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ABSTRACT

Percutaneous osseointegrated (OI) prosthetic limb attachment holds promise
for transhumeral amputees. Understanding humeral medullary morphology is
necessary for informed design of upper extremity OI systems, and is beneficial to
the field of megaprosthetic reconstruction of the distal humerus where diaphyseal
fixation is desired. The purpose of this study was to quantify the sex and laterality
differences in humerus morphology, specifically over the diaphysis. Three-
dimensional surface reconstructions of 58 pairs of cadaveric humeri (43 male,
15 female) were generated from CT data. Measures describing periosteal and
medullary morphology were collected relative to an anatomic coordinate system.
Sex and laterality differences in biomechanical length (BML) were observed
(P <£0.001 and 0.022, respectively). Head radius was larger in males than females
(P < 0.001). Retroversion was increased in right humeri relative to left (P < 0.001).
Canal orientation exhibited a conformational shift from anteversion to retrover-
sion distally at approximately 65% BML. Right humeri exhibited larger medul-
lary diameters than left in the 1st and 2nd principal directions (P < 0.024). Males
displayed larger diameter medullary canals proximally (P <0.029) and an
increased rate of divergence of the endosteal cortex in the proximal diaphysis
(P <£0.009). Females exhibited higher canal aspect ratios at mid-shaft (P < 0.014)
and lower mean cortical thickness (P < 0.001). Human humeral diaphysis mor-
phology exhibits sex and laterality differences, which are dependent on position
along the diaphysis. Understanding humeral morphology is necessary to achieve
adequate primary stability and bone apposition in design of endoprosthetic stems
for percutaneous OI implants, and distal humerus replacement. Anat Rec,
302:1709-1717, 2019. © 2019 The Authors. The Anatomical Record published by
Wiley Periodicals, Inc. on behalf of American Association for Anatomy
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Socket suspensions that fit over the residual limb of an
amputee represent the standard of care in prosthetic limb
attachment. Unfortunately, socket suspensions do not meet

the needs of many upper extremity amputees, resulting in
up to 39% of above elbow amputees rejecting use of a pros-
thetic (Biddiss and Chau, 2007a, 2007b). Negative factors
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related to socket suspensions, including discomfort, low
functionality, lack of heat dissipation, and inconvenience,
are primary drivers of device abandonment, and rank high
in consumer design priorities (Biddiss et al., 2007; Biddiss
and Chau, 2007a, 2007b; Berke et al., 2010). Recent advan-
cement in the field of percutaneous osseointegrated (OI)
prosthetic limb attachment have resulted in the emergence
of cementless, press-fit, intramedullary stems for fixation of
upper and lower extremity exoprostheses (Hagberg and
Branemark, 2009; Kang et al., 2010; Jonsson et al., 2011;
Juhnke et al., 2015; Al Muderis et al., 2016).

Percutaneous OI systems rely on adequate initial fixation,
and circumferential fill of the medullary canal, for bone
ingrowth and long-term stability (Engh et al., 1992; Shelton
et al., 2011; Jeyapalina et al., 2014; Al Muderis et al., 2016).
Additionally, such systems must be compatible with place-
ment at multiple locations along the bone to accommodate
variable amputation levels. Failure to satisfy these condi-
tions may lead to premature implant loosening, and limit the
clinical utility of the system. To facilitate successful design of
these systems, a detailed description of the medullary diaph-
ysis is necessary. To date, investigations of humeral morphol-
ogy have largely been motivated by shoulder (Pearl and Volk,
1996; Robertson et al., 2000; Gebhart et al., 2013; Johnson
et al., 2013) and elbow (Brownhill et al., 2007; Goldberg et al.,
2007) arthroplasty, resulting in few investigations of diaphy-
seal medullary morphology (Descamps et al., 2009), but none
examine the full length of the humeral diaphysis in detail.

The purpose of the present study was to utilize three-
dimensional modeling techniques to investigate the medullary
morphology of the humeral diaphysis, including medullary
canal diameter, aspect ratio, taper, orientation, and cortical
thickness, and relate these findings to the design of press-fit
intramedullary stems for OI prosthetic attachment. Computed
tomography (CT), three-dimensional modeling, and image
processing techniques were employed for nondestructive anal-
ysis. We hypothesized that differences would arise between
humeri based on gender and laterality of the bones.

MATERIALS AND METHODS

Fifty-eight pairs of fresh frozen cadaver humeri were
obtained following a University of Utah Institutional Review
Board exempt protocol (IRB #11755). The population con-
tained 43 pairs from male donors with a median age of
51 years (range: 18-74 years), and 15 pairs from female donors
with a median age of 53 years (21-66 years). Four donors were
African American, one was Hispanic, and the remaining
donors were Caucasian. Height, weight, and handedness infor-
mation were not available. Soft tissue, if present, was removed
by manual dissection. Humeral pairs with visual or radio-
graphic skeletal abnormalities were excluded from the study.

CT Reconstruction and Accuracy Verification

Axial CT scans of all humeri were acquired using a Siemens
SOMATOM Definition Flash scanner (120 kVp, 100 mAs,
512 x 512 acquisition matrix, 0.6-mm slice thickness, B50s
kernel, 150-mm field-of-view). CT images were segmented
and reconstructed in Amira (v5.4.1, FEI, Hillsboro, OR) using
semi-automatic thresholding techniques to identify both the
medullary (inner) and periosteal (outer) cortical surfaces.
Three-dimensional surface reconstructions were generated
from the respective segmentations. Interoperator surface
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reconstruction repeatability was assessed for three operators
on a single humerus by comparison to reference periosteal
and medullary surfaces generated by an experienced segmen-
tation operator from high-resolution MicroCT (0.059-mm iso-
tropic voxel spacing, PerkinElmer QuantumFX). Surface
deviations from the MicroCT generated reference surface
were calculated following iterative closest point alignment.
Alignment and surface deviation analyses were performed in
3-Matic Research 18 (Materialise, Leuven, Belgium).

Anatomic Coordinate System

To align specimens and to provide a reference frame for
morphologic measures, an anatomic coordinate system was
defined. To increase applicability of the coordinate system
definition to those with upper extremity amputation or
trauma, only proximal humeral landmarks were employed
in coordinate system calculation (Fig. 1A). The definition
used here was adapted from the humeral coordinate system
proposed by DeLude et al. (2007). The origin was established
at the center of the humeral head using a sphere fit based on
the convex articulating surface. The articulating surface was
selected based on 1st principal curvature (PostView, www.
febio.org) (Fig. 1B). Next the articulating margin plane
(AMP) was established by further refining the selection of
the convex region to isolate nodes at the transition from con-
vex to concave at the anatomic neck and creating a best-fit
plane (Fig. 1C). The normal vector to this AMP was the first
vector needed for coordinate system generation. The second
vector was a humeral shaft axis (HSA) calculated by fitting a
line to the centroids of the medullary segmentation from
mid-shaft (median slice) to one humeral head diameter below
the origin (Fig. 1C). This range was selected to prevent lat-
eral drift of the HSA due to the proximal metaphyseal flare.
Using the AMP normal vector and HSA, the coordinate sys-
tem was defined as follows (Figs. 1D,E):

¢ Origin: Coincident with the center of the sphere fit to
the articulating surface of the humeral head.

e Z-axis: HSA, defined as a best-fit line through the cen-
troid of the medullary canal from mid-shaft to one
humeral head diameter below the origin.

e X-axis: Cross-product of AMP normal vector and
Z. Positive in anterior direction.

e Y-axis: Cross-product of Z and X. Positive in medial
direction.

Surface reconstructions of left humeri were mirrored
prior to coordinate system generation to avoid the use of
right- and left-handed coordinate systems.

External Morphology

Articulating (convex) surfaces of the trochlea and capi-
tellum were also selected using 1st principal curvature. A
best-fit cylindrical axis was calculated from these selections
(Kapron et al., 2014). The cylindrical axis in conjunction
with selections described for anatomic coordinate system
generation were used to calculate biomechanical length
(BML), humeral head radius (R), humeral head inclination
(0p), and retroversion (0g) as follows (Fig. 2):

e BML: Distance along the Z-axis between the humeral
head center and the mid-point of the distal cylindri-
cal axis.
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Fig. 1. (A) Anteroposterior (AP) view of a right proximal humerus. (B) Plot of 1st principal curvature with the convex surface (black) and articulating
region (outlined in red). (C) Sphere fit of articulating region (circle), AMP, HSA. (D) AP view of the anatomic coordinate system. (E) Axial view of the

anatomic coordinate system.

e R: Radius of sphere fit to articulating surface of the
humeral head.

¢ 0Op: The angle between the Z-axis and the normal vector
of the AMP.

¢ Or: The angle between the cylindrical axis and the
Y-axis in the XY plane.

Medullary Morphology

Axial cross-sections of the aligned humeri were exported
as binary images using Amira (ThermoFisher Scientific,
Waltham, MA), with 0.1-mm resolution in the XY plane, at
1% increments of BML. Medullary cross-sections were sub-
tracted from periosteal cross-sections yielding images con-
taining only a continuous annulus of cortical bone (Fig. 3). A
custom Matlab (Mathworks, Natick, MA) analysis script
was used to calculate the following morphologic parameters
from each binary axial cross-section:

e Medullary orientation: Angular orientation of the med-
ullary canal with respect to the Y-axis. Orientation
determined using principal component analysis (PCA).

e 1st principal diameter: Medullary diameter measured
as the maximum projection of the medullary canal
cross-section onto the medullary orientation axis.

e 2nd principal diameter: Medullary diameter orthogo-
nal to the medullary orientation.

e Aspect ratio: 1st principal diameter/2nd principal diameter.

e Mean cortical thickness: Mean thickness of the cortical
bone at each cross-section.

Distal and proximal cutoffs for diaphyseal analyses
were established at 20% (proximal) and 80% (distal) of
BML to exclude the metaphyseal flares.

Statistical Analyses

Interoperator repeatability for landmark selection and calcu-
lation of anatomic measures was assessed using the intraclass
correlation coefficient (ICC). ICC estimates and their 95% confi-
dence intervals were calculated based on a 2-way random-
effects model for absolute agreement using 3 operators and
10 randomly selected humeri. ICC was calculated for each
external morphologic measure. Paired t-tests were used to
determine differences between right and left humeri with
regard to head radius, inclination, retroversion, BML, and med-
ullary measures at 20, 35, 50, 65, and 80% BML.

Independent t-tests were used to determine differences
between male and female donors. To ensure that the unequal
sample sizes between males and females would not have an
outsized effect on statistical significance, bootstrapping was
applied to all P values to establish the achieved significance
level (ASL). Only trivial differences were observed between
P values derived from the t-test and bootstrap ASL, con-
firming the robustness of the t-test for this analysis. In partic-
ular, no conclusion of significance was dependent on the
choice of statistical test. Therefore, we report P values from
the t-test, as these provide the most understandable presenta-
tion of the results and are consistent with other comparisons.

Taper of the medullary diameters in the 1st and 2nd princi-
pal directions were determined by piecewise linear regression
for each group (right, left, male, female). This method yielded
medullary expansion rates for the proximal and distal diaphy-
sis as well as the inflection point at which the medullary taper
changed as a function of length (Jones and Molitoris, 1984).
A Wald test was then applied to the proximal, distal, and break
point fit coefficients of the piecewise linear fit to determine dif-
ferences between groups. Again, a bootstrapping approach was
evaluated and no conclusion of significance was altered.
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Fig. 2. (A) Biomechanical length (BML) was defined as the Z distance
between humeral head center and center of the cylindrical axis of the
elbow. (B) Inclination (0) and head radius (R), (C) Retroversion (6R).
Rigid body transformation of all surface reconstructions was applied to
align the anatomic coordinate system of each bone with the global
coordinate system within Amira.

All statistical testing was performed using Stata 13 (StataCorp
LP, College Station, TX). Significance was set at P < 0.050.

RESULTS
Repeatability and Accuracy

Comparison of user-generated surface reconstructions
with the MicroCT reference revealed a mean (range) RMS
error of 0.26 mm (0.25-0.29 mm) and 0.15 (0.14-0.17 mm) for
the periosteal surface and medullary diaphysis, respectively.
RMS error was below voxel resolution and reveals that
improved segmentation accuracy was achieved in the diaphy-
seal region of the bone where periosteal and endosteal cortical
boundaries are more defined. Interoperator repeatability of
anatomic landmark selection and calculation of external mor-
phologic measures showed excellent agreement, defined as
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Fig. 3. Surface reconstruction of a right humerus displaying cross-
sections at 20, 35, 50, 65, and 80% of BML.

the lower bound of the 95% confidence interval on the ICC
exceeding 0.9 (Koo and Li, 2016). Lower bound ICC values for
head radius, inclination, retroversion, and BML and were
0.992,0.923, 0.986, and 0.999, respectively.
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Humeral Length, Head Radius, Inclination, and
Retroversion

Right specimens exhibited greater BML and retroversion
than left (Table 1, P = 0.022 and P < 0.001, respectively). No
laterality differences were observed in humeral head radius
or inclination. Males displayed greater BML and humeral
head radius than females (P < 0.001). No sex differences
were observed in inclination or retroversion.

Medullary Orientation

Distal diaphyseal retroversion is similar in magnitude to
that measured at the cylindrical axis of the condyles. The
principal orientation proceeds proximally in anteversion
until a conformational change in principal orientation occurs
at approximately 65% BML and shifts the principal orienta-
tion back into retroversion. This trend in retroversion con-
tinues for the remainder of the humeral diaphysis. At 20%
BML, the canal exhibits retroversion for all groups (male,
female, right, and left) with female subjects exhibiting sig-
nificantly higher retroversion proximally than males (Fig. 4,
*P =0.001).

1st, 2nd Principal Diameter, and Aspect Ratio

Significantly larger 1st and 2nd principal medullary
diameters were observed in right humeri at all analyzed
locations (20, 35, 50, 65, 80% BML) with the exception of
80% BML in the 1st principal direction (Fig. 5, *P < 0.024).
No difference in aspect ratio was observed between left and
right humeri. Males exhibited significantly larger diameters
in the proximal humerus (Fig. 6, *P < 0.017) with overlap in
medullary diameters distally. Females exhibited signifi-
cantly higher medullary aspect ratio at the 35 and 50% BML
levels (Fig. 6, *P < 0.014).

Mean Cortical Thickness

Laterality differences in mean cortical thickness showed
that the left humerus exhibited greater cortical thickness at
the proximal diaphysis (Fig. 7, 20% BML, *P = 0.048). Differ-
ences between males and females showed males possess sig-
nificantly higher cortical thickness at all evaluated levels
(*P < 0.001). All groups exhibited decreased cortical thickness
proximally with values approaching a plateau in the distal
50% of the diaphysis.

Medullary Taper

Male specimens exhibited a substantial increase in the rate
of medullary expansion from distal to proximal with a break
point located near 50% BML in both the 1st and 2nd principal
directions (Table 2). Females exhibited a similar increase in the
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Fig. 4. Canal orientation plotted as a function of BML. Bold solid or
dashed line and corresponding shaded region represent mean and + 1
standard deviation. (A) Male (red --)/Female (blue -), (B) Right (red --)/Left
(blue -). *Denotes statistically significant difference, P = 0.001.

2nd principal direction with a break point located at 58% BML.
No break point in females was observed along the 1st principal
direction, as the rate of medullary expansion remained con-
stant over the length of the diaphysis.

Stratification by Age

In female humeri, there were 5 specimens aged 21-40
(median 32 years) and 10 aged 41-66 (median 57 years).

TABLE 1. Summary of external morphology results

Mean (SD) Mean (SD)
Measure Left Right P value Male Female P value
BML (mm) 291.4 (20.6) 292.2 (23.7) 0.022 298.3 (24.5) 274.6 (21.1) <0.001
Head radius (mm) 23.6 (2.0) 23.7(2.1) 0.253 24.5 (1.5) 21.1(1.0) <0.001
Inclination (degree) 130.1 (4.3) 130.4 (3.7) 0.556 130.6 (3.6) 129.8 (4.1) 0.470
Retroversion (degree) 36.0 (10.2) 42.2 (10.5) <0.001 42.4 (10.6) 41.8 (10.6) 0.836

Four anatomic characteristics examined in 58 paired humeri (43 males, 15 females).
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No significant differences were detected in these age groups
for any of the measurements. Applying the same 40-year age
cutoff to the male humeri yielded 12 specimens aged 18—40
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Fig. 6. (A) 1st and (B) 2nd principal canal diameters and (C) canal
aspect ratio as a function of BML. *Denotes statistically significant
difference, P < 0.017.

(median 27 years) and 31 aged 41-74 (median 56 years).
In this case, statistically significant age-related changes in
the proximal diaphysis are observed with 10% reduction in
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Fig. 7. Cortical thickness as a function of BML. (A) Right/Left, (B)
Male/Female. *Denotes statistically significant difference, P < 0.048.

mean cortical thickness at the proximal (20% BML) level
(P < 0.028). Additionally, endosteal expansion along the 2nd
principal diameter was observed at the 20, 35, 50, and 65%
BML levels with an average medullary diameter increase of
15% (P < 0.040).

DISCUSSION

The goal of OI prosthetic fixation is to improve the daily
function of those suffering from an amputation by removing
the barriers to prosthetic use often encountered in tradi-
tional socket suspension. To achieve this goal in patients
with transhumeral amputation, it is important for engineers,
surgeons, and prosthetists to understand the medullary and
periosteal morphology of the humerus. Understanding of
medullary morphology affects endoprosthetic design, sizing,
and fixation strategies while the relationship to periosteal
morphology holds implications for prosthetic fitting and the
kinematic loading environment of the implant. These design
cues are not limited to OI implants, but can also inform the
design of other systems seeking diaphyseal placement in the
humerus, such as megaprostheses for trauma and cancer
reconstruction where component loosening is a common com-
plication (Kulkarni et al., 2003; Hanna et al., 2007; Funovics
etal., 2011).

This study demonstrated that the use of nondestructive,
three-dimensional techniques produces accurate bony sur-
face reconstructions with RMS errors at or below voxel reso-
lution for the periosteal and medullary endosteal surfaces. A
reproducible anatomic coordinate system was also con-
structed from proximal bony features for evaluation of both
periosteal and medullary morphology. This anatomic coordi-
nate system definition will allow translation of methods
described here to amputee populations and those suffering
traumatic disruption of the distal humerus or elbow.

Perhaps the greatest challenge to OI endoprosthetic place-
ment within the medullary canal of the humerus comes from
the diverging nature of the medullary space. Unlike total joint
applications, where the metaphyseal flare of long bones lends
itself to press-fit stem insertion, the geometric constraints of
implant insertion and the diverging medullary space limits
the ability to obtain apposition of bone ingrowth surfaces with
endosteal bone without extensive preparation (reaming/
broaching) of the cortex that may result in thin cortical walls
that increase fracture risk under complex upper extremity
loading (Drew et al., 2017). This challenge is amplified in the
proximal medullary canal, beyond the calculated break point,
where among male specimens, the rate of medullary diver-
gence increases three and seven times in the 1st and 2nd
principal directions, respectively (Table 2). In female speci-
mens, the rate of medullary expansion remains constant in
the 1st principal direction and transitions from parallel to
divergent in the 2nd principal direction. Simultaneously, the
mean cortical thickness diminishes precipitously in the proxi-
mal cortex (Fig. 7). As a result, proximal stem fixation may

TABLE 2. Canal taper as a function of total BML for males and females

Coefficient
Measure Direction Male Female P value
Distal taper (mm/100% BML) 1st principal diameter 5.3 6.8 0.094
2nd principal diameter 2.8 -0.5 0.001
Break point (% BML) 1st principal diameter 49 N/A® N/A
2nd principal diameter 54 58 N/A
Proximal taper (mm/100% BML) 1st principal diameter 16.6 6.8 0.001
2nd principal diameter 19.8 15.9 0.009

#Linear fit substituted for piecewise linear fit resulting in a single slope value and no break point.
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need to be achieved through methods not relying solely on
press-fit stabilization for ingrowth (Farfalli et al., 2009).

Despite the increasing rate of medullary canal expansion
from the distal to proximal diaphysis, only small differences
were observed in the diameter of the distal medullary space
between men and women (Fig. 6). However, while overall
size variation is limited, females do exhibit significantly thin-
ner cortical bone at all levels (Fig. 7), and an increased aspect
ratio of the medullary space (Fig. 6). This decline in cortical
bone and circularity may pose a challenge for implants that
possess a circular cross-section, as an inherent mismatch is
cross-sectional geometry may necessitate more bone removal
than an anatomic or asymmetric endoprosthesis.

The use of noncircular implant geometries faces another
challenge in the continuous rotational axial component of
humerus morphology first described by Descamps et al.
(2009). Of particular interest to endoprosthetic apposition is
the conformational switch in medullary orientation that is
exhibited near 35% BML (Fig. 4). This is analogous to
squeezing an ellipse along its major axis until a 90-degree
shift in the orientation of the major axis occurs. Placement of
an endoprosthesis at this level may inherently result in a
rotational shift in the location of bony apposition as the orien-
tation indicates the direction of largest medullary diameter.

The periosteal measure of retroversion supports previous
studies that have reported increased humeral retroversion
on the dominant side (Kronberg et al., 1990; Cassagnaud
et al., 2003; Table 1). The magnitude in mean difference
between left and right humeri, 6.2 degrees, was less than 7.9
degrees reported by DeLude et al.; however, in that study
higher values of retroversion were noted for the left side
(DeLude et al., 2007). The magnitude of retroversion mea-
sures were also similar to those reported by Delude et al. and
similarities can be attributed to the comparable anatomic
coordinate system definitions (DeLude et al., 2007). While
the clinical significance for OI prosthetic fixation is not well
understood at this time, variation in retroversion may carry
implications for elbow axis alignment during prosthetic
fitting. No differences were observed in humeral head incli-
nation between groups (Table 1).

Males displayed increased BML when compared to females
(Table 1). This result indicates that for a comparable amputa-
tion level, and re-creation of intact anatomy, the bone-
implant interface in male subjects will experience higher
loads due to the increased moment arm distal to the amputa-
tion (Drew et al., 2017). Despite this increased load, stresses
and fracture risk may remain higher in the female population
due to the decreased amount of cortical bone present. This
dependence of loading on humeral length, and amputation
level, supports the need for overload protection devices to
maximize return to function without compromising implant
fixation in this unique population (Jonsson et al., 2011).

Stratification by age yielded mixed results between female
and male humeri, but this was expected as the study was not
specifically powered by adequate sample sizes within each
gender. This was in part due to practical limitations in
obtaining cadaver specimens with sufficient diversity to
examine subgroups by age. While there were some differ-
ences in cortical thickness, endosteal expansion, and medul-
lary diameter in males, the female cohort was too small to
detect changes. Based on the trends in the female data, an
increased sample size in future studies might also detect a
reduction in cortical thickness and a corresponding increase
in medullary diameter.

DREW ET AL.

This study is subject to limitations. First, humeri were
collected from a normal cadaver population. Application of
morphologic results to the amputee population may not be
appropriate for all measures as trauma and cortical remo-
deling due to the modified loading environment can alter nor-
mal anatomy (Dequeker, 1971; Lang et al., 2006; McCarthy
et al., 2012). Grouping of humeri by hand dominance instead
of laterality may impact the statistical relationships and
would be more appropriate if data were available in donor
summaries (Crockett et al., 2002; Reagan et al., 2002). Addi-
tionally, the limited number of female subjects may have
resulted in under-sampling of the range of variability present
in the female population.

CONCLUSION

Three-dimensional measurement of medullary and perios-
teal morphology from CT images was an accurate and effective
quantification method. Our findings establish the most com-
prehensive analysis of medullary morphology in the humerus
to date and expand the current body of literature on periosteal
morphology of the humerus. This information is important
to the design of Ol implant systems for upper extremity ampu-
tees, and can find application in megaprostheses, and in
traditional shoulder and elbow arthroplasty. This study also
establishes a framework for future studies examining struc-
tural remodeling of the humerus following amputation.
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