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Recently, gender-specific designs of total knee replacement have been developed to 
accommodate anatomical differences between males and females. We examined a group of 
male and female distal femora matched for age and height, to determine if there was a 
difference in the aspect ratio (mediolateral distance versus anteroposterior distance) and 
the height of the anterior flange between the genders. The Hamann-Todd Collection 
provided 1207 skeletally mature cadaver femora. The femoral length, the anteroposterior 
height, height of the lateral and medial flanges and the mediolateral width were measured 
in all the specimens. The mechanical axis of the femur, the cut articular width and the 
aspect ratio were assessed. Statistical analysis of the effect of gender upon the aspect ratio 
and the lateral and medial flanges was undertaken, controlling for age, height and race.

The mean aspect ratio of male femora was 1.21 (SD 0.07) and of female femora it was 1.16 
(SD 0.06) (p < 0.001). There was no significant difference between male and female 
specimens in the mean size of the lateral flange (6.57 mm (SD 2.57) and 7.02 mm (SD 2.36), 
respectively; p = 0.099) or of the medial flange (3.03 mm (SD 2.47) and 3.56 mm (SD 2.32), 
respectively; p = 0.67). Future work in the design of knee prostheses should take into 
account the overall variability of the anatomy of the distal femur.

The number of designs and sizes available for
total knee replacement (TKR) in the United
States has increased dramatically since the
introduction of the first hinged design in the
1950s. It is imperative for the components to be
of the appropriate size. If the femoral compo-
nent is too large there is a risk of overstuffing
the joint, thus limiting movement and if it is
smaller than the native knee, there is a risk of
notching of the femur or over-resection of the
posterior condyles, which may lead to instabil-
ity in flexion.

Recent studies have shown that women have
a similar functional outcome to men1-3 but
increased pain4 following TKR. None identi-
fied any factors to account for these differences
and it remains unclear if they are due to the
design of the implant or other factors.

Gender-specific designs of TKR have been
developed in an effort to accommodate anatom-
ical differences of the distal femur between men
and women.5,6 These designs incorporated a
smaller aspect ratio, namely, the ratio of the
mediolateral (ML) distance to the anteroposte-
rior (AP) distance, as well as a reduced anterior
flange and an increased angle of the trochlear
groove for the female knee. It is unclear whether
the new designs will improve the clinical

outcome in women.7 Many studies have
addressed the proposed difference between gen-
ders.1,8-11 Some have shown that there is a dif-
ference whereas others have not. However, none
have strictly controlled for variables such as age,
height, length of the femur or race.

The aim of this study, therefore, was to exam-
ine an age- and height-matched group of male
and female distal femora to determine whether
there is a gender difference in the aspect ratio
(ML/AP) or the height of the anterior flange.

Materials and Methods
Femora were obtained from the Hamann-Todd
human osteological collection at the Cleveland
Museum of Natural History. This contains
complete disarticulated human skeletons gath-
ered from unclaimed remains at the Cleveland
city morgue between 1912 and 1938. All female
specimens older than 18 years with a recorded
age and race were included. Exclusion criteria
were evidence of a fracture (20), excessive hyp-
oplasia (nine), arthritic changes to the distal
femur which would prevent measurements (58)
and degradation or post-mortem damage (121)
which would prevent accurate point capture
and measurements. Using grouped-match
analysis, male specimens older than 18 years
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with a known race and age were also selected from the col-
lection to match the measured female femora by the height
and age of the specimens (Table I). The same exclusion crite-
ria for the female specimens were applied to the male femora.
Some male and female specimens had only one side included
in the study.
Design of the study. The study had two components. First,
the inter- and intra-observer reliability of our method of
data collection was assessed. Ten specimens were selected
randomly and four of the authors (AL, JK, SJF, RJG) mea-
sured each femur twice and the reliability of measurements
and calculations for the femur were assessed.

The gender differences between the aspect ratio and the
height of the lateral and medial flanges were then assessed.
All 513 female specimens in the collection were inspected,
and 355 met the inclusion criteria. A total of 660 female
femora were measured as not all the specimens had two
femora which met the inclusion criteria. Using grouped-
match analysis, 303 male specimens (547 femora) were
matched to the female femora, controlling for age, height
and race (Table I).
Femoral measurements. We used the Microscribe G2LX
digitiser (Immersion Corporation, Columbia, Maryland),
Microsoft Excel (Microsoft Corporation, Redmond, Wash-
ington) and MATLAB software (The Mathworks, Natick,
Massachusetts) for collection and analysis of data. The
Microscribe digitiser was used to capture points on each
femur by its mechanical arm with a stylus which could dig-
itise three-dimensional points from any surface with an
accuracy of up to 0.22 mm. MATLAB software provided a
high level of programming which allowed for development
of an algorithm analysis and visualisation of data and
numerical computation. New MATLAB software routines
were written to perform geometrical analyses of the digi-
tised morphology of the femur and to create a Microsoft
Excel spreadsheet of measurements using a three-
dimensional Cartesian co-ordinate grid.

After we had secured the digitiser and the femur to a flat
surface, data points were obtained in a sequential fashion.
These included the femoral head, the distal anterior femoral
metaphysis on the lateral side, the anteromedial flange, the
anterolateral flange, the medial epicondyle, the lateral epi-
condyle, the most proximal aspect of the trochlear groove,
the distal femoral condyle on the lateral and medial side
and the most lateral and medial aspects of the articular sur-
face. The posterior femoral condyles were used as the refer-
ence point for measurements of AP height.

The length of the femur, the mechanical axis, the height
of the lateral and medial flanges, the height of the standard
anterior cut and the width of the articular surface were cal-
culated (Fig. 1).

Using MATLAB software and the digitiser, a distal fem-
oral resection was generated for each specimen. We sim-
ulated a resection of 8 mm from the most distal femoral
condyle, perpendicular to the mechanical axis of the
femur. Points along the lateral and medial aspect of the
distal femur at the level of the epicondylar axis deter-
mined the width of the femur after the simulated resec-
tion. Since most TKR systems require an initial cut of
between 7 mm to 10 mm from the distal femur, 8 mm
was chosen. The aspect ratio was calculated from these
measurements (Fig. 1).
Statistical analysis. Inter- and intra-observer reliability was
assessed using the variance components of a mixed-effects
model which accounted for the correlation between and
within raters based on the initial measurements of the ten
femora.

For the analysis of variables, summary measures were
recorded as the mean (SD) for continuous variables (femoral
length, height, age) and as a percentage count for dichoto-
mous variables (gender, race). Demographic variables such
as age, height and race were specimen level variables,
whereas femoral length was a femoral level variable. No
difference was found between the summary statistics calcu-
lated at the specimen level versus those at the femoral level.
Table I was calculated at the femoral level. The descriptive
summary statistics in Table II were also calculated at the
femoral level.

The effects of interest reported in Table II were calculated
in a mixed-effects modelling framework which accounted
for the correlation between femora taken from the same
specimen. Covariates for the models were gender, femoral
length and race. Age was considered to be a covariate, but
was not found to be significant in any setting.

Correlation and concordance coefficients were calcu-
lated to compare the agreement between left and right
femora from the same specimen. Analysis of the overlap of
gender distributions was based on assuming a normal dis-
tribution of the values of the aspect ratio, using the mean
(SD) for females (Table II) and the estimated effect size
from the model (Table II). All the statistical analyses were
performed using R (R Foundation for Statistical Comput-
ing, Vienna, Austria). A p-value ≤ 0.05 was considered to
be significant.

Table I. Clinical details of the cadaver specimens

Female (n = 660) Male (n = 547) Total (n = 1207)

Mean age (SD) in yrs     43.3  (16.2)     44.3  (15.7)     43.7  (16.0)
Mean height (SD) in cm 1629.4  (64.1) 1652.0  (75.2) 1639.6  (70.3)
Mean femoral length (SD) in mm   428.6  (22.1)   441.5  (27.9)   434.4  (25.7)
African-American (%)   406     (61.5)   118     (21.6)   524     (43.4)
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Results
Reliability measurements. The amount of variability associ-
ated with the four different investigators was an order of
magnitude smaller than that associated with different fem-
ora. Also, the investigator and replication components had
similar size variability, indicating that the effect of different
investigators was similar to the effect of repeated measure-
ments by the same investigator.
Aspect ratio. Male and female femora were similar with
respect to age and height (group-matched) and the femoral
length correlated with height (Table I). The mean aspect ratio
of male specimens was 1.21 (SD 0.07) and for females, 1.16
(SD 0.06) (Table II). There was a positive male gender effect
of 0.06 (p < 0.001) after adjusting for all other covariables,
including race (Fig. 2a). There was a large amount of vari-
ability between male and female specimens relative to the
size of the gender effect, leading to a high amount of overlap
between genders. African-American specimens had a larger
aspect ratio by a mean of 0.02 compared with Caucasian
femora (p < 0.001; Fig. 2b). There was a mean decrease of
0.0002 in the aspect ratio for an increase of 1 mm in the fem-
oral length for the entire study population (p = 0.041; Fig. 3).
The correlation and concordance between left and right fem-
ora from the same skeleton were high (0.82).

Height of the lateral flange. A similar analysis was per-
formed for the lateral flange of the distal femur. Its mean
height for the male specimens was 6.57 mm (SD 2.57) and for
the female femora it was 7.02 mm (SD 2.36) (Fig. 4a). After
adjusting for all covariates, there was no significant effect of
gender on the size of the lateral flange (p = 0.099; Table II).
Any supposed effect of gender on its height could be
accounted for by the effect of race between African-American
and Caucasian specimens. African-American male and
female specimens had an increased effect (2.6) on the height
of the lateral flange compared with the Caucasian femora
(p < 0.001; Fig. 4b). Similar to the aspect ratio, the height of
the lateral flange was related to the length of the femur for the
entire study population, with a mean increase in height of
0.03 mm for every increase of 1 mm in the femoral length
(p < 0.001). The concordance (0.89) and correlation (0.89)
between the left and right femora from the same skeleton
were high.
Height of the medial flange. A similar analysis was per-
formed for the media flange of the distal femur (Table II).
The mean height of the medial flange of the male specimens
was 3.03 mm (SD 2.47) and of the female specimens it was
3.56 mm (SD 2.32) (Fig. 5a). After adjusting for covariates,
there was no significant effect of gender on the size of the

Table II. Measurements of the distal femur. A positive gender effect indicates a larger value in males. The femoral length effect is taken for the
entire population. A positive femoral length effect indicates for an increasing length of the femur, the variable being studied also increases. A
positive race effect indicates a larger value in the African-American population

Female (660) Male (547)
Gender 
effect p-value

Femoral length 
effect p-value Race effect p-value

Aspect ratio (SD) 1.16  (0.06) 1.21  (0.07) 0.06 < 0.001 -0.0002 0.041 0.02 < 0.001
Mean (SD) lateral flange height in mm 7.02  (2.36) 6.57  (2.57) 0.28    0.099 0.033 < 0.001 2.6 < 0.001
Mean (SD) medial flange height in mm 3.56  (2.32) 3.03  (2.47) 0.019    0.917  0.018 < 0.001 2.0 < 0.001

Fig. 1b

Photographs showing a) an anteroposterior view of a femur (a, centre of the femoral head; b, centre of the trochlear groove; a–b, the mechanical
axis of the femur; c, the most distal point of the distal femur; JL, the joint line; and CL, the simulated distal femoral cut line 8 mm proximal to the
joint line), b) a lateral view of a distal femur (a+b, the overall anteroposterior height; a, the lateral flange height; b, the minimal anterior cut height;
and c, the medial flange height), and c) an axial view of the distal femur (M–L, mediolateral length used to calculate the aspect ratio).

Fig. 1a Fig. 1c
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medial flange (p = 0.67).The male and female distribution
of the height of the medial flange almost completely over-
lapped. Similar to the lateral flange, a positive effect (2.0)
was found between African-American and Caucasian speci-
mens (p < 0.001; Fig. 5b). The height of the medial flange

was related to the length of the femur, with a mean increase
of 0.02 mm in height for every increase of 1 mm in femoral
length for the entire study population (p < 0.001). The con-
cordance (0.85) and correlation (0.86) between left and
right femora from the same skeleton were high.

Discussion
As the design of systems for TKR continues to evolve, it is
imperative that anatomical differences between genders be
taken into account. The specimens used in our study were
collected in the early 20th century. The mean age of this
population was 44 years (SD 16) and a large proportion
would have been in the generation of patients who would be
candidates for a TKR in the modern orthopaedic era. This
allows for some conclusions to be drawn regarding anatom-
ical differences between gender and race in the anatomy of
the distal femur as it relates to the modern knee prostheses.
In our study, there was a significant difference in the aspect
ratio between the male and female distal femora (p < 0.001),
but we found that there was a high degree of variability
between individuals. However, there was no difference in
the height of the lateral and medial flanges between male
and female specimens (p = 0.099 and 0.67; respectively).

Osteology is often used to assign gender and age in foren-
sic medicine and paleontology. The distal femur is not an
area routinely or solely used to determine gender.12

Recently, Mahfouz et al5 described many differences in the
anatomy of the distal femur between men and women.
However, their study had limitations including a small
number of specimens and the use of computer-assisted
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Box-plots showing the aspect ratio versus a) gender and b) race and
gender (AA, African-American; C, Caucasian; F, female; M, male).
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Scattergram showing the effect of femoral length on the race- and
gender-adjusted aspect ratio.
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enlargements to compare femora which assumes that long
and short bones are symmetrical. Lonner et al1 showed that
there were differences and variability between and within
genders, suggesting that the shapes of the distal femora of
men and women did not resemble one another when size
overlapped. Hitt et al8 also found that when compared with
standard available implants, overhang was significantly
greater in female specimens. Both of these studies used
intra-operative measurements on a relatively small sample
size without controlling for the height or length of the
femur. Bellemans et al13 also studied the effect of gender on
the anatomy of the distal femur and found that both gender
and morphotype influenced its shape. Recently, Fehring et
al10 examined the heights of the lateral and medial flanges
of men and women from MRI studies and found a small
difference in the height of the medial flange, but not of the
lateral flange. Despite these small differences, they found a
large amount of variability within the groups emphasising
the need for the design of TKR to be based on the overall
variability of the human anatomy, and not necessarily on
gender.

 We found that African-American specimens had a larger
aspect ratio and larger heights of the lateral and medial
flanges compared with the Caucasian femora after adjust-
ing for femoral length and gender. Other studies have also
examined race as a cause of anatomical differences in the
distal femur. Vaidya et al14 found that most Indian males
could have a satisfactory replacement with the currently
available knee designs while significantly fewer Indian
females could be suitably accommodated. However, their
study examined the limitations of the AP dimension more

than the aspect ratio. Cheng et al15 examined CT data of a
Chinese population, showing that males had a higher aspect
ratio compared with females. Based on our study and the
recent literature, race contributes to the variability in the size
and shape of the distal femur, but no conclusions can be
made regarding the effect of these differences on a TKR.

The information from our study has potential ramifica-
tions in the design of TKRs since some studies on clinical
outcome have identified differences in males and females.2-4
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Box-plots showing the height of the medial flange (mm) versus a) gen-
der and b) race and gender (AA, African-American; C, Caucasian; F,
female; M, male).
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Fig. 6

Normal curves showing the distribution of male (blue) and female (red)
aspect ratios. The bars in a) to d) indicate the percentage of patients
achieving an ideal-fit prosthesis in the centre of a) one design with the
aspect ratio at the overall mean (1.19); b) two designs with aspect ratios
at the mean of males (1.22) and females (1.16), respectively; c) the same
designs as b, but both designs available to either gender; d) two designs
with aspect ratios ± 0.05 (range 1.14 to 1.24) of the overall mean, avail-
able to either gender.

Table III. Mean (range) aspect ratio, for a range of femoral
components from four implant companies

Implant* Mean aspect ratio (range)

Stryker Triathlon 1.09 (1.06 to 1.11)
DePuy Sigma 1.07 (1.05 to 1.09)
Smith & Nephew Journey 1.11 (1.04 to 1.15)
Zimmer NexGen LPS 1.11 (1.06 to 1.18)
Zimmer NexGen Flex 1.10 (1.06 to 1.16)
Zimmer NexGen Gender 1.05 (1.01 to 1.09)

* Stryker (Kalamazoo, Michigan), DePuy (Warsaw, Indiana),
Smith & Nephew (Memphis, Tennessee), Zimmer (Warsaw,
Indiana)
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No difference was found in the height of the flanges between
genders and the aspect ratio had considerable overlap and
variability, with female specimens tending to have a smaller
aspect ratio than male femora of any given length.

The question remains as to the role that gender plays in
the design of future TKRs. Although this is a cadaver study
in which no definitive conclusions on clinical outcome can
be made, the role that overall variability, and not necessar-
ily gender differences, has in the design of TKRs can be
illustrated. An ‘ideal fit’ of the femoral component occurs
when excessive overhang and overstuffing of the knee is
avoided. If an ideal fit of a TKR is defined as an aspect ratio
within 0.05 of the implant aspect ratio, and there was only
one implant system with an aspect ratio based on the mean
of this population (1.19), 52% of the population would
have a femoral component which was an ideal fit. Alterna-
tively, if an implant company had two designs for the distal
femur, one based on the aspect ratio of women (1.16) and
the other based on that of men (1.22), after considering the
gender effect (0.06) in the population 57% would have an
ideal fit if all males received the ‘male knee’ and all females
the ‘female knee’. However, if males could receive either the
‘female’ or ‘male’ implant and females could receive either
the ‘male’ or ‘female’ implant, the percentage of patients in
this population who would receive an ideal-fit prosthesis
would increase to 75%. Finally, if the two designs were
based on an aspect ratio which was ± 0.05 from the mean of
this population (1.19; 1.14 to 1.24), the percentage of
patients who would receive an ideal-fit prosthesis would
increase to 85% (Fig. 6). This indicates that the design of
future TKRs should be based on the overall variability in
the shape of the distal femur in the population and not on
gender differences. At this time, although there is some
variability of the aspect ratio between designs of the knee
(Table III), it is clear from this and other studies that there is
more variation in the aspect ratio of the human population
than in that of implants.8 In addition, the overall variability
in the aspect ratio for each implant system is not high, possi-
bly limiting the number of patients who would achieve an
ideal fit when only one implant system is available. Future
studies should therefore focus on the fit of an implant as it
relates to the patient’s clinical outcome in order to design a
prosthetic system with enough variability in terms of aspect
ratio for most patients to receive an ideal fit.

A major strength of our study is the large sample size,
giving it the power to make significant conclusions regard-
ing aspect ratio and flange height, while accounting for
other variables such as race, age and height. In addition, the
digitised femoral measurements were reliable and accurate.
However, there were several limitations. This was a cadaver
study of specimens obtained in the beginning of the 20th
century. Although many would have been candidates for a
TKR in the modern era if they had survived, there was no
control of the environmental or nutritional factors which
may have limited the significance of the results seen in this
population. However, the mean height of Caucasian and

African-American females in the United States today is
approximately 163 cm,16 which was the mean height of the
females in our study population. Our study matched males
who were the same height as the females to control for
height as a variable, and therefore no conclusions can be
drawn regarding very tall individuals (Table I). We assume
that our observation that the aspect ratio decreases by
0.0002 for every increase of 1 mm in femoral length is accu-
rate for skeletons over six feet in height, but we cannot
comment on this with certainty. Cadaver specimens in this
collection do not have any remaining cartilage and hence
the wear patterns often seen during TKRs could not be
accounted for in our study. Systematic differences in the
thickness of the cartilage or gender differences in the pat-
terns of cartilage wear could not be assessed. The data for
evaluation of the distal femoral cut of 8 mm was obtained
from MATLAB calculations and simulation. No cuts were
made on the specimens themselves.

This is a large anatomical study which shows that there is
a difference in the aspect ratio between genders, but also
that there is a high degree of variation between individuals.
No difference between genders could be found for the
heights of either the lateral or medial flanges. Future work
in the design of knee prostheses should take into account
the overall variability of the anatomy of the distal femur
between individuals.
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