the 
annual training cycle. A systematic review [37] demon-
strated that male and female endurance athletes had a 
significantly lower percentage of FM during the com-
petition phase compared to the preparation phase, and 
Mangine et al. [32] recently reported a ∼ 5% reduction in 
%FM in collegiate male and female sprint and power ath-
letes between the return from winter break (early Janu-
ary) and the end of the indoor season (early April) but 
a substantially higher reduction (∼ 20%) between April 
and late May (before the NCAA Championships). Thus, 
future research on seasonal changes in FM should con-
sider additional BC measurements closer to major out-
door-season competitive events. Nevertheless, the results 
of the present investigation are still highly relevant since 
prioritization of BM/FM loss in athletes is generally rec-
ommended to take place before, not during, the com-
petitive season [3]. It is also worth noting that although 

the present study’s short-term precision error value for 
total FM (1.3%) was below the recommended limit by the 
ISCD [25] (< 3%), it was still considerably high compared 
to whole body CV’s of LM, BMC and BMD.

Off- to in-season changes in BMC and BMD
Within-group analysis revealed a significant off- to in-
season increase in BMD Z-score for all groups. However, 
only male and female power athletes demonstrated a 
significant increase in whole-body BMC. Carbuhn et al. 
[5] discovered similar off- to in-season mean increases 
in absolute and relative BMC (26  g and ∼ 0.9% BMC 
increase, respectively) among collegiate female sprint-
ers and jumpers, as observed in our female power event 
cohort (22  g and ∼ 0.8% BMC increase, respectively). 
However, the present LSC-analysis revealed that only 
40% of the female sprinters and jumpers experienced a 
meaningful increase in BMC (≥ 21  g). Furthermore, the 
majority (∼ 80%) of athletes with a meaningful increase 
in BMC belonged to the power event group, with equal 
relative distribution between sexes. However, within-
group off- to in-season changes in BMD found that both 
male/female power athletes and female endurance ath-
letes significantly increased BMD (male endurance ath-
letes p = 0.054; BMD Z-score significantly increased in all 
groups). This finding aligns with previous research [38] 
indicating that while the axial loading and weight-bearing 
nature of middle- to long-distance running can enhance 
bone turnover and increase BMD, the heavier power 
event athletes, who impose a greater vertical load on the 
skeleton, may further augment BMD deposition. Further-
more, all athletes were found to have high whole-body 
BMD (e.g., a Z-score above − 1.0) [39]. It is also impor-
tant to note that three athletes experienced a meaningful 
decrease in BMC, highlighting the clinical relevance of 
LSC estimates [3].

Strength and limitations of the study
The study prioritized a high level of measurement preci-
sion by conducting fasted state DXA scans with a stan-
dardized positioning protocol [22]. Another strength of 
the study was the adherence to recommended guidelines 
by the ISCD in performing reliability statistics on a sub-
sample of the athletes being studied. Limitations include 
the small sample size of the participant group, the lack of 
access to more detailed training diaries, and the absence 
of data on the athletes’ dietary intake. Training diaries 
should be developed in close cooperation with the ath-
letes’ coaches to increase compliance, and could be based 
on e.g., volume and type of training. A 7-day diet-moni-
toring period during both off- and in-season could have 
offered insights into implementing periodized energy and 
macronutrient intakes for changes in BC [40]. Finally, 
previous DXA research has illustrated racial differences 
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in body proportion, fat-free mass (FFM) density, and 
BMD [41]. Thus, the limited ethnic diversity observed 
within the current study’s cohort (all Caucasian/White) 
hinders the ability to generalize these findings to broader 
populations [41].

Conclusions
The present study revealed significant sex differences 
in off-to-in-season changes in total BM, LM, and trunk 
LM. Significant within-group increases were observed 
in regional and whole-body LM, BMC, predominantly 
among power event athletes. Even though all athletes had 
high off-season BMD, almost all athletes increased BMD 
over the six-month period. Supplementing traditional 
statistics with individual meaningful changes in BC also 
yielded additional insights into the practical relevance of 
off-to-in-season differences. For example, even though 
there was a statistically significant difference in BMC in 
male and female power athletes from off-to-in-season, 
only 40% in each group showed a meaningful change. 
Furthermore, it is advisable to include additional DXA 
measurements closer to major outdoor-season events, 
coupled with site-specific measures (ultrasound, MRI), to 
enhance the detection of subtle changes in LM and FM.
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