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Although much is known about total joint replacement, research has had little success in elucidating the genesis of prosthetic stem loosening. The adopted methods
of stem fixation include positioning the stem’s shaft inside the bone’s medullary canal and rely on ossification inside the canal in the inward radial direction.

His special communication is to note that the medcanal’s normal physiology contains obstacles for reliable fixation. The reason is that the ossification of bone walls
in the inward radial direction is naturally restricted to protect the needed space for bone marrow. Also, human development and exercise result in a continued increase in
the medullary canal’s diameter, which diminishes the reliability of the bond between the canal’s inner walls and the stem with or without cement.

These observations result in the suggestion to utilize the ossification for stem fixation in a different direction, namely, circularly relative to the bone circumference.
Circular ossification is a component of the bone remodelidistraction osteogenesis for bone widening. To induce the circular ossification in the bone walls, we introduce
here a stem with new design characteristics to be implanted in specially prepared slots in the bone walls. If verified, this hypothesis could have important implications for

orthopaedic surgery.

Introduction

In the 1960s, Sir John Charnley pioneered modern Total Hip
Replacement (THR) [1]. A stem with an artificial femoral head
is inserted by its shinto the pre-bored and cleaned medullary
canal of a tube bone, as schematically shown in Figure 1. Either
cement is used for adhesion to the walls of the medullary canal,
or porous or roughened surfaces are used to stimulate bone
growth (ossification) into the stems. THR is widely used in
many countries (in the US, about 300,000 hip replacements are
performed each year [2]) and proven to be effective, but up to
2% of patients still require surgical revision due to loosening of
the prosthesis’s shaft relative to the bone [3]. Loosening occurs
when surrounding bone tissues weaken, with the consequent
decrease in strength of the bond between the shaft and the
surrounding bone’s walls. Another phenomenon which has not
been conclusively explained is that younger and more physically

active patients encounter a higher risk of future failure of the
prosthesis [4]. This fact contrasts with the anticipated positive
association of bone regeneration ability with younger age and
higher activity level [5,6].

Different theories, including the genome-based theory
[7], try to explain loosening of the implanted prostheses,
but none can be considered satisfactory [8-10]. A variety of
design modifications of the stems have been introduced and
examined, including taper slip stems with a polished surface;
fixation by intramedullary nails, or the use of high-pressure
saline to inflate the diameter of a cylindrical implant [11].
However, all known approaches depend on the medullary
canal’s ability to act as a holding cavity for the prosthesis’s
shaft. We suggest that such use of the medullary canal not only
destroys the endosteum filled with the cortical capillaries that
line the medullary cavity, but also contradicts the biological
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Figure 1: Schematic of the intramedullary implanted artificial hip prosthetic stem.

Red arrows indicate the vector of the bone walls’ growth with the widening of the
medullary canal.

purpose of the canal, namely its role as a designated functional
cavity for the bone marrow [12].

Why can the medullary canal not bond well with the im-
planted stem?

The current philosophy of fixation of the stem in the
medullary canal presumes that its walls will eventually tighten
around the inserted shaft, similarly to the tightening seen in
the jawbone after inserting a tooth implant. We believe that
there is an important difference between the interaction of a
jawbone and tooth implant and a tube bone with the prosthetic
implant. The dental implants replace missing tooth roots, which
naturally exist in the jawbone; a natural feature of the jawbone
is to keep the root in a firm surrounding. The remodeling of
the jawbone is always directed toward the space occupied by
the implan and is naturally stimulated in that direction by the
loads transmitted from the implant to the bone.

As to insertion of a stem in the medullary canal, it
is preceded by boring the canal, partially destroying the
endosteum lining the canal’s walls. Even without implanting
the stem, the inward ossification in the process of repairing
the damaged canal would not go beyond the limit defined by
the inner diameter of the canal (Figure 2). No scientific data yet
exists on the mechanism that inhibits ossification beyond that
limit. But it seems reasonable that such a mechanism should
be in place to protect the integrity and normal functioning of
the bone marrow.

Consider a schematic of the resistance of the bone-
implant interface to a vertical load (Figure 2). When the stem
is implanted, its stable position is provided by the equality
of the vertical load F, and the reaction F, which is a resultant
friction force between the shaft and the walls. The maximal
value of the reaction F, and consequently the maximal load F,
at which the shaft of the stem does not slide down is a product
of a coefficient of friction between the walls of the bone and

the shaft, and the sum of normal reactions applied to the shaft
by the bone. These reactions are shown in a cross-section AA
(Figure 2) as multiple arrows pointing to the center of the cross-
section. Normal forces applied to the bone walls from the shaft
are shown asmultiple arrows pointing outward. These forces
are circularly dispersed and cause ischemia of the bone tissues
surrounding the implant [13]. Because of ischemia in the bone
wall tissues and the damage to themedullary artery and cortical
capillaries in the endosteum [12], the inward ossification may
not be completed in a way to reliably withstand the vertical
load applied to the implant.

Another fundamental reason why the medullary canal
is not a reliable holding cavity for the stem’s shaft is that it
increases indiameter when a person is in adevelopmental age
or has a high level of physical activity [14]. The pull-out action
of the skeletal muscles applied to the periosteum prompts bone
ossification in the outward direction and an increase inthe bone
wall’s thickness (Figure 3a) with the concurrent increase of the
canal’s diameter. We consider the process of canal widening
to be the second reason for the loosening of the bond between

F2

Figure 2: Schematic of implantation of the stem'’s shaft in the medullary canal of a
cortical tube bone. 1 - shaft of the stem; 2 — cortical wall of the bone; 3— endosteum
(removed) by boring the medullary cato installation; F, - vertical load to the shaft;
F, — reaction from the bone walls.
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Figure 3: Ossification (indicated in red color) in response to the pull-out forces: a -
from muscles applied to periosteum; b - by longitudinal distractional osteogenesis;

¢ - by circular distractional osteogenesis.
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the bone walls and the stem in THR patients. Therefore, the
hypothesis is that ossification in the direction of the center of
the medullary canal can not provide reliable locking for the
prosthetic stem.

Osseolocking approach

According to the hypothesis stated, if circular cortical
ossification instead of radial endosteum ossification is utilized,
a more reliable fixation of joint prostheses may develop.

The phenomenon of circular lateral ossification is not new,
constituting a component of the bone distractional osteogenesis
introduced by Dr. Ilizarov [15]. The method allows for bone
lengthening (Figure 3b) and widening (Figure 3c) when the
bone fragments are moved apart approximately 1-2 mm per
day in a fixating apparatus [15]. It is important to note that the
volume of ossification in the circular lateral direction during
bone widening is comparable to that during bone lengthening
[16]. However, this technique of induced ossification has never
been applied to lock devices implanted in the medullary canal.

Stem design recommendations

We suggest the creation of favorable conditions for the
ingrowth of bone cells for locking the implant by employing
the mechanism ofdistraction osteogenesis in the circular
direction. Zones of ossification will presumably produce the
effect of “osseolocking” between and throughout the sides
of the implanted part of the prosthesis’s stem (Figure 4). To
initiate the effect of osseolocking, bone preparation should
include fashioned slots in the bone walls in the longitudinal
direction [17]. The protruding sides of the installed implant
are positioned in the slots, and the ossification between and
throughout the side elements (fins) will progress in the circular
lateral direction.

The partially sectioned side view and the top view of the
bone with the implant containing side elements (Figure 4)
show newly ossified zones of the bone’s walls anddemonstrate
how the device is integrated with the bone at the end of the
healing process.

During our animal study [18], the healing process, as we
anticipated, naturally locked the implant with an anchoring
effect similar to that of the interlocking nailing, as illustrated
in Figures 5-8, but without its typical complications [19].

Discussion

Considering the gravity of the medical consequences of
prosthetic implant loosening, we question the philosophy of the
device-bone interface. We view as ineffective the approaches
based on the placement of the stem in the bone’s medullary
canal, and therefore requiring strong ossification inside the
canal in the inward direction.

Frequently, the medullary canal placement of the implant is
used in total joint replacement. New technologies emergethat
also use the medullary placement of the implants. One of them
is associated with the creation of artificial humerus condyles
to improve the socket attachment to the conical amputation

Figure 4: Method of osseolocking an implant 1 (top view cross-section) in the
medullary canal 7 (side view) of the bone 2; 3 - side elements; 4 - pre-cut slots in the
walls 8; 5 — newly ossified zones between elements.

Figure 5: (a) SBIP with solid insert “1," porous cladding “2,” and threaded fins “3." (b)
Initial shape of wire fins “3.” (c) Final shape of wire fins “3" after bendinto adjust to
the entire thickness of hosting bone walls (see Figure 4) [18].

Figure 6: Precut of slots “1” in bone for placement of implant’s side fins [18].

residuum [20]. Another technolog, direct transcutaneous
prosthetic attachment called “osseointegration,” was
introduced in the nineties [21]. The purpose is to eliminate
or avoid pain and discomfort associated with the traditional
residuum-socket attachment of the external prosthesis to the
body. According to the current technique of osseointegration,
a titanium fixture is inserted into the bone remnant of the
residuum, and a skin-penetrating abutment is used for
attaching the prosthesis [22]. While the skin-device interface
presents the obvious challenge in avoiding infections [23], the
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bone-device interface isa parallel critical issue affecting the
wide acceptance of osseointegration in the future. The fixture is
implantedinto the medullary canal, and therefore the longevity
of a device-bone bond depends on the inward ossification as in
the total joint replacement technique.

Attention to the natural anisotropy of tissues grows, and
regeneration helps in developing implants with a more reliable
interface able to better resist infection. Advantages in utilizing
anisotropy of regeneration were demonstrated by preferred
properties and orientation of the components of our device
called “Skin and Bone Integrated Pylon” (SBIP), developed by
Poly-Orth International, Sharon, MA [17,24-26].

Even more important was considering this feature for
skin regeneration in the circumference of the transcutaneous
implant. Studies with SBIP showed infection-free ingrowth
of skin tissues into the porous structure of the implant as
demonstrated in Figure 9 [27]. That creates a skin seal, thus
addressing the principal failure modes in existing percutaneous
devices: skin regression, marsupialization, permigration, and
avulsion.

Recent publications by other research groups also
demonstrate growing interest in various applications of the
phenomenon of natural tissues’ anisotropy [28-30].

Analysis of thebasics of ossification in tube bones, as outlined
in this paper, demonstrates the dependency on the direction of
the anticipated remodeling. Among the four main directions
analyzed, ossification toward the center of the medullary canal
is the least effective. We hypothesize that the attachment of

Figure 7: X-ray of SBIP pylon “1” with side elements (see Figure 5) after

implantatiointo the bone of a pig with the precut slots (see Figure 6). Red dashed
line “3” shows the plane of the histology cross-section [18].
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Figure 8: Cross-section of device demonstrating bone-device interface. (hematoxylin

and eosin 0.4x)In animal 2. Twenty-six weeks after implantation [18].
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Figure 9: (A) SBIP of “mushroom” shape for dorsal placement under the skin with: 1—
subcutaneous disc; 2—solid threaded stem; 3—porous cladding. (B) Insertion of the
implant. (C) Appearance of the implant in 6 months. (Row D) Histological analysis of
the swine dorsum skin interface with silver-coated SBIP (H&E) in 6 months (Stanley
JRL: Non-GLP Evaluation of Subcutaneous Titanium-Based Devices in Pig and

Rabbit model. Histology Report FEE18-604, 2020. Alizée Pathology, LLC, Thurmont,
MD; available upon request). (Row E) Histological analysis of the interface with and
without silver coating in 6 months. The SBIP bases (white asterisks) are surrounded
by a mild, mature fibrous tissue response (white arrows). Higher magnification in
the lower aspect of the stem (yellow and green frames) shows the infiltration of the
pore (yellow asterisks) by fibrous integration (yellow arrows) [27].

the implant should instead be based on ossification of the bone
walls in the circular direction, thereby establishing natural
“osseo-locks.” If proven, the recommendations presented in
this paper for a potentially more biological method of in-bone
implantation could be useful for total joint replacement and for
other technologies based on device-bone bond.
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