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Upper and lower thresholds of fat-free mass index in a large cohort of female
collegiate athletes
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Andrew R. Jagim b and Chad M. Kerksick a

aExercise and Performance Nutrition Laboratory, School of Health Sciences, Lindenwood University, St. Charles, MO, USA; bHuman Performance
Lab, Division of Family Medicine, Mayo Clinic Health System, Onalaska, WI, USA

ABSTRACT
Fat-free mass index (FFMI) is a height-adjusted metric of fat-free mass which has been suggested as
a useful method of body composition assessment in athletic populations. The purpose of this study was
to determine sport-specific FFMI values and the natural upper threshold of FFMI in female athletes. 372
female collegiate athletes (Mean±SD; 20.03±1.55 years, 167.55±7.50 cm, 69.46±13.04 kg, 24.18±5.48%
bodyfat) underwent body composition assessment via dual-energy x-ray absorptiometry. FFMI was
adjusted to height via linear regression and sport-specific reference values were determined. Between-
sport differences were identified using one-way ANOVA with Tukey post-hoc tests. Average FFMI was
18.82±2.08 kg/m2; height-adjusted values were not significantly different (p<0.05) than unadjusted
values. FFMI in rugby athletes (20.09±2.23 kg/m2) was found to be significantly higher (p<0.05) than in
gymnastics (18.62±1.12 kg/m2), ice hockey (17.96±1.04 kg/m2), lacrosse (18.58±1.84 kg/m2), swim & dive
(18.16±1.67 kg/m2), and volleyball (18.04±1.13 kg/m2). FFMI in cross country (16.56±1.14 kg/m2) and
synchronized swimming (17.27±1.47 kg/m2) was significantly lower (p<0.05) than in Olympic weightlift-
ing (19.69±1.98 kg/m2), wrestling (19.15±2.47 kg/m2), and rugby. The upper threshold for FFMI in
female athletes (97.5th percentile) was 23.90 kg/m2. These results can be used to guide personnel
decisions and assist with long-term body composition, training, and nutritional goals.
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Introduction

Body composition is a key component of athletic performance
(Thomas, Erdman, & Burke, 2016) and is readily modified by
dietary (Aragon et al., 2017), supplementation (Kerksick et al.,
2018), and training interventions (Donnelly et al., 2009).
Favourable body composition in athletes is generally charac-
terised by relatively greater amounts of fat-free mass (FFM)
and less fat mass (FM) (Stanforth, Crim, Stanforth, & Stults-
Kolehmainen, 2014), which tends to optimize strength to body
mass ratio. In particular, measures of FFM have been shown to
be positively correlated with improved physical performance
in female wrestlers (Vardar, Tezel, Öztürk, & Kaya, 2007), swim-
mers (Siders, Lukaski, & Bolonchuk, 1993), rhythmic gymnasts
(Di Cagno et al., 2008), and soccer players (Burkett, Felton, &
Cordova, 2016). Unsurprisingly, absolute FFM has been shown
to differ between female athletes who compete in different
sports (Fields et al., 2018b; Mala et al., 2015; Santos et al., 2014)
and who play different positions in the same sport (Fields,
Merrigan, White, & Jones, 2018). Thus, the classification of
athletes using FFM shows promise as a non-invasive means
to predict sport performance, assist in talent identification,
and influence nutritional practices (Takai et al., 2018).
However, absolute FFM is positively influenced by increasing
height (Trexler et al., 2017), making it challenging to directly
compare between athletes of different heights.

Fat-free mass index (FFMI) is a height-adjusted metric of
FFM that has been suggested to have a wide variety of appli-
cations in the classification of athletic populations, including
the assessment of an individual’s athletic potential (Takai et al.,
2017) as well as the identification of functional body composi-
tion and capacity for further FFM accretion (Trexler et al.,
2017). FFMI, calculated by dividing FFM (kg) by height (m2),
was initially employed to diagnose protein-energy malnutri-
tion in clinical populations (VanItallie, Yang, Heymsfield, Funk,
& Boileau, 1990) and later proposed as a cost-effective strategy
to screen for potential anabolic-androgenic steroid use in
athletic males (Kouri, Pope, Katz, & Oliva, 1995). It is important
to note that several researchers (Kouri et al., 1995; Trexler
et al., 2017) have suggested that additional height adjustment
of FFMI via linear regression is required to account for the
greater body width and thickness present in taller individuals,
who will typically have higher uncorrected FFMI values
(FFMIRaw) than shorter individuals with similar apparent mus-
cularity. These investigators also proposed a naturally-
attainable threshold for height-adjusted FFMI values (FFMIAdj)
of 25 kg/m2 in active males (Kouri et al., 1995) and an upper
threshold of 28.1 kg/m2 in NCAA Division 1 football players
(Trexler et al., 2017) with no history of anabolic steroid use.

Alternatively, representative FFMI data in female athletes is
still lacking. To date, only three investigations (Fields et al.,
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2018a; Loenneke et al., 2012; Santos et al., 2014) have reported
sport-specific FFMI in female athletes, with a total combined
sample of approximately 354 female athletes. While these
studies highlighted a variety of sporting disciplines, two
important considerations have yet to be realized for these
data. First, these investigations did not report height-
adjusted FFMI values, potentially limiting their generalizability
as normative values, and, second, no percentiles, upper
thresholds, or lower thresholds were reported. Identification
of relevant upper FFMI thresholds can be used by coaches,
athletes, and dietitians to establish more appropriate goals
relating to fat-free mass accretion and body composition.
Equally important, we posit that the identification of lower
thresholds within various female sports could be used as an
effective, easy to establish parameter that isn’t a “fat-centric”
metric for the evaluation of functional body composition.
Moreover, it remains possible that lower limits could be used
as meaningful proxies to screen athletes who have low energy
availability and may show indications of future complications
associated with relative energy deficiency in sport (RED-S)
(Zabriskie et al., 2019). Such a metric may hold particular
merit in female athletes competing in weight-sensitive sports,
as a high prevalence of disordered eating and extreme dieting
has been identified in female athletes who compete in sports
where bodyweight is a crucial determinant of performance or
success (Sundgot-Borgen et al., 2013).

Clearly, more information is required regarding the utility of
FFMIAdj as a measure to classify and evaluate functional body
composition values in female athletes, as no study to date has
reported upper or lower thresholds for FFMIAdj in females.
Identification of relevant upper thresholds within sports will
help coaches and athletes better understand what position an
athlete should play or what body composition changes should
be considered. Furthermore, identification of a lower threshold
for FFMI may provide an easy measurement that coaches,
dietitians, athletic trainers, or physicians could assess as
a proxy for low energy availability. Thus, the purpose of this
study was to report sport-specific norms for FFMIAdj in
a diverse sample of female athletes, to determine whether
these values differ between sports, and to identify a naturally-
attainable threshold for FFMIAdj in female athletes. It was
hypothesised that FFMIAdj values would differ significantly
between sports. In addition, it was hypothesized that FFMI
would be significantly different between weight-sensitive
sports and other sports.

Materials and methods

Participants

Following Institutional Review Board approval, 372 female
collegiate athletes (Mean ± SD; Age: 20.03 ± 1.55 years,
Height: 167.55 ± 7.50 cm, Weight: 69.46 ± 13.04 kg, Percent
body fat: 24.18 ± 5.48%) were recruited to participate in this
study via personal communication with sport coaches. This
convenience sample included athletes from the following
sports: basketball (n = 20), cross country (n = 11), dance
(n = 2), gymnastics (n = 35), ice hockey (n = 16), lacrosse
(n = 40), Olympic weightlifting (n = 15), rugby (n = 99), swim

& dive (n = 31), synchronized swimming (n = 29), track & field
(n = 22), volleyball (n = 20), water polo (n = 13), wrestling
(n = 19). One participant was a member of multiple teams
(track & field and cross country). Because this athlete com-
peted in distance events only, she was classified as a cross
country athlete. All participants provided written informed
consent prior to participation.

Procedures

Body composition was assessed once per participant via dual-
energy x-ray absorptiometry (DXA) (Hologic QDR Discovery A,
Bedford, MA, USA) during a three-year period. Due to the nature
of the participants’ athletic schedules and the high volume of
DXA scans required for this study, body composition assessment
occurred during all parts of the competitive season. Participants
were instructed to refrain from exercise and caffeine consump-
tion for at least 24 hours prior to each scan and reported to the
laboratory in a post-absorptive state following an eight hour fast.
To control for diurnal variation, all scans were performed
between 5:30 and 10:00 AM. Menstrual phase was not controlled
in this investigation, as previous investigators have demon-
strated that menstrual phase does not significantly affect DXA-
derived body composition measures (Hicks, McLester, Esmat, &
McLester, 2017). Upon arrival to the laboratory, all participants
completed a brief questionnaire to verify that they were not
pregnant or trying to become pregnant at the time of their
involvement in the study. Next, body mass was measured to
the nearest 0.1 kg using a digital balance (Tanita BWB-627A
Class III, Tokyo, Japan) and height was recorded to the nearest
0.5 cm using a stadiometer (Tanita HR-200, Tokyo, Japan).
Participants wore light, non-reflective athletic clothing free of
any metal components and removed their shoes prior to all
anthropometric and body composition assessments. In addition,
participants were instructed to remove any metal or plastic
objects prior to the DXA scan. A trained research associate posi-
tioned participants in a supine manner on the scan table with
hands pronated at their sides according to manufacturer instruc-
tions to ensure that all tissues were properly captured in the
body composition assessment. Each participant was then
scanned using a whole-body fan beam scan lasting approxi-
mately 3 minutes. A fan beam DXA system was used due to its
faster scan time, clearer resolution, and acceptable validity when
compared with pencil beam units (Ellis & Shypailo, 1998; Hull
et al., 2009). In addition, the fan beam system employed by the
present investigation utilizes linear acquisition geometry, which
reduces image distortion and beam overlap errors common in
other fan beam designs (Jankowski, Costello, & Broy, 2006). All
DXA scans were analysed by a trained researcher according to
manufacturer instructions using the manufacturer-included soft-
ware package (Hologic APEX Software, Version 4.5.3) and the
TBAR 1209 (Pre-NHANES) calibration method. Total FFM (Total
Lean Mass + Total Bone Mineral Content), Total Fat Mass, and
Total Percent Body Fat were recorded by the researchers follow-
ing analysis of each scan. FFMIRaw was calculated using Equation
(1) (VanItallie et al., 1990).

FFMIRaw ¼ Total LeanMass ðkgÞþ Total BoneMineral Content ðkgÞ
ðHeight ½m�Þ2 (1)
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Because previous investigations have suggested that FFMIRaw
is skewed upward in taller individuals, height-adjusted FFMI
was calculated using linear regression in a similar fashion to
Trexler et al. (2017) and Kouri et al. (1995). In short, FFMIRaw
values in participants who scored higher than the median
value for all athletes were regressed against height. This
approach was intended to capture the individuals who were
closer to the upper threshold of FFM accretion (Trexler et al.,
2017). The slope of the regression line was then used to adjust
FFMIRaw for average female height in this sample (167.6 cm) to
calculate female height-adjusted FFMI (FFMIAdj-F), using
Equation (2) (Trexler et al., 2017).

FFMIAdj�F ¼ FFMIRAW þðSlopeÞ� ð167:55 cm� Subject HeightÞ
(2)

To allow for direct comparison of FFMI between this sample
and previously published results in males, the slope of the
regression line was also used to adjust FFMIRaw for the height
(180 cm) used in the equation suggested by Kouri et al. (1995)
to calculate male height-adjusted FFMI values (FFMIAdj-M),
using Equation (3).

FFMIAdj�M ¼ FFMIRAW þðSlopeÞ� ð180 cm� Subject HeightÞ
(3)

Lower thresholds for FFMI were identified by calculating the
15th percentile, a threshold previously proposed by VanItallie
et al. (1990) to represent a degree of depletion in FFM. All
sports represented in the sample were classified as weight-
sensitive or as “other sports” according to the criteria pro-
posed by Sundgot-Borgen et al. (2013) in a recent
International Olympic Committee consensus statement. The
following sports in the sample were identified as weight-
sensitive sports: cross country, gymnastics, dance, swim &
dive, synchronized swimming, wrestling, and weightlifting.

Statistical analysis

Descriptive statistics for all anthropometric variables were
calculated using standard statistical procedures. Measures of
central tendency (mean, standard deviation (SD), median,
interquartile range (IQR)) were first assessed for FFMIRaw, and
data is reported as mean ± SD. When data was identified as
skewed or distributed without constant variance, transforma-
tions were computed. However, no transformation improved
model assumptions for FFMI, and therefore non-transformed
FFMI is reported. In athletes with an FFMIRaw greater than the
median, FFMIRaw was regressed against height and the slope
of the line was used to calculate FFMIAdj-F and FFMIAdj-M as
previously described. One-way ANOVA was used to identify
any significant differences between FFMIRaw, FFMIAdj-F,
FFMIAdj-M. Using FFMIRaw, one-way ANOVA grouping by sport
was performed, with Tukey post hoc tests when indicated, to
identify between-sport differences in FFMI. Independent sam-
ples t-tests were employed to detect differences in BMD, BMC,
and average FFMIRaw between athletes competing in weight-
sensitive sports and “other sports” as well as between athletes
above and below the lower FFMI threshold. BMC was identi-
fied as non-normal and was log transformed prior to analysis.

Pearson correlations were computed to determine the rela-
tionship between FFMI and bone health variables. Effect sizes
(Cohen’s d) were calculated for all statistically significant
results according to the methods of Cohen and were inter-
preted as trivial (0–0.19), small (0.20–0.49), medium (0.50–0.79)
or large (0.80 or greater) (Cohen, 1992). Effect sizes and inter-
pretations are reported in parentheses for all statistically sig-
nificant results. A significance threshold of α = 0.05 was used
for all analyses. The 97.5th percentile was calculated to deter-
mine the upper threshold of FFMI in females. The 15th per-
centile was calculated to determine the lower threshold of
FFMI. Percentile classifications were also calculated. IBM SPSS
Statistics (Version 25.0, Armonk, NY: IBM Corp.), JMP (Version
14.0, Cary, NC: SAS Institute, Inc.), and Microsoft Excel 2016
(Redmond, WA: Microsoft Corp.) were used for all analyses.

Results

Mean age, height, and weight and DXA FM, FFM, BMC, and
BMD were reported in Table 1. The mean FFMI in female
athletes was 18.82 ± 2.08 kg/m2 and 95% of all values fell
between 15.48 and 23.90 kg/m2. Because of a slight positive
skew, the median was 18.52 (IQR = 2.45). In the subgroup used
for regression (i.e. athletes with FFMIRaw greater than the
median), the mean FFMI was 20.38 ± 1.73 kg/m2. Regressing
FFMIRaw against height in this subgroup revealed a non-
significant slope of B = 0.001 (p = 0.935) (Figure 1). After
adjusting all FFMIRaw data using this slope, the average
FFMIAdj-F was found to be 18.82 ± 2.08 kg/m2 and the average
FFMIAdj-M was found to be 18.84 ± 2.08. One-way ANOVA
revealed that there was no significant difference between
FFMIRaw, FFMIAdj-F, and FFMIAdj-M (p = 0.996). Therefore,
FFMIRaw was used to report all results.

A one-way ANOVA also revealed significant differences
between FFMIRaw between the different sports (p < 0.001)
(Table 2). Athletes competing in cross country had significantly
lower (p < 0.05) average FFMIRaw than Olympic weightlifting
(d = −1.94, large), wrestling (d = −1.60, large) and rugby
(d = −1.99, large). Likewise, synchronized swimming had sig-
nificantly lower average (p < 0.05) FFMIRaw than Olympic
weightlifting (d = −1.39, large), wrestling (d = −1.07, large),
and rugby (d = −1.49, large). Rugby athletes also had signifi-
cantly higher (p < 0.05) average FFMIRaw than gymnastics
(d = 0.83, large), ice hockey (d = 1.22, large), lacrosse
(d = 0.74, medium), swim & dive (d = 0.98, large), and volley-
ball players (d = 1.16, large). Though not featured in Table 2,

Table 1. Body composition and bone health in female athletes (n = 372).

Mean ± SD

Height (cm) 167.55 ± 7.50
Weight (kg) 69.46 ± 13.04
BF % 24.18 ± 5.48
FM (kg) 17.50 ± 7.18
FFM (kg) (w/BMC) 52.93 ± 7.38
BMC (g) 2543.79 ± 364.77
BMD (g/cm3) 1.204 ± 0.096

SD = standard deviation; cm = centimeters; kg = kilograms; BF% = body fat
percentage (using DEXA); FM = fat mass (using DEXA); FFM = fat-free mass
(using DEXA); BMC = bone mineral content; g = grams; BMD = bone mineral
density.
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the same differences were noted for FFMIAdj-F, and FFMIAdj-M
when comparing between sports. Previous researchers (Trexler
et al., 2017) used the 97.5th percentile to identify the upper
threshold of FFMI in males and the same was used in this
female cohort; the 97.5th percentile and assumed upper
threshold was found to be 23.90 kg/m2. Due to the large
volume of female rugby players in the present sample, the
upper threshold for female rugby athletes was also calculated
and found to be 25.78 kg/m2. Nine athletes were above the
calculated upper threshold for all female athletes (wrestling,
n = 1; track & field, n = 1; lacrosse, n = 1; rugby, n = 6) and
three athletes (lacrosse, n = 1; rugby, n = 2) had a FFMI greater
than the upper threshold previously reported in resistance-
trained males (25 kg/m2). Normative data was also calculated
without the rugby players included because they comprised
26.6% of the sample and had the highest mean FFMI values.
Average FFMIRaw for all non-rugby athletes in the sample
(n = 273) was 18.36 ± 1.83 kg/m2 (IQR = 2.13). The natural
upper threshold for non-rugby female athletes was found to
be 22.89 kg/m2. Sport-specific FFMIRaw values as well as upper
and lower thresholds are depicted in Figure 2. Percentile

values for FFMIRaw for all athletes in this cohort and for ath-
letes in each sport classification are found in Table 3.

Average FFMIRaw was significantly different (d = 0.45,
p < 0.001, small) between weight-sensitive sports and all other
sports, indicating differences in relative muscularity between the
athletes in each sport classification. Lower limits for FFMI were
identified for the entire sample as well as for each sport classifi-
cation. The 15th percentile in all female athletes was found to be
16.92 kg/m2. The lower threshold in weight-sensitive sports was
found to be 16.35 kg/m2, while the lower threshold in all other
sports was 17.24 kg/m2. FFMIRaw was found to be moderately
correlated with BMC (r = 0.531, p < 0.001) and BMD (r = 0.464,
p < 0.001) (Figure 3). In addition, significant differences were
identified between the BMC (d = 0.77, p < 0.001, medium) and
BMD (d = 0.36, p = 0.001, small) values of athletes competing in
weight-sensitive sports and “other sports”. Finally, significant
differences were identified between the BMC (d = 1.15,
p < 0.001, large) and BMD (d = 1.03, p < 0.001, large) values of
athletes above and below the lower threshold of FFMI
(16.92 kg/m2).

Discussion

The purpose of this investigation was to determine sport-specific
normative values for FFMI in female athletes, to identify any
differences in FFMI between sports, and to ascertain upper and
lower thresholds for FFMI in female athletes. To date, this is the
first study to report height-corrected FFMI values in female
athletes as well as generalized and sport-specific upper and
lower thresholds of FFMI. Previous investigations conducted in
males (Kouri et al., 1995; Trexler et al., 2017) have shown that
height adjustment of FFMIRaw via linear regression is required to
correct for greater muscularity and body thickness in taller male
participants. However, the results of this investigation suggest
that the effect of increasing height on FFMI may be less pro-
nounced or absent in trained female athletes. In contrast to
previous investigations which identified a regression slope of
6.1 in resistance-trained males (Kouri et al., 1995) and 2.943 in
NCAA Division 1 football players (Trexler et al., 2017), regressing
FFMIRaw against height in the present sample revealed a slope of
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Figure 1. Fat free mass index (FFMI) plotted against height in athletes with a FFMI value greater than the median.

Table 2. Differences in FFMIRaw between sports.

Sport N FFMIRaw Range

Cross Country 11 16.56 ± 1.14c,d 14.71–18.58
Gymnastics 35 18.62 ± 1.12d 16.16–20.84
Dance 2 17.86 ± 1.17 17.03–18.68
Swim & Dive 31 18.16 ± 1.67d 15.86–22.77
Synchronized Swimming 29 17.27 ± 1.47c,d 15.07–20.68
Wrestling 19 19.15 ± 2.47a,b 15.04–24.45
Olympic Weightlifting 15 19.69 ± 1.98a,b 17.19–23.84
Track & Field 22 18.98 ± 2.50a 15.27–24.38
Basketball 20 18.64 ± 1.87 15.96–22.37
Ice Hockey 16 17.96 ± 1.04d 16.22–19.76
Lacrosse 40 18.58 ± 1.84d 15.94–26.35
Rugby 99 20.09 ± 2.23a,b 15.73–27.20
Volleyball 20 18.04 ± 1.13d 15.35–20.72
Water Polo 13 18.35 ± 1.92 14.85–22.85
Total† 372 18.82 ± 2.08 14.71–27.20

All FFMIRaw data is presented as mean ± SD.
a Significantly different from Cross Country (p < 0.05)
b Significantly different from Synchronized Swimming (p < 0.05)
c Significantly different from Olympic Weightlifting (p < 0.05)
d Significantly different from Rugby (p < 0.05)
† Significant difference between sports (p < 0.001)
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0.001. FFMIRaw was normalised to the mean height of all female
athletes in this sample (167.55 cm) as well as the target height
used by the two aforementioned investigations in males
(180 cm). However, one-way ANOVA revealed that both male
and female height-adjusted FFMI values in the present sample
were not significantly different than FFMIRaw. It is important to
identify that even though height adjustment was not found to
be an influencing factor in the present sample, comparisons
between the results of this investigation and FFMIRaw values
from other investigations must be made with caution, as height
corrections may be required in other female populations.

The development of sport-specific normative values for
FFMI in female athletes may assist sport coaches in recruiting
decisions and allow strength and conditioning coaches and
performance nutrition specialists to assess their athletes’ cur-
rent functional body composition and potential for further fat-
free mass accretion. In addition, FFMI has been suggested as
a metric to guide body composition manipulation through
training and nutritional interventions (Trexler et al., 2017).
The present investigation determined average FFMIRaw in
female athletes to be 18.82 ± 2.08 kg/m2. Sport-specific aver-
age FFMIRaw values are presented in Table 2 and percentile
ranks for FFMIRaw are presented in Table 3. As hypothesised,
significant between-sport differences were identified; rugby
athletes had significantly higher FFMIRaw values than athletes
competing in cross country, synchronized swimming, gymnas-

tics, ice hockey, lacrosse, swim & dive, and volleyball. Unlike
the aforementioned sports, rugby is characterised by repeated
high-intensity sprinting and frequent heavy impacts with
other players (Cunniffe, Proctor, Baker, & Davies, 2009;
Duthie, Pyne, Hopkins, Livingstone, & Hooper, 2006). Thus,
high levels of fat-free mass are vital to competitive success
in rugby, as FFM accretion typically enhances strength and
improves athletes’ power-to-weight ratio (Duthie et al., 2006).
Likewise, cross country and synchronized swimming athletes
displayed significantly lower FFMIRaw values than Olympic
weightlifting, wrestling, and rugby athletes. These results are
unsurprising, given the low-impact sport demands (Robertson,
Benardot, & Mountjoy, 2014) and aesthetic concerns (Ferrand,
Magnan, Rouveix, & Filaire, 2007) associated with synchronized
swimming as well as the highly aerobic nature of cross country
running (Hausswirth & Lehenaff, 2001).

The presence of significant between-sport differences in
the current sample is in accordance with an earlier investi-
gation (Santos et al., 2014), which reported significant dif-
ferences between female participants who competed in the
sport of athletics and those who competed in gymnastics or
basketball. However, these results should be interpreted
with caution, as the authors did not adjust for multiple
comparisons across gender or sport, thus increasing the
familywise error rate (McDonald, 2009). As mentioned ear-
lier, caution is warranted regarding direct comparisons
between FFMIRaw results from this investigation and
FFMIRaw values reported by other investigations, as the
results of other studies may require additional regression-
based height correction to further control for the effect of
height on body thickness and muscularity. In this respect,
while methods of body composition assessment such as
bio-electrical impedance/spectroscopy (Fornetti, Pivarnik,
Foley, & Fiechtner, 1999) have been shown to be valid and
reliable measures compared to DXA, other methods such as
air-displacement plethysmography may underestimate FFM
in larger individuals and overestimate FFM in smaller indi-
viduals (Frisard, Greenway, & Delany, 2005). Thus, compar-
isons between the results of this investigation and others
should be interpreted carefully, as differences between stu-
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Figure 2. Sport-specific fat-free mass index values.
FFMI: Fat-free mass index; UT: Upper threshold (97.5th percentile); GM: Grand median (50th percentile); LT: Lower threshold (15th percentile). Diamond markers signify group means; Bars
signify ± 2 standard deviations from the group mean.

Table 3. FFMIRaw percentiles in female athletes.

All Sports Weight-Sensitive Sports Other Sports

Percentile FFMIRaw (kg/m2) FFMIRaw (kg/m2) FFMIRaw (kg/m2)

5 15.96 15.71 16.21
10 16.38 16.11 16.95
15 16.92 16.35 17.24
20 17.20 16.78 17.51
30 17.63 17.19 17.83
40 18.10 17.63 18.41
50 18.52 18.14 18.72
60 18.93 18.52 19.23
70 19.55 18.94 19.91
80 20.26 19.65 20.71
90 21.52 20.65 22.16
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dies may result from differences in body composition mea-
surement methods employed by researchers as well as
divergent training styles and nutritional status of
participants.

The present investigation is the first to report a naturally-
attainable upper threshold for FFMI in a variety of female
athletes, a metric which may help strength and conditioning
professionals determine an athlete’s potential for further mus-
cular hypertrophy (Trexler et al., 2017). This investigation
found the natural threshold for fat-free mass index in our
entire cohort of female athletes to be 23.90 kg/m2. Nine
athletes (wrestling, n = 1; track & field, n = 1; lacrosse, n = 1;
rugby, n = 6) exceeded the limit of 23.90 kg/m2, with a max-
imum FFMIRaw value of 27.20 kg/m2 observed in a female
rugby athlete. Due to the exceptionally high upper threshold
for our rugby athletes, an overall upper-threshold of 22.89 kg/
m2 was identified when the rugby athletes were removed.
Likewise, because of the large volume of female rugby players
present in the sample and the physical demands of the sport
which favor lean mass accretion (Duthie, Pyne, & Hooper,
2003), the upper threshold for FFMIRaw in rugby athletes only
was calculated and found to be 25.78 kg/m2. It is important to
highlight this value was higher than the upper threshold
previously proposed by Kouri et al. (1995) in relatively lean

resistance-trained males as well as the mean height-adjusted
FFMI values reported in Division 1 football players (Trexler
et al., 2017). These results are somewhat surprising, as female
athletes in a variety of sports have been shown to have
significantly lower FFMI values than their male counterparts
(Santos et al., 2014). However, differences in training, hyper-
trophy goals, average height, and level of athletic achieve-
ment may explain the higher potential threshold of FFMI in
female collegiate athletes compared to the sample of resis-
tance-trained males recruited by Kouri et al. (1995). Finally, it is
important to note that no athletes in the present sample were
found to have FFMIRaw values higher than the upper threshold
previously reported in Division 1 football players (28.1 kg/m2)
by Trexler et al. (2017).

In addition to establishing an upper threshold, results of
the present study report for the first time lower FFMI thresh-
olds for all included sports as well as for the overall cohort. We
are proposing that identification of this value might provide
a simple approach for coaches, athletic trainers, dietitians, and
physicians to assess the presence of low energy availability,
disordered eating, or other indicators associated with RED-S.
This proposition is based largely upon FFMI being used as
a non-invasive means to screen for FFM depletion as well as
protein-energy malnutrition (VanItallie et al., 1990). As a result,

y = 0.003x + 11.107

13

15

17

19

21

23

25

27

29

1500 2000 2500 3000 3500 4000

FF
M

I R
aw

(k
g/

m
2 )

BMC (g)

y = 10.029x + 6.7498

13

15

17

19

21

23

25

27

29

0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60

FF
M

I R
aw

(k
g/

m
2 )

BMD (g/cm3)

Figure 3. Fat-free mass index plotted against bone health variables.
BMC: Bone mineral content; BMD: Bone mineral density.
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we speculate this method may show promise in identifying
athletic populations who display significant levels of fat-free
mass depletion and who may be at risk for other forms of
dietary or psychological complications. In particular, we feel
lower thresholds of FFMI may be useful to detect outcomes
associated with low energy availability in all forms of weight-
sensitive sports as outlined by Sundgot-Borgen et al. (2013).
Indeed, this investigation found that athletes competing in
weight-sensitive sports had significantly lower FFMIRaw, BMC,
and BMD compared to those competing in other sports.
Furthermore, athletes below the lower FFMI threshold had
significantly lower BMC and BMD compared to athletes
above the threshold, thus supporting its utility as a surrogate
marker to detect negative perturbations associated with low
energy availability in at-risk athletes. However, future research
is needed to establish the accuracy of FFMI to detect low
energy availability before practitioners use it for any diagnos-
tic purpose in this population.

It is important to note that our decision to use the 15th

percentile as the lower threshold could be questioned by
other investigators. However, our decision was based primarily
upon the conclusions reached by VanItallie et al. (1990), who
suggested that FFMI values less than the population-specific
15th percentile might represent a significant level of depletion
in FFM. In addition, due to the variability between different
body composition assessment techniques (Silva, Minderico,
Teixeira, Pietrobelli, & Sardinha, 2006) and between DXA
units (Hull et al., 2009), practitioners may not be able to
directly compare other body composition results with the
thresholds reported by this investigation. In such a situation,
we recommend the use of alternate thresholds equal to two
standard deviations above and below the group mean for
FFMI. Like the percentile thresholds reported in this investiga-
tion, these alternate thresholds could be used by practitioners
to determine relative muscularity and screen for FFM deple-
tion in female athletes, with the added benefit of being
applicable to any existing FFMI dataset. Alternate thresholds
are depicted in Figure 2.

Strengths and limitations

This study recruited a diverse cohort of female collegiate
athletes from a variety of under-represented sports, thus
expanding the body of knowledge in this area. Unlike an
earlier investigation of similar scope, this study employed
rigorous pre-testing guidelines to reduce variability in body
composition measures. In addition, all body composition
assessments were performed using the same body composi-
tion hardware and software and analyzed by the same trained
researchers, thus increasing the validity and internal consis-
tency of our measures. However, the reference values reported
by the present investigation may not be applicable to other
DXA devices, as differences in hardware, software, and correc-
tion factors may reduce the agreement between the estimates
of body composition from different systems (Hull et al., 2009).
Similarly, factors such as variation in FFM density (Prior et al.,
2001), creatine or carbohydrate loading (Bone et al., 2017), and
pre-testing dietary intake (Rouillier, David-Riel, Brazeau, St-
Pierre, & Karelis, 2015) can affect body composition estimates.

Thus, the thresholds reported in this cross-sectional investiga-
tion likely do not represent the absolute limits of FFM accre-
tion in female collegiate athletes. In addition, we recognize
that the present investigation did not collect any dietary or
energy expenditure data which would allow for the calculation
of energy availability, but, nonetheless, the identification of
such values should open the door to these descriptive studies
by other investigators.

Conclusions

In conclusion, the current study provided average and sport-
specific FFMI reference values, and for the first time reported
an upper threshold and lower acceptable threshold for FFMI in
collegiate female athletes. Furthermore, this analysis reported
significant differences in FFMI between several sports repre-
sented in the sample. The results of this study can be used to
help sport coaches identify the potential of further lean mass
accretion in their athletes, assist strength and conditioning
and performance nutrition professionals in determining train-
ing and body composition goals, and further inform training
and nutritional interventions in female collegiate athletes.
Additionally, our results suggest that FFMI may have merit as
a surrogate marker of low energy availability in female collegi-
ate athletes, though more information is required in this area.
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