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Comparing the volume of vascular intersection of
two femoral neck fracture fixation implants using an

In silico technique
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Michael Bushelow, MS®*, Michael Blauth, MD?

Background: Femoral neck fracture displacement with subsequent vascular disruption is one of the factors that oontributﬁ
trauma-induced avascular necrosis of the femoral head. latrogenic damage of the intraosseous arterial system during fixation of
femoral neck fracture is another possible cause of avascular necrosis that is less well understood. Recently, Zhao et al (2017)
reconstructed 3D structures of intraosseous blood supply and identified the epiphyseal and inferior retinacular arterial system to be
important structures for maintaining the femoral head blood supply after femoral neck fracture. The authors therefore recommended
placing implants centrally to reduce iatrogenic vascular injuries. Our in vitro study compared the spatial footprint of a traditional
dynamic hip screw with an antirotation screw versus a newly developed hip screw with an integrated antirotation screw on intra-
0sseous vasculature.

Methods: Three dimensional (3D) nCT angiograms of 9 cadaveric proximal femora were produced. Three segmented
volumes—porous or cancellous bone, filled or cortical bone, and intraosseous vasculature —were converted to surface files.
3D in silico models of the fixation systems were sized and implanted in silico without visibility of the vascular maps. The volume
of vasculature that overlapped with the devices was determined. The ratio of the vascular intersection to the comparator
device was calculated, and the mean ratio was determined. A paired design, noninferiority test was used to compare the
devices.

Results: Results indicate both significant (P < 0.001) superiority and noninferiority of the hip screw with an integrated antirotation
screw when compared with a dynamic hip screw and antirotation screw for the volume of vasculature that overlapped with each
device in the femoral neck.

Conclusions: Combining established methods of vascular visualization with newer methods enables an implant’s impact on
vascular intersection to be assessed in silico. This methodology suggests that when used for femoral neck fracture management, the
new device intersects fewer blood vessels than the comparator. Comparative clinical studies are needed to investigate whether these

findings correlate with the incidence of avascular necrosis and clinical outcomes.
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1. Introduction

Avascular necrosis of the femoral head is most commonly
associated with trauma and has a multifactorial etiology." Among
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factors under surgeons’ control are the timing of surgery, quality
of reduction, and implant choice and application.

Implants are mainly evaluated for their ability to achieve stable
fracture fixation.> By contrast, the potential impact of implant
dimensions, application mode, and intraosseous position on
blood supply has not yet been systematically investigated to the
best of our knowledge.

Zhao et al* used digital subtraction angiography and 3D wCT
scans in 30 uninjured cadaveric femoral heads and 27 patients
after femoral neck fractures before surgery to identify 3 main
intraosseous vascular network structures with different contri-
butions to the overall blood supply for anastomoses and calibers.
The authors recommended to drill for and place implants close to
the central region of the femoral head to avoid damage to the
main afferent stems or major epiphyseal or metaphyseal branches
of the intraosseous arterial network.

This cadaveric and in silico study was designed to determine
differences between a commonly used “comparator” fixation
device/method (dynamic hip screw [DHS] with antirotation
screw) (Omega3 Compression Hip Screw, Asnis III Cannulated
Screw, Stryker, Mahwah, NJ) and a newly developed “subject”
fixation device [HS] (Femoral Neck System [HS], DePuy Synthes,
West Chester, PA) on the volume of disrupted intraosseous
vasculature. For both devices, the instructions for use suggest
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positioning the main element in the center of the femoral neck and
head in coronal and sagittal planes. We hypothesized that the HS
device is noninferior to the DHS.

2. Materials and Methods

Fresh frozen cadaveric hemipelvises were procured from regis-
tered tissue foundations (institutional review board exemption).
All donor tissues were screened for infectious disease. Nine
femurs were acquired for the final study group and selected before
the execution of any analysis of results, that is, no post hoc
rejection of specimens was performed. Donors ranged from 46 to
75 years in age, with 5 female and 4 male donors. The study was
given a non-human subject determination by an independent
Institutional Review Board.

Before testing, the specimens were thawed at room temperature
(~23°C) for approximately 48 hours. Each specimen was flushed
with 1 L of saline (VWR International; Radnor, PA) using a source
pressure of approximately 100 mm Hg. A tourniquet was applied
to restrict blood flow to only the proximal portion of the tissue
specimen, preferentially directing the flow into the deep femoral
artery to feed the circumflex and retinacular arteries that supply
blood to the femoral head. The system was then flushed with 0.5 L
of saline at 37°C, followed by 1 L of heparinized 37°C saline (100
units heparin; Sigma Aldrich; St. Louis, MO). The femoral
vasculature was then perfused with 2 L of 30% barium sulfate
(Atlantic Equipment Engineers; Upper Saddle River, NJ) suspended
in 5% gelatin (Sigma Aldrich; St. Louis, MO). The contrast
suspension was injected using a syringe and manually maintained
between 120 and 140 mm Hg. After perfusion, the specimen was
placed into an ice water bath for at least 2 hours. The femur was
then resected and cut for imaging.

The femoral head and neck were imaged using CT angiog-
raphy techniques (WCT 80, Scanco Medical AG, Switzerland),
which were similar to previous studies,>® resulting in a
maximum voxel size of 37 wm.>*® The reconstructed scans were
imported into Simpleware ScanIP (Version N-2018.03-SP1,
Synposis, Inc, Mountain View, CA) for postprocessing. Using
voxel intensity (1900-8000 Hounsfield units), the scans were
segmented into 2 primary volumes: a “filled” bone volume,
which was bounded by the endosteal surface and the cut surface
of the femur, and the intraosseous vasculature. Two regions of
interest were identified based on regions selected in relevant
publications®®: Zone 1 was defined as the region proximal to
the subcapital area while Zone 2 included the entirety of Zone 1
and extended distally to the narrowest portion of the femoral
neck. The planes that defined the ends of the zones were
perpendicular to the primary axis of the implants (ie, along the
femoral neck axis).

The volume of the intraosseous vascular network, which
overlapped the following 2 devices was evaluated: (1) the DHS
with an outer diameter of 13 mm and accompanying, 6.5-mm
diameter, 16-mm thread length, cancellous antirotation screw
and (2) the newly developed HS, consisting of a nonthreaded 10-
mm central bolt and an integrated 6.4-mm antirotation screw.
Previous studies have reported localized trabecular bone damage
adjacent to the implant during screw insertion [7.8], and in turn,
the bone damage may disrupt the localized blood supply.””
Therefore, to represent a worst-case scenario, each threaded
component was modeled as a uniform cylinder with an outer
diameter equal to the major diameter of the threaded portion of
the component. To account for the potential disruption to the
vasculature between the implanted components, the volume
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Figure 1. Representative images of the HS with integrated antirotation screw
(left) and DHS with antirotation screw (right) device systems after in silico
implantation into the 3D model.

between the components (intervening cancellous bone volume
[ICBV]) was also considered. Device size and alignment within the
specimen were selected based on the surgical guides for the HS
and the DHS with antirotation screw, with consistent and
clinically relevant placement of the devices across multiple
anatomical specimens. All in silico implantations and size
selections were performed using anatomical landmarks as
references, but without the vascular map overlaid (Fig. 1).

The volumes of the vasculature that overlapped with the devices
were determined for Zone 1 and Zone 2, both including and
excluding the vasculature residing in the ICBV. Paired comparisons
of the output metrics between the devices were performed for
each donor to assess the differences in potential risk of vascular
disruption. The ratio of the vascular intersection output metrics for
the HS device to that of the DHS with antirotation screw for each
donor specimen was calculated (paired comparison), and the mean
ratio was determined across all donor specimens (Table 1, Fig. 2). A
paired, noninferiority test was used to compare the overlapping
vasculature-device volumes for the HS device and the DHS. A
noninferiority design was selected because it is not an uncommon
approach for designing clinical trials.'® The null hypothesis stated
that the ratio of overlapped volume for the HS device to that of
the DHS device was greater than 120%. This margin was selected
based on a conservative representation of the relative ratio in
reported avascular necrosis (AVN) rates between predicate
cancellous screws and sliding hip screws under observation from
a femoral neck fracture clinical trial.'®!" In this trial, a ratio of
177% between AVN rates between the cancellous and sliding hip
screws was reported. Hence, the selection of 120% (compared with
177 %) was considered to be a conservative noninferiority margin.
Moreover, a noninferiority margin of 150% has been described as
being commonly used for cardiovascular outcome studies, where
the effects may be small.'°

A mean ratio of 100%, mid-range coefficient of variation of
40%, and correlation of 90% were assumed. The statistical
analysis was performed using SAS 9.4 (SAS, Cary NC).

3. Results

All specimens were evaluated with both the primary and
antirotation screws, except for the DHS group where one
specimen was evaluated with only the primary screw because of
the anatomical size of the femur. The mean total bone volume,
mean intraosseous vascular volume, and vascular volu-
me—to-bone volume ratio were determined, and these volumes
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Description of Parameters of Interest for the Disruption Analysis

Quantity of Interest Description

Volume of the surgical insertion pathway (VSIP)
Intervening cancellous bone volume (ICBV)
VSIP + ICBV

VSIP and vessel intersection volume

ICBV and vessel intersection volume

VSIP + ICBV and vessel intersection volume
VSIP and vessel intersection volume ratio

Volume of the device components within the zone of interest (zones 1 or 2) in the femoral head

Volume of the space between the device components (intervening cancellous bone) within the zone of interest in the femoral head
Total volume of the components and intervening cancellous bone within the zone of interest in the femoral head

Volume of vasculature, which overlaps with the device insertion pathway (VSIP)

Volume of vasculature, which overlaps with the intervening cancellous bone (ICBV)

Total volume of vasculature, which overlaps with the device insertion pathway and intervening cancellous bone (VSIP + ICBY)
Ratio of the “VSIP and vessel intersection volume” output parameter between the FNS device and the DHS with antirotation screw

(FNS device:DHS with antirotation screw)

VSIP + ICBV and vessel intersection volume ratio

Ratio of the “VSIP + ICBV and vessel intersection volume” output parameter between the FNS device and the DHS with antirotation

screw (FNS device:DHS with antirotation screw)

The 2 primary output metrics (ratios of vessel intersections for subject to the comparator) are shown in red in the bottom 2 rows.

and the ratio of the vascular-to-bone volumes were found to be
comparable with previously published values.

Details on the volume of the surgical insertion path (VSIP), the
ICBV, the sum of these volumes, and the results of the vessel
intersections with these volumes for Zones 1 and 2 for the DHS and
HS devices are listed in Table 2. Comparisons between the ratio of
vessel intersection volume of the HS device to DHS are shown in Fig. 3.

Both superiority and noninferiority of the HS device for the DHS
was demonstrated (P < 0.001) based on a noninferiority margin of
120% for both anatomical zones and both ratios (“VSIP and vessel

intersection volume ratio” and “VSIP + ICBV and vessel
intersection volume ratio”). The upper bound of the confidence
intervals was found to be less than the margin of 120% and less
than 100%. The results are summarized in Table 2.

4. Discussion

In this cadaveric study, applying wCT angiography and in silico
modeling on 9 specimens, we compared 2 devices designed for
fixation of femoral neck fractures to understand their impact on

Figure 2. A, Maximum intensity anterior-posterior (AP) projection view of segmented blood vessels overlaid on the surfaces of the femoral head and neck. B, Zone 1
(red) and zone 2 (red + green) are defined by the subcapital and transcervical areas, respectively. These planes are defined to be approximately perpendicular to the
axis of the implants and the axis of the femoral neck. C, Representative images of the HS device (right) and the DHS (left) showing vascular disruption in the femoral
head. Vasculature that intersects directly with the device pathways (VSIP and vessel intersection volume) is shown in red; vasculature that intersects with the
intervening cancellous bone (ICBV and vessel intersection volume) is shown in blue; and unaffected vasculature is shown in gray.
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Output Summary for all Specimens

Donor gender/age F/75
BMI 16.8
Category Device Field (mm®)
Femoral head Anatomy Intraosseous vessel volume 102
(Zone 1) HS device Volume of the surgical insertion path (VSIP) 2391
Intervening cancellous bone volume (ICBV) 64.7
VSIP + ICBV 2456
VSIP and vessel intersection volume 3.4
ICBV and vessel intersection volume 0.1
VSIP + ICBV and vessel intersection volume 3.5
DHS device Volume of the surgical insertion path (VSIP) 3474
Intervening cancellous bone volume (ICBV) 560
VSIP + ICBV 4034
VSIP and vessel intersection volume 55
ICBV and vessel intersection volume 0.5
VSIP + ICBV and vessel intersection volume 6.0
Femoral head Anatomy Intraosseous vessel volume 131
(Zone 2) HS device Volume of the surgical insertion path (VSIP) 3573
Intervening cancellous bone volume (ICBV) 68.7
VSIP + ICBV 3642
VSIP and vessel intersection volume 5.4
ICBV and vessel intersection volume 0.1
VSIP + ICBV and vessel intersection volume 5.4
DHS device Volume of the surgical insertion path (VSIP) 5405
Intervening cancellous bone volume (ICBV) 1009
VSIP + ICBV 6413
VSIP and vessel intersection volume 9.0
ICBV and vessel intersection volume 1.1
VSIP + ICBV and vessel intersection volume 101

Summary results

Zone VSIP and vessel intersection volume geometric mean ratio
(FNS/Omega3), % [95% Cl]
1 63% [0%, 74%]
2 55% [0%, 67%]

M/61 F/48 M/61 F/70 F/60 F/69 M/51 M/66
41 27.0 29.0 27.0 19.5 40 23.8 19.0
35.1 37.7 20.7 38.7 1.5 38.6 313 30.5
2779 2172 2002 1578 1761 17,845 2003 1993
223 63.1 187 81.8 56.9 57.8 94.6 136
3001 2235 2189 1660 1818 1843 2098 2129
4.8 5.9 0.6 2.4 1.2 2.9 18.1 4.5
0.3 0.3 0.0 0.1 0.1 0.1 0.6 0.6
5.1 6.2 0.6 2.5 1.3 3.0 18.7 5.0
3976 2668 3046 2417 2685 2725 3047 3045
728 N/A* 311 162 180 189 208 205
4704 2668 3357 2579 2865 2914 3255 3250
6.2 6.7 1.5 4.8 1.9 4.1 25.6 6.8
0.9 N/A* 0.2 0.5 0.0 0.2 0.9 0.5
741 6.7 1.7 52 2.0 4.3 26.6 7.3
81.9 7.2 60.6 105 42.9 144 517 86.1
4256 3337 3955 3077 3557 2950 3064 3751
249 68.6 247 110 68.7 67.9 110 171
4505 3406 4202 3187 3626 3018 3174 3922
5.7 9.7 1.3 6.8 2.9 4.0 326 5.7
0.3 0.3 0.0 0.2 0.2 0.1 0.7 0.6
6.0 10.0 1.3 7.0 31 4.1 334 6.3
6227 477 5975 4698 5563 4562 4674 5711
1338 N/A* 649 336 400 329 332 409
7564 477 6624 5033 5962 4891 5006 6120
8.7 10.7 2.4 15.2 5.0 134 45.3 10.5
1.3 N/A* 0.4 1.0 0.0 0.3 1.1 0.6
10.0 10.7 2.7 16.3 5.0 13.7 46.4 11.2
P VSIP + ICBV and vessel intersection volume P

geometric mean ratio (FNS/Omega3), % [95%
Cl]
<0.001 64% [0%, 74%] <0.001
<0.001 56% [0%, 68%) <0.001

* Owing to anatomical sizing and limitations, no antirotation screw was used for this in silico implantation.

the intraosseous vascular network of the femoral neck and head
and the potential risks of iatrogenic disruption of the intraosseous
blood supply. Both device systems consisted of a central load
carrier and an antirotation screw to withstand rotational forces
on the femoral head.

Over the past 50 years, many vascular perfusion studies of
cadaveric tissue have been performed,'*™” including several with
specific application to the femoral head and neck.* %8> Femoral
head vasculature has been mapped using CT angiography and can
be performed using BaSO4, a contract agent, that is radiograph-
ically visible. Using these types of techniques, researchers have been
able to quantify the length, diameter, and volume of vasculature in
the femoral head. Furthermore, the vasculature of the femoral head
has been mapped using CT angiography.*¢12

Researchers have quantified measurements of length, diameter,
and volume of vasculature in the femoral head.*® Zhao et al*
generated vascular maps of 30 uninjured cadaveric femoral heads
and observed the presence of more main epiphyseal arteries and
fewer anastomoses in the peripheral regions of the intraosseous
vascular as opposed to the central regions. Although those
researchers did not quantify how much of the vasculature may be
affected, they performed qualitative visual evaluations of internal
fixation implant positioning and hypothesized that the peripheral
regions of the intraosseous system were more vulnerable to the
damaging effects of fixation surgery than the central region.

The average vascular and bone volumes as determined in this in
silico study are comparable with those provided in the literature.>°
The parameters from Zone 2 as defined in this study are more
similar to those reported by Qiu et al in 2018° and represent the
best agreement between the in silico study results and the published
literature. The 2016 study by the same group® reported much
larger vascular volumes and bone volumes than the 2018 work,’
which could be indicative of high patient variability, subjectivity
when defining the zone of interest, or improvement of the perfusion
method. Comparing the average ratio of vascular volume to bone
volume from the 2018 data published by Qiu et al, which ranged
from 0.04% to 0.87%,’ as compared with the averages from this
study: 0.5% and 0.9% for Zone 1 and Zone 2, respectively,
supports the idea that vascularity is variable and that our specimens
had variability similar to that observed in the study by Qiu et al.
Given the variability in bone and vascular volumes reported
within a single research group, the volumes used for the in silico
calculations are similar to existing data. Importantly, ratios of the
intersected vascular volumes between the HS device and the DHS
with antirotation screw demonstrated both superiority and non-
inferiority of the HS device for both anatomical zones and both
intersected vascular volume ratios that were examined in the study.

Trauma-induced AVN of the femoral head represents a
common sequelae after femoral neck fractures and has a
multifactorial etiology. Zhao et al* confirmed clinicians’ shared
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Figure 3. Graphical representation of the ratio of vessel intersection volume of the HS device to the DHS.

belief that vascular damage directly correlates with fracture
displacement/instability in 27 femoral neck fracture patients with
in vivo digital subtraction angiography data. Of course, many
factors, such as reduction maneuvers or the implants chosen to
stabilize the fracture, might affect residual blood supply to the
femoral head. Recognizing that surgeons have a role in preserving
femoral head blood supply, Zhao et al considered the possibility
that implants may need to be placed closer to the central region of
the femoral head based on the “3-D anatomic evidence of
intraosseous arterial distribution of the femoral head and the high
frequency with which the inferior retinacular arteries remained
patent after femoral neck fracture.”

It was noted earlier that construct “strength” measures have
often been the primary design goal of fixation devices. It should be
noted that the quality of rotational and angular fixation of these 2
devices has been previously biomechanically compared and have
been found to provide adequate and comparable support to
femoral neck fractures.”> At some point, strength gains from
design change may not be meaningful, but other design elements
may offer relative benefits. In the context of pursuing the
Hippocratic admonition, one may speculate that the bone and
residual vasculature volume that is disrupted by drilling and
placing stabilizing implants into the head-neck fragment has the
potential to additionally increase the extent and/or risk of
AVN.?*?’ In that sense, the HS device performed significantly
better than the DHS as determined by fewer vascular intersec-
tions. It remains to be seen whether corresponding results can be
generated in clinical studies and lead to clinically relevant
differences in either AVN rates or clinical outcomes.

There are limitations of this study. The in silico placement of
the devices was performed by a small group of experts. Analysis of
a larger, more anatomically diverse sample group might have
yielded different results. In addition, based on the design, it is not

possible to draw direct conclusions regarding the frequency and
extent of AVN in real-world scenarios.

Combining established methods of vascular visualization with
newer methods enables an implant’s impact on vascular in-
tersection to be assessed in silico. This methodology suggests that
when used for femoral neck fracture management, the HS device
intersects fewer blood vessels than the DHS with antirotation
screw. Comparative clinical studies are needed to investigate
whether these findings correlate with the incidence of AVN and
clinical outcomes.
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