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Abstract

Background: A novel biointegrative implant was developed for proximal interphalangeal joint (PIP]) arthrodesis to treat
hammertoe deformity. Composed of continuous reinforcing mineral fibers bound by bioabsorbable polymer matrix, the
implant demonstrated quiescent, gradual degradation with complete elimination at 104 weeks in animal models. This
prospective trial assessed the implant’s safety, clinical performance, and fusion rate of PIP] arthrodesis for hammertoe
correction.

Methods: Twenty-five patients (mean age 63.9+7.5 years) who required PIP] arthrodesis were enrolled at 3 centers.
Outcomes included radiographic joint fusion, adverse events, pain visual analog scale (VAS) score, Foot and Ankle Ability
Measure (FAAM) Activities of Daily Living (ADL) score, and patient satisfaction. Patients were evaluated 2, 4, 6, 12, and
26 weeks postoperatively.

Results: Twenty-two patients (88%) achieved radiographic fusion at 26 weeks. All joints (100%) were considered clinically
stable, with no complications or serious adverse events. Pain VAS improved from 5.3 +2.5 preoperatively to 0.5+ .4 at
26 weeks postoperatively. FAAM-ADL total scores and level of functioning improved by mean 19.5+ 19.0 points and
244+ 15.7 percentage points, respectively, from preoperation to 26 weeks postoperation. Improvements in pain VAS
and FAAM scores surpassed established minimal clinically important differences. All patients were very satisfied (84%) or
satisfied (16%) with the surgery. Patient-reported postoperative results greatly exceeded (72%), exceeded (20%), or
matched (8%) expectations.

Conclusion: This prospective, multicenter, first-in-human clinical trial of a novel biointegrative fiber-reinforced implant in
PIP) arthrodesis of hammertoe deformity demonstrated a favorable rate of radiographic fusion at 12 and 26 weeks, with no
complications and good patient-reported clinical outcomes.

Level of Evidence: Level |V, prospective case series.
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Introduction

Hammertoe deformity results from biomechanical dys-
function,*'® leading to flexion deformity of the proximal
interphalangeal (PIP) joint and hyperextension of the
metatarsophalangeal (MTP) joint. When nonoperative
treatment fails, surgery is considered to relieve pain, rea-
lign the toe, and correct deformity, primarily by PIP joint
arthrodesis.'”** However, consensus on optimal fixation
is lacking.'*

Kirschner wire (K-wire) fixation is considered the stan-
dard treatment for correction of hammertoe defor-
mity.>"?%4* Although inexpensive and easy to insert,
percutaneous K-wires protrude from the toe during the initial
6-week recovery period and require removal.>* Complica-
tions include wire site infection, wire migration, wire break-
age, and nonunion or malunion.?*?#444¢ Additionally,
K-wire fixation with only 1 wire does not provide rotational
stability, which can lead to malalignment, relapse of defor-
mity, and a need for revision surgery.?'** To address the
limitations of K-wire fixation, a variety of intramedullary
internal fixation devices that do not require removal have
been developed to improve the standard of care. These PIP
joint fixation devices include permanent implants made
from a variety of metals (eg, steel, titanjum)'®!>1%1722 op
polyetheretherketone (PEEK).? Allograft implants have also
been developed.”>>'* Most of these implants have not
demonstrated improved complication and revision rates
when compared to K-wire fixation,'#!921-33-34.44.45

A novel class of biointegrative fixation implants has been
developed to provide strong, secure fixation while gradually
integrating into native tissue. These implants are engineered
from continuous reinforcing mineral fibers bound together
by a bioabsorbable polymer [poly(L-lactide-co-p,L-lactide),
PLDLA] matrix.>” The mineral fibers are composed of ele-
ments inherent in native bone, including calcium, silica, and
magnesium, which have been shown both in vitro and in
vivo to promote bone growth and regeneration."”® With
their high mineral content, the biointegrative implants have
been shown in animal models to maintain strength during
bone healing while undergoing a controlled and gradual
degradation, with reduced inflammatory response.® This
allows the bone to restore its native physiology on full
resorption of the implant, avoids a prolonged or adverse
inflammatory cell response, and eliminates the need for
hardware removal procedures.*®*’

A biointegrative fiber-reinforced implant has been
designed to operatively treat hammertoe deformity through
PIP joint arthrodesis. The implant bridges the proximal pha-
lanx to the middle phalanx to support fusion of the resected
joint. An animal model of physiological load-bearing osteot-
omy fixation demonstrated bone fixation and fusion with the
fiber-reinforced implant were equivalent to those of standard
stainless-steel implants.® Animal studies also demonstrated
gradual, progressive degradation of the fiber-reinforced
implant with complete elimination by 104 weeks.®

The purpose of this prospective clinical study was to
assess the safety, fusion rate, and clinical performance of
this novel, biointegrative, fiber-reinforced fixation implant
in PIP joint arthrodesis of hammertoe deformity. The pri-
mary aim of this clinical investigation was to determine the
radiographic fusion rate and serious adverse events. In addi-
tion, patient-reported clinical outcomes and satisfaction
were assessed.

Methods
Study Design

This multicenter, prospective, single-arm, open-label study
was conducted at a hospital in Slovenia and 2 centers in
Spain between December 2018 and October 2019. Patients
aged 18-75 years who required PIP joint arthrodesis for cor-
rection of hammertoe deformity of the second, third, or
fourth toe and were able to provide written, informed con-
sent were eligible for inclusion in the study. Further inclu-
sion and exclusion criteria are shown in Table 1.
Recruitment lasted until 25 patients were treated with the
fiber-reinforced hammertoe fixation implant (Figure 1). This
study adhered to the Declaration of Helsinki and was
approved by the local ethics committee at each institution.
During the screening visit, the patient demographic data,
medical history, medication information, and preoperative
laboratory data were recorded. A foot and toe assessment
and a pain assessment were performed (ie, “baseline”).
Radiographs were taken and evaluated, and computed tomo-
graphy (CT) scans were ordered at the surgeon’s discretion.

Patient Demographics

Twenty-nine patients were screened for this study (Figure 1).
Three patients were excluded because of vitamin D defi-
ciency. One patient was excluded as unable to comply with
the follow-up schedule. Thus, 25 patients were enrolled,
including 24 women (96%). The mean age of the cohort was
63.9 + 7.5 (range: 48.6-74.2) years (Table 2). The hammer-
toe deformity affected the second toe in 24 patients (96%)
and the third toe in 1 patient (4%). All patients (100%) were
available for follow-up at 12 weeks and 26 weeks.

Study Device

The biointegrative hammertoe fixation implant
(OSSIOfiber® Hammertoe Fixation Implant, OSSIO Ltd,
Caesarea, Israel) is composed of continuous, reinforcing,
natural mineral fibers (SiO,, Na,0O, CaO, MgO, B,0;, and
P,0s5; approximately 50%), bound with PLDLA polymer
matrix (approximately 50%). The implant used in this study
has a hexagonal cross section with a nominal dimension of
2.9 mm (Figure 2A). The ribbed design permits implant
fixation in the phalangeal canal of the toe. The internal
structure of the implant consists of layers of oriented con-
tinuous fibers (Figure 2B) that provide mechanical strength
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Table 1. Study Inclusion and Exclusion Criteria.

Inclusion Criteria

Exclusion Criteria

Age 18-75y

Requires correction arthrodesis of the PIP joint of the
second, third, or fourth toe for correction of hammertoe
deformity

Able to provide voluntary, written, informed consent

Able and willing to perform all study procedures,
postoperative care, and follow-up visits

Has not participated in another clinical study with the last 30
d and will not participate in any other research protocol
during the investigation

Previous ipsilateral forefoot surgery involving the toe to be treated

Toe intended for surgery is not suitable for the procedure and for the
implant dimensions, based on pre- and intra-operative clinical and
radiological assessments

Pre-existing foot condition (other than the single-digit hammertoe
deformity to be corrected) likely to permanently limit good foot function,
cause persistent pain, or limit the return to normal ambulation

Hallux valgus, creating a “crossover toe” with the toe to be treated

Requires osseous procedure for hammertoe deformity correction on any
other toes of the study foot

Requires midfoot, hindfoot, or ankle surgery during the study period

Requires bilateral foot surgery during the study period

Has recently undergone, or requires during the study period, an operative
procedure that would interfere with postoperative recovery procedures
or could affect the study outcomes

Active or suspected infection in foot

Open wounds on study toe

Pre-existing impaired mobility which would hamper postoperative
rehabilitation and ambulation

Unable to walk without an assistive device (custom-made shoes and canes
are not considered a walking aid for this study)

History of peripheral vascular disease or clinical indications of limited blood
supply

History of peripheral or central neurologic disorders causing symptoms
such as pain, dysesthesia, or numbness of the operative foot; or active use
of medications for neuropathic pain

Receives treatment for diagnosed osteoporosis or metabolic bone disease,
or any evidence of insufficient quantity or quality of bone

Poor soft tissue envelope in the operative field or absence of
musculoligamentous supporting structures

On immunomodulators or biological response modifiers for rheumatoid
arthritis

Requires chronic anticoagulation medications or used anticoagulants within
10 days of surgery, prior to or following procedure

Used nonsteroidal anti-inflammatory drugs within 2 wk of surgery, prior to
or following procedure

Does not demonstrate stable glycemic control, ie, HbAlc >6.8 on a blood
test within 30 days of surgery

Vitamin D deficiency, defined as a level <15 ng/mL or <37.5 nmol/L on a 25-
hydroxy vitamin D blood test performed within 30 days of surgery (a risk
factor for nonunion?)

Current tobacco use

Currently undergoing chemotherapy or in 6 months prior to the study

Predetermined life expectancy of less than | year

Known allergy to the implant materials

Metabolic disorder that might interfere with normal breakdown of the
implant materials

Is pregnant or intends to become pregnant during the course of the clinical
investigation

Documented cognitive deficiency

A major underlying comorbidity (eg, severe respiratory disease, chronic
renal insufficiency or failure, skeletal muscle spasticity or paralysis,
generalized joint disease)

Any condition that in the view of the treating physician makes it unsafe for
the patient to participate in the clinical investigation
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Assessed for Eligibility

n=29
Excluded
> n=4
Did not meet inclusion criteria (n=4)
Surgery
n=25

12 Weeks Follow-up
n=25

26 Weeks Follow-up
n=25

Figure |. Patient disposition chart.

Table 2. Patient Demographics Preoperatively.

Total Cohort

Demographic (N = 25)
Sex: female® 24 (96)
Age, years 639 + 75
Body mass index 274 + 4.7
HbAlc, % 55+ 04
Vitamin D, nmol/L 45.1 + 17.7
Side: right® 16 (64)
Treated toe®

Second 24 (96)

Third I (4)

?Shown as count and percentage.

through the bone healing process. Gradual integration of the
implant begins as early as 4 weeks and is completed by
24 months.

Operative Procedure and Postoperative Care

Two foot and ankle surgeons performed all surgeries. On the
day of the surgery, patient eligibility was confirmed, medi-
cation information was recorded, and a foot and toe assess-
ment was performed. For the surgery, local and/or regional
anesthesia was administered. Following the site standard of
care, some patients received prophylactic antibiotic.
During the surgery, fluoroscopy imaging was taken as
required, based on the surgeon’s clinical judgment. The sur-
geon prepared the PIP joint for arthrodesis in the usual man-
ner, with resection of both sides of the joint surface of the
middle and proximal phalanges. The proximal phalanx dia-
physeal canal and the middle phalanx diaphyseal canal were

drilled to the appropriate depth. Using the implant holder,
the proximal end of the fiber-reinforced hammertoe fixation
implant was introduced into the proximal phalanx, parallel
to the long axis of the drill hole to prevent bending (Figure 3).
The middle phalanx was manually reduced over the distal
end of the implant while applying slow, steady pressure until
bone-to-bone contact was reached (Figure 3). After confirm-
ing that the implant was properly fitted and fixated to the
bone, the surgeon completed the procedure using routine soft
tissue closure. Any adverse events during the procedures
were recorded. Dorsoplantar, lateral, and lateral oblique
radiographs were taken immediately following the proce-
dure. All patients were fitted with a protective shoe for 6
weeks.

Nineteen of 25 patients (76%) underwent concomitant
procedures for various first ray deformities, including but
not limited to scarf, Akin, or Chevron osteotomies? and first
MTP joint fusion.®

Outcomes Measures

The primary performance endpoint was radiographic PIP
joint fusion at 12 and 26 weeks, rated as either fusion
(>50% osseous bridging) or no fusion (<50% osseous brid-
ging) as assessed on radiographs and CT scans by the 2
surgeons who performed the surgeries and 2 other foot and
ankle surgeons who had no direct contact with the patients.
Radiographs were taken preoperatively, immediately post-
operatively, and at 2, 6, 12, and 26 weeks follow-up. CT
scans were taken at the 12- and 26-week follow-ups.

The primary safety endpoint was the rate and nature of
serious adverse events throughout the study period. Any
adverse events were recorded intraoperatively, immediately
postoperatively, and at all follow-up visits.

Secondary endpoints included several patient-reported out-
come measures: a visual analog scale (VAS) for pain with 0
representing no pain and 10 representing worst pain; the Foot
and Ankle Ability Measure and Activities of Daily Living
subscale (FAAM-ADL) questionnaire (total score, and per-
cent level of functioning)*’; and a satisfaction questionnaire.
When responding to the outcome questionnaires, patients
were reminded to report solely based on the afflicted ham-
mertoe, to minimize any bias due to concomitant procedures.

Patients returned for follow-up visits at 2, 4, 6, 12, and
26 weeks postoperatively. Medication information, any
adverse events, and pain VAS scores were recorded at each
visit. A foot and toe assessment was also performed and
healing progress assessed. The FAAM-ADL questionnaire
was completed preoperatively (ie, baseline) and at 12 and 26
weeks postoperatively. The satisfaction questionnaire was
completed at 26 weeks’ follow-up.

Data Collection and Statistical Analysis

A cohort of 25 patients with 26-week follow-up data was
determined sufficient to evaluate the safety and
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Figure 2. (A) The biointegrative, fiber-reinforced hammertoe fixation implant used in this study has a hexagonal cross-section of 2.9 mm.
(B) Scanning electron microscope cross section of implant demonstrates continuous mineral fibers surrounded by polymeric material.

Figure 3. Hammertoe correction procedure. (A) The implant is inserted into the proximal phalanx. (B) Implantation into the proximal
phalanx is completed. (C) The middle phalanx is mounted onto the distal end of the implant.

performance of the fiber-reinforced hammertoe fixation
implant. The information provided by this cohort provides
adequate data to compare with published literature for this
indication. As such, this study was not intended to statisti-
cally test hypotheses and was not powered for statistical
significance.

Data were collected using an electronic data capture sys-
tem (DataFax DF/Net Research, Inc, Seattle, WA) and ana-
lyzed using a Statistical Analysis Software, version 9.4 (SAS
Institute Inc, Cary, NC). Continuous variables are recorded
as mean, standard deviation (SD), median, and range.
Categorical variables are recorded as count and percentage.

Safety analysis was performed on all patients for whom
the study procedure was initiated. The performance analysis
was performed on all patients who completed at least 1
postprocedure visit and excluded patients with a major entry
violation that likely affected outcome, as determined by the
Medical Monitoring Board.

Results

Fusion Rate and Safety Parameters

At 12 and 26 weeks, 22 patients achieved radiographic
fusion of the PIP joint as defined on radiographs (Fig-
ure 4) and CT scans (Figure 5), for an overall fusion rate
of 88% at final follow-up. All 25 treated PIP joints were
evaluated as clinically stable by the end of the clinical
investigation, and none required further clinical
intervention.

All 25 patients underwent the hammertoe correction pro-
cedure using the fiber-reinforced hammertoe fixation
implant, with no observed serious adverse events related to
the device or the procedure.

One patient reported swelling at the PIP fusion site
43 days post-procedure, which was assessed clinically as
being of mild severity. The period of protective shoe wear
was extended to 3 months, and the swelling resolved by the
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Figure 4. Weightbearing radiographs of a 68-year-old woman presenting with a hammertoe deformity of the second toe in the right
foot. Preoperative radiographs: (A) lateral oblique, (B) lateral, and (C) dorsoplantar views. Postoperative radiographs at (D) 2 weeks,

(E) 12 weeks, and (F) 26 weeks, demonstrating union.

end of the clinical investigation. The patient had not
achieved bony fusion at 26 weeks.

Patient-Reported Outcome Measures

The mean pain VAS score improved from 5.3 + 2.5 pre-
operatively to 0.4 + 0.6 at 6 weeks and 0.5 + 1.4 at 26
weeks (Figure 6). The protective shoe was discontinued at 6
weeks. A transient slight elevation in pain score was
observed in 7 patients at the following visit and was not
unexpected as patients returned to full normal activity.

The mean FAAM-ADL total score was 73.8 + 19.4
preoperatively and improved to 93.3 + 8.2 at 26 weeks
postoperation (Table 3), with a mean change of 19.5 +
19.0 points. One patient was instructed to keep wearing the
postoperative shoe past the 12-week visit, and the
FAAM-ADL was therefore not completed by this patient

at this visit. The FAAM-ADL percentage level of function-
ing also improved, from 69.4 + 16.9 preoperatively to 93.8
+ 8.7 at 26 weeks, for a mean improvement of 24.4 + 15.7
percentage points (Table 3).

All patients were either very satisfied (21/25; 84%) or
satisfied (4/25; 16%) with the results of the procedure. Eigh-
teen patients (72%) reported that their postoperative results
greatly exceeded their expectations, 5 (20%) reported the
results exceeded their expectation, and 2 (8%) reported the
results matched their expectations. When asked about their
ability to be more mobile, the surgery greatly exceeded,
exceeded, or matched expectations for 10 (40%), 7 (28%),
and 4 (16%) patients, respectively; 4 patients did not identify
this as an expectation. Most patients were very likely (23/25;
92%) or likely (1/25; 4%) to choose this implant surgery
again; 1 patient was somewhat likely to choose the surgery
again.
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Figure 5. Postoperative computed tomographic scans of the second toe of a 59-year-old woman, at 26 weeks following proximal
interphalangeal (PIP) joint arthrodesis, demonstrating union: (A) sagittal and (B) coronal axes.
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Figure 6. Pain visual analog scale (VAS) scores preoperatively and at weeks 2, 4, 6, 12, and 26 postoperative (n = 25).

Discussion

Use of a novel, biointegrative, fiber-reinforced implant
for PIP joint correction arthrodesis in the treatment of
hammertoe deformity was safe, with no serious adverse
outcomes and an 88% fusion rate at 26 weeks postopera-
tion. Patients reported substantial clinical improvements
in pain and function, high satisfaction with the study
device and procedure, and fulfilment of their
expectations.

The radiographic fusion rate of 88% at 26 weeks’ follow-up
with the fiber-reinforced implant is consistent with the
higher end of published fusion rates for other intramedullary

PIP joint implants.2,9,10,12,16—18,22,23,26,27,34,35,39—42,45 Three

studies of absorbable intramedullary implants in PIP joint
arthrodesis reported fusion rates of 79%,%¢ 83%,%” and
85%.* In 8 studies of intramedullary nitinol implants for PIP
joint arthrodesis to correct hammertoe deformity, fusion rates
ranged from 44%* to 100%,” and averaged around
79%.2-9-23:34:3540-42 Reported fusion rates for 1-piece and
2-piece metal implants ranged from 22%>° to 94%'° and aver-
aged 74% in 647 toes across 7 studies.' %' 182239 1 studies
evaluating the use of allograft bone matrix devices for PIP
joint arthrodesis, reported radiographic fusion rates were
37%,** 96%,”" and 97%.%
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Table 3. FAAM-ADL Scores.

Preoperative Week 12 Week 26
(n = 25) (n =24) (n =25)
Median Median Median
Mean + SD (Range) Mean + SD (Range) Mean + SD (Range)
FAAM-ADL 738 + 194 76.2 879 + 113 89.6 933 + 82 97.5
Total score (37.5, 100.0) (67.1, 100.0) (75.0, 100.0)
Change from preoperative - - 148 + 158 1.0 19.5 + 19.0 19.9
(-15.5, 48.8) (-13.1, 52.0)
FAAM-ADL Level 694 + 169 70.0 824 + 174 80.0 938 + 87 95.0
of functioning (40.0, 100.0) (30.0, 100.0) (70.0, 100.0)
Change from preoperative - - 13.5 + 20.1 10.0 244 + 157 25.0
(-30.0, 50.0) (0.0, 55.0)

Abbreviation: FAAM-ADL, Foot and Ankle Ability Measure and Activities of Daily Living subscale.

Reported fusion rates for K-wire fixation are somewhat
inconsistent, ranging from 7%>° to 93%"'" with an average of
61% in a total of 604 toes across 8 studies of correction of
hammertoe deformity.>'!+13-2229-34:3942 1¢ i5 important to
note that complications of K-wire fixation include wire site
infection, wire migration, and wire breakage,24’28’44’46 which
are not a concern with other implants. Furthermore, the lack
of rotational stability with K-wire fixation with only 1 wire
can lead to malalignment, relapse of deformity, and a need
for revision surgery.*'**

The pain VAS mean score of 0.4 at the 26-week follow-up
also compares well with studies of other implants.>>° In a
retrospective comparative study of PIP joint fusion for cor-
rection of hammertoe deformity, Richman et al*° reported
mean pain VAS scores of 1.7 and 1.8 at the 12-month
follow-up for 1-piece implant (n=54) and K-wire (n=95)
fixation, respectively. Angirasa et al® reported mean pain
VAS scores of 0.33 following nitinol implant fixation and
1.6 following K-wire fixation for PIP joint arthrodesis to
correct hammertoe deformity.

Patients in this study demonstrated good functional and
clinical outcomes, with substantial improvements from pre-
operative evaluation to final follow-up. As the first study to
obtain initial safety and performance data for this device, this
study was not powered to determine statistical significance.
Nevertheless, the observed changes from preoperative eva-
luation to 26 weeks surpassed established minimal clinically
important differences (MCIDs) for both pain VAS and
FAAM-ADL scores. Study patients achieved an approxi-
mately 90% reduction in pain VAS scores, where a reduction
of >30% has been considered clinically successful.” The
FAAM-ADL total score, which has an MCID of 8 points,5
improved a mean of 19.5 + 19.0 points in this study.

The device demonstrated a good safety profile, with no
complications, no serious adverse events, and no
safety-related withdrawals from the study. Only 1 patient
experienced delayed swelling around the device site, which
resolved with an extended period of protective shoe wear.

Quiescent bio-integration is a major challenge for a
non-permanent orthopedic fixation implant.®*® The implant
must be mechanically strong and robust enough to provide
stable fixation, and yet be able to gradually integrate into the
surrounding bone.>® The biointegrative implant evaluated in
this study is uniquely engineered of continuous reinforcing
mineral fibers bound together by a bioabsorbable polymer
PLDLA matrix to achieve high mechanical strength and
gradual, progressive integration with the surrounding anat-
omy.® Its mineral content is substantially higher than that of
other bioabsorbable implants and is composed entirely of
minerals found in native bone.” Animal studies demon-
strated the fixation performance of fiber-reinforced implants
and fusion results to be comparable to standard stainless
steel implants in a physiological load-bearing osteotomy
fixation model.® Furthermore, the implant demonstrated a
gradual and progressive degradation profile through com-
plete elimination at 104 weeks, with the absence of local
or systemic adverse tissue response.’

The fiber-reinforced implant also provides safe and
artifact-free imaging on radiographs, computed tomography,
and magnetic resonance imaging. This newly introduced
technology facilitates the use of a well-established operative
technique while demonstrating high radiographic fusion
rates, with no permanent implant material left behind. Thus,
hardware removal procedures, which are quite common with
some operative procedures, as well as pin site infection, pin
migration, and pin breakage complications of K-wire fixa-
tion are avoided.

Limitations of this study include the small sample size
and lack of a control group. Concomitant procedures at the
great toe may have contributed slightly to the large improve-
ments observed here, although patients were asked to com-
plete the questionnaires based only on the operated
hammertoe. Nevertheless, the prospective design of this trial
is a strength, and the substantial improvements observed in
patient-reported clinical outcome measures far surpassed the
MCIDs of these measures.
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Conclusion

This prospective, multicenter, first-in-human clinical trial of
a novel, fiber-reinforced implant introduces a biointegrative
alternative for PIP joint correction arthrodesis for treatment
of hammertoe deformity. The implant demonstrated a favor-
able rate of fusion at 26 weeks, with no complications and
substantial patient-reported improvements in pain and
function.
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