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Despite through-knee amputations holding numerous functional advantages over above-knee amputations; they are frequently rejected when both are
potential surgical options. In an attempt to improve
the generally poor primary healing rates associated
with sectioning at the joint line, sectioning the femur
in the axial plane in a through-knee amputation is
often inevitable. However, this can reduce the distal
bony cross-sectional area of the amputation stump.
Literature suggests that greater bony cross-sectional
areas in the distal portion of amputations stumps
improve functional outcomes. This study aims to
identify the level at which it is best to cut the femur to
maximise the distal bony cross-sectional area in
through-knee amputation stumps. Cross-sectional
area in the axial plane was measured at 4 levels in the
distal portions of four dry osseous specimen femurs
and two wet cadaveric specimen femurs. The results
of this study indicated the greatest cross-sectional
area to be at the level of the maximum height of the
femoral intercondylar notch. Statistical analysis also
indicated the mean cross-sectional area at this level in
the osseous specimens to be significantly greater
than adjacent levels. This was not the case in the
cadaveric specimens; however, this is thought to be
due to the limitations of using a one-tailed t test to
conduct statistical analysis on a series of only 2
cadaveric specimens. Across all the cadaveric and
osseous specimens, consistent trends of change in
cross-sectional area across the distal femur were
noted thus mapping the cross-sectional anatomy of
the distal femur from a previously unstudied perspective.

2. Keywords:
Amputation; Femur; TKA; Weight-bearing; Cadaveric

3. Abbreviations:
AKA: Above-Knee Amputation; BKA: Below-Knee
Amputation; CC: Creative Cloud; CI: Confidence
Intervals; HES: Hospital Episode Statistics; TKA:
Through-Knee Amputation

4. Introduction
In his 1617 book Surgion’s Mate, John Woodall
described amputations as “the most lamentable part
of chirurgery”, thus alluding to not only their severely
debilitating outcomes, but also their necessity in
order to prevent even more detrimental events [1].
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Within the medical profession, amputations can be regarded as the removal of an extremity of the body due to
surgery, trauma, congenital absence of the extremity,
prolonged-constriction, or by the individual themselves
[2]. Of the 90 million inpatient hospital episodes occurring
in the UK between 1st April 2003 and 31st March 2009,
25312 were for major lower limb amputations [3]. Rates of
amputations amongst men were double those amongst
women (37.0/100,000 vs. 15.9/100,000) and the mean age
of the amputees was 70.6 years.
Amputations of the lower limb can occur at numerous
levels described by a systematic nomenclature seen in
both British and International Standards. These include
below-knee amputations (BKA), through-knee amputations (TKA) where the femur is disarticulated from the tibia,
above-knee amputations (AKA) where the femur is
sectioned along its shaft, and hip disarticulation amputations. By wide-spread consensus amongst historical
literature, preservation of the knee-joint whenever
possible leads to better clinical and functional outcomes
compared to after amputations in which this joint is lost
[4-7]. Traditionally, in patients where a BKA is not possible,
surgeons have favoured AKAs. This is despite their
non-end-weight-bearing nature and attached functional
outcomes often eliminate the possibility of achieving an
ambulatory or independent living status. In recent years,
the alternative to AKAs; TKAs, have been almost completely neglected by surgeons. Between 1st April 2003 and 31st
March 2008, the Hospital Episode Statistics (HES) database
reported 12831 AKAs compared to 727 TKAs [8]. This huge
disparity is despite numerous medical literature sources
reporting good and often superior outcomes from TKAs
[6,9,10]. Furthermore, TKAs allow for a stump with good
proprioception, preservation of adductor muscle insertions
and a decreased metabolic cost of ambulation [11]. The
results of the comparison of walking speeds and oxygen
consumption in five through-knee amputees and five
above-knee amputees by Pinzur et al. [12] showed
through-knee amputees to have faster walking speeds,
increased cadence and decreased oxygen consumption
per meter walked. Due to no bones and minimal muscles
being sectioned, TKAs are also considered relatively
atraumatic procedures and blood loss is less likely to be
excessive [13]. Furthermore, the end of a through-knee
amputation stump is composed of natural tissues which
are adapted for weight bearing in the kneeling position.
Therefore, unlike in above-knee amputation stumps where
weight-bearing must occur at the ischial tuberosity,
through-knee amputation stumps are end weight-bearing
allowing for greater comfort and stability [6,11,14]. This
also allows for use of a smaller prosthetic with no belts or
suspenders unlike in an AKA prosthesis, which also fails to
provide function in a sitting to standing movement unlike
a TKA prosthesis. Although there is the possibility of
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above-knee amputees using a suction socket prosthesis in which there is
no need for cumbersome belts or suspenders, this is not possible in a
number of individuals. Furthermore, this often cannot be determined until
after surgical recovery. Consequently, it must be presumed that there is a
risk of belt suspension for all those that are undergoing an AKA. This risk is
less in TKAs as the default suspension method is over the bulbous shape of
the femoral condyles.
Morse et al. [6] Murakami and Murray and Lim et al. [15,16] suggest that the
main reason for the lack of widespread acceptance of TKAs, despite the
obvious advantages over AKAs, is poor wound healing rates. Jensen et al.
[17] and Hagberg et al. [18] also report superior wound healing rates in
AKAs than TKAs. Early PF [19] and Duis KT et al. [20] describe high rates of
delayed healing in retrospective cohorts of through-knee amputees. In
order to combat this, since the first western scientific literature description
of TKA in 1824, multiple different techniques of conducting the procedure
have been developed [9]. These are mostly centred around sectioning the
femur proximal to its most distal weight-bearing surface in order to
improve the poor rates of healing associated with TKAs. However, surgical
techniques that section the femur in a TKA often reduce the distal bony
cross-sectional area of an amputation stump. This is important since the
mechanical basis for the ability of TKA stumps to end weight-bear is due to
the dissipation of load over a larger surface area in through-knee amputation stumps [21]. Furthermore, studies by Kamman et al. [22] and Ferris et
al. [23] comparing functional outcomes in amputations performed using
traditional techniques to the Ertl procedure (where a bone bridge is used to
eliminate the gap between the tibia and fibula) indicate that greater
cross-sectional areas of bone in amputation stumps lead to superior
functional outcomes. Thus, it is necessary to determine at what level it is
best to cut the distal femur in the axial plane so that the maximum distal
bony cross-sectional area can be yielded. This is with the aim of then
maximising the end weight-bearing capacity of a TKA stump and hence
functional outcomes following TKAs. An additional advantage of TKA
prostheses over AKA prostheses is their lack of cumbersome straps and
suspenders. This stems from TKA stumps allowing for suspension of a
prosthesis over the bulbous femoral condyles. Thus, it must be determined
whether such suspension methods can be maintained when cutting the
femur at any level indicated to have the greatest cross-sectional area. This
study focuses on the analysis of femoral cross-sectional area in human
tissues in order to create an anatomical study of innate femoral characteristics.

5. Discussions
Figure 1: Image showing levels of sectioning in the axial plane of the
cadaver’s right femur (Author’s own work). Consent for images to be taken
was provided by the donor registration programme at the University of
Birmingham, licensed by the Human Tissue Authority number 12236
(Anatomy).

5. Materials and Methods
5.1. Cadaveric specimens
The lower limbs of a 67-year-old male cadaver were provided by the
University of Birmingham Medical School. This cadaver could be identified
by the BM Number 181. The lower limbs of this cadaver had been sectioned
from the rest of the body at the level of the mid-shaft femur. The cadaver
had been embalmed by injection of the embalming fluids into the right
common carotid artery and drainage via the right internal jugular vein.
Preparatory dissection of the cadaveric specimens was done in order to
adequately expose the distal end of the femur prior to cutting it. A
transverse incision was made through the skin, superficial facia and deep
fascia across the posterior aspect of the leg from a point 6cm above the
medial malleolus to a point 6cm above the lateral malleolus. This incision
was then extended bilaterally superiorly along the sagittal plane up to the
level of the tibial plateau. These incisions were then continued supero-medially until they met at a point immediately superior to the patella. Cutting
through the remaining muscular, ligamentous and vascular structures, the
femur and surrounding tissues of the thigh were disarticulated from the
rest of the lower limb. The result of this disarticulation yielded a thigh cut at
the midshaft femur where the femoral condyles were exposed anteriorly
and posteriorly. This preparatory dissection was then repeated on the
opposite limb. Using a 75 mm blade NS2 Power Module saw, the femur of
each limb was sectioned exactly transversely/in the axial plane at four
levels
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Figure 2: Image showing levels of sectioning in the axial plane of the
cadaver’s right femur (Author’s own work). Consent for images to be taken
was provided by the donor registration programme at the University of
Birmingham, licensed by the Human Tissue Authority number 12236
(Anatomy).
Level 1: The level of start of the convexity of the lateral surface of medial
femoral condyle.
Level 2: Midway between the level of the maximum height of the femoral
intercondylar notch (Level 3) and the flat tibiofemoral surface of the
femoral condyles.
Level 3: The level of the maximum height of the femoral intercondylar
notch.
Level 4: 10 mm superior to the level of the maximum height of the femoral
intercondylar notch (Level 3). These levels were selected on the basis that
they could be identified using no other anatomical structures besides the
femur and could be ascertained on a plain film radiograph of the femur.
Consequently, the levels are easily identifiable during amputation surgeries, even in traumatic amputations where soft tissues have been lost. Level
3, the main determinant of Levels 2 and 4, was selected on the assumption
that the femoral intercondylar notch was likely to have the smallest impact
on the cross-sectional area at this level. Furthermore, this level corresponds
roughly to the level of the epicondyles (often regarded as the widest part of
the distal femur). The point of the maximum height of the femoral
intercondylar notch lies at the apex of the posterolateral rim described by
Farrow et al. [24] (see Figure 2). Level 3 was thus determined as the axial
plane intersecting this point. The axial plane, in the context of this project,

page 2

refers to a horizontal plane at a right angle to the long axis of the body [25].
After cutting the femur at these levels, the sectioned pieces of the cadaveric specimens were submerged in the dampening solution for 15 days
before analysis of their cross-sectional area.
5.2. Osseous specimens
Four osseous femurs were donated by the University of Birmingham
Medical School from their archived specimens. These had previously been
attached to teaching skeletons donated to the medical school from
external sources. Due to the age of these specimens and nature of the
donation to the medical school, no demographic data was available.
Specimens B, C and D were from a right lower limb, whereas, specimen A
was the femur from a left lower limb. None of the osseous specimens were
from the same skeleton. Using an autopsy saw, the osseous femurs were
sectioned in the axial plane at the same predetermined levels as the
cadaveric femurs. After sectioning they were stored in dry plastic containers for 15 days before analysis.
5.3. Analysis of cross-sectional area of the osseous and cadaveric
specimens
The cut portions of the cadaveric femurs were removed from the dampening solution and allowed to dry for approximately 30 minutes before
analysis. This was not necessary for the osseous sections. Each section was
traced round onto 80 gsm A4 paper using a 0.7 mm mechanical pencil so
that an outline of the potential end weight-bearing surface at each level
was obtained (the superior surface of each section). These outlines were
then scanned and printed onto 70 gsm 1 mm, 5 mm & 10 mm square ruled
graph paper. Scans of these outlines on the graph paper were analysed
using raster graphics editor Photoshop CC (Creative Cloud) 2018. The
Polygon Tool was used to trace round the outline of the cross-sections. No
limit was placed on the number of ‘click-points’ due to predicted variation
in the size of the cross-sections. Using the Measurement Log, the cross-sectional area of the traced outlines could then be calculated in pixels. From
the knowledge that a 1 mm x 1 mm reference square on the graph paper
contained 36 pixels; the units of these measurements could then be
converted to mm2. The cross-sectional area of each section was calculated
to 2 decimal places.

axial plane at Level 3: the level of the maximum height of the femoral
notch. The mean cross-sectional at Level 3 was 2683.24 mm2 (95% CI,
2072.46-3294.02). This was 9.5% greater than the mean cross-sectional area
at the Level 2. The mean cross-sectional area at Level 2: the midpoint
between the level of the maximum height of the intercondylar notch of the
femur and the flat tibiofemoral surface of the femoral condyles was
2450.38 mm2 (95% CI, 1811.60- 3089.15387). The one-tailed t-test indicated the mean cross-sectional area at Level 3 was significantly greater
(p=0.01) than the mean cross-sectional area at Level 2.
The mean cross-sectional area at the Level 4: 10 mm superior to the level of
the maximum height of the femoral notch was 1963.83 mm2 (95% CI,
1090.22-2837.43). This was statistically significantly less (p=0.004) than the
mean cross-sectional area at Level 3: the level of maximum height of the
femoral intercondylar notch. Thus, the mean cross-sectional area at Level 3
was significantly different from the adjacent levels. The percentage
decrease in mean cross-sectional area between Levels 3 and 4 was 26.8%.
The level of the smallest cross-sectional area in all four osseous specimens
was at Level 1: the start of the convexity of the medial condyle. Unlike in the
cadaveric studies, the cross-sectional area at this level consisted of separate
medial and lateral potential weight-bearing surfaces separated by the
intercondylar notch. The mean cross-sectional area at Level 1 was 1271.97
mm2 (95% CI, 793.57-1750.37). This was statistically significantly smaller
(p=0.0004) than the mean cross-sectional area at Level 2. This high degree
of significance is also reinforced by the high percentage increase in mean
cross-sectional area between these levels of 92.6%. This represents the
greatest percentage change in cross-sectional area between two adjacent
levels in the osseous specimens.
6.2. Results of the analysis of the cadaveric specimens
The femurs from both the cadaveric lower limbs showed the greatest
cross-sectional area when cut in the axial plane at Level 3: the level of
maximum height of the femoral notch (see Figure 4). The mean cross-sectional area at this level was 4484.96 mm2 (95% CI, 3525.11- 5444.81). This
was 6.0% larger than the mean cross-sectional area at Level 2 and 27.1%
larger than at Level 4.

5.4. Statistically analysis
P-values were calculated using a paired sample t-test in Microsoft® Excel for
Mac, Version 15.33. P-values of <0.1 were given to one significant figure
and p-values of ≥ 0.1 were given to 2 significant figures. P-values given in
standard form were given to 3 significant figures. A one-tailed t-test was
selected over a two-tailed t-test as visual comparison of the cut sections of
the osseous and cadaveric specimens indicated that it was only necessary
to test the statistical significance of the relationship between levels in one
direction. Confidence Intervals (CI) were calculated for the relationships
indicated by the t-tests. When calculating percentage changes in cross-sectional areas between levels, percentage changes were calculated to 1
decimal place. Confidence intervals were also calculated for the mean
cross-sectional area at each level using the ‘Descriptive Statistics’ data
analysis tool in Microsoft® Excel for Mac, Version 15.33 (170409).
As required by law, the use of all human tissues in this study was done so
under the legislation laid out by the Human Tissue Act 2004 [26]. All human
tissues were handled with respect. The cadaveric tissue used was identified
by the BM number 181. Personal details of the cadaver were not available
to the researchers. Consent for images to be taken was provided by the
donor registration programme at the University of Birmingham, licensed
by the Human Tissue Authority number 12236 (Anatomy). Records of all
images taken, and the author’s signature and personal details are kept by
the University of Birmingham Medical School. Due to the unknown nature
of the donation of the dry osseous specimens to the University of Birmingham Medical School no further information was available on them. Like the
cadaveric specimens, they were handled under the legislation laid out by
the Human Tissue Act 2004 [26].

6. Results
6.1. Results of the analysis of the osseous specimens
Figure 3 summarises the cross-sectional area of the 4 osseous specimens
cut in the axial plane at the previously specified levels. In all the osseous
specimens, the greatest cross-sectional area was seen when cutting in the
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Figure 4: Comparison of the mean cross-sectional area at each level across
the cadaveric specimens. 95% confidence intervals for the true mean are
indicated by the error bars.
Due to the small number of measurements contributing to the mean
cross-sectional area at each level (n=2), the confidence intervals for the true
mean at each level are very wide. The lower confidence interval for the true
mean at Level 4 was adjusted from -3061.62 to 0 as this represents a value
for cross-sectional area so cannot be negative. The mean cross-sectional
area at Level 2 was 4230.08 mm2 (95% CI, 3698.89-4761.27). This was not
statistically significantly different (p=0.14) from the mean cross-sectional
area at Level 3. However, the small number of specimens (n=2) contributing to the mean at each level reduces the reliability of this comparison.
The mean cross-sectional area at Level 4 was 3527.43 mm2 (95% CI,
0-10116.48) (Lower CI adjusted from a negative value to zero due to the
units being mm2). Like the mean cross-sectional area at Level 2, this was
not statistically significantly different (p=0.14) from the mean cross-sectional area at Level 3.
The percentage decrease in cross sectional area when passing superiorly
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from the level of the maximum height of the femoral notch, to 10 mm
above this point was 31.8% and 11.3% for the left and right limbs respectively. The reduction in mean cross sectional area between these levels was
21.3%.

Figure 4: Comparison of the mean cross-sectional area at each level across
the cadaveric specimens. 95% confidence intervals for the true mean are
indicated by the error bars.

As in the osseous specimens, the greatest increase in cross-sectional area
was noted when passing superiorly between Level 1 and Level 2. The mean
cross-sectional area at Level 1 was 2961.25 mm2 (95% CI, 2015.02-3907.48).
The mean cross-sectional area at Level 2 was 42.8% greater than the mean
cross-sectional area at this level. Furthermore, this difference in mean
cross-sectional area was significant (p=0.008).

As well as helping to identify the level of maximal cross-sectional area in
the distal, the results of this study also create a clear profile of the change in
cross-sectional area across the distal femur. All the osseous and cadaveric
specimens showed an increase in cross-sectional area in the axial plane
when passing superiorly from the tibiofemoral surface of the femoral
condyles to the level of the maximum height of the femoral notch. Beyond
this, in all the cadaveric and osseous specimens, the cross-sectional area
decreased again. Studying Figures 5 and 6 it appears that Level 3
corresponds to roughly the level of the epicondyles. These lateral
extensions of the femur help to maximise the width of the femur at this
level and thus increase the cross-sectional area. Furthermore, the protrusion of the femoral intercondylar notch anteriorly from the popliteal aspect
of the femur is minimal at this level. Literature searches conducted as part
of this project failed to identify any existing literature regarding the
cross-sectional anatomy of the distal femur. Thus, it is apparent that the
results of this project have enhanced models of distal femoral anatomy and
describe the anatomy of the femur from a previously unstudied perspective. The design of this study does have its limitations. Throughout the data
collection, Level 3 and Level 1, were subjectively identified by the author in
the osseous and cadaveric specimens. Furthermore, Levels 2 and 4 were
determined by these subjective decisions. Thus, there was the potential for
human error skewing the results due to this subjective decision making.
the collective decision of multiple individuals would have been impractical.

7. Discussion
The results of the analysis of the osseous specimens and cadaveric
specimens indicate that, of the four levels studied, cutting the femur in the
axial plane at Level 3: the level of the maximum height of the femoral
intercondylar notch, yields the greatest cross-sectional area. In all the
osseous and cadaveric specimens, the greatest cross-sectional area was
seen at Level 3. In the osseous specimens, the mean cross-sectional area at
this level was statistically significantly different from the mean cross-sectional area at Levels 2 and 4. This was not the case for the mean cross-sectional area at Level 3 in the cadaveric specimens. However, this is likely to
be due to the limitation of using a paired samples t-test when n=2. This
small number of measurements contributing to the mean also reduces the
reliability of the results from the analysis of these specimens and accounts
for the low precision of the values of true mean cross-sectional area at each
level. Despite these differences in cross-sectional area not being
significant, the patterns of change in cross-sectional area across the distal
femur in the both cadaveric specimens were the same as in the osseous
specimens. Furthermore, in all the cadaveric specimens the greatest
cross-sectional area was seen at Level 3. Therefore, it can be extrapolated
that, if this analysis was repeated with a larger series, the difference would
be likely to become significant. Thus, it is clear that there is a need for the
analysis of femoral cross-sectional anatomy in a radiological setting in
order to provide data from a larger series of femurs which, due to resource
constraints, would not be available when studying human tissues.
Although there is overlap of some of the error bars on Figures 3 and 4. This
does not indicate a lack of significant difference in mean cross-sectional
area between these levels, but instead is indicative of, at each level, wide
variation in cross-sectional area between subjects.

Figure 5: Osseous specimen cross-sections. Consent for images to be taken
was provided by the donor registration programme at the University of
Birmingham, licensed by the Human Tissue Authority number 12236
(Anatomy).

Figure 3: Comparison of the mean cross-sectional area at each level across
the osseous specimens. 95% confidence intervals for the true mean are
indicated by error bars indicated by the error bars.

Figure 6: Cadaveric specimen cross-sections. Consent for images to be
taken was provided by the donor registration programme at the University
of Birmingham, licensed by the Human Tissue Authority number 12236
(Anatomy).
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8. Conclusion
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