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Abstract
Background: Custom three-dimensional (3D)-printed implants are a novel surgical treatment for a subset of
patients requiring foot and ankle surgery for segmental bone loss. Limited outcome data exist in the
literature due to the limited number of cases and short follow-up. The objective of this case series was to
evaluate the survival of implants, bony union rates, and measures of pain and quality of life in patients who
received custom 3D-printed implants for critical defects of the foot and ankle. 

Methods: This is a retrospective case series to assess surgical outcomes of patients who underwent
implantation of a custom 3D-printed titanium implant between November 2017 and December 2022 in a
single foot and ankle unit. The primary outcome was device failure, defined as the removal of the implant.
Radiographic analysis was performed to assess for bony integration of implants. Patients completed Short
Form 36 (SF-36) and Ankle Osteoarthritis Scale (AOS) questionnaires postoperatively. 

Results: Ten consecutive patients, five non-weight bearing on average 10 months (range: eight to 13
months) preoperatively and five weight bearing, underwent surgery with custom implants. The average
follow-up was 25 months. To date, no patient has required hardware removal or progressed to amputation.
Four patients had radiographic bony union confirmed on CT and one on plain film. Two cases are too early
to determine, two are total talus implants with no integration surface, and one has a painless fibrous union.
The average SF-36 mental component score was 37.80 (range: 8.1-60.64), and the average physical
component score was 32.56 (range: 15.5-54.77).

Conclusion: This case series adds to the growing body of evidence indicating the clinical utility of 3D-
printed implants for use in segmental defects of the foot and ankle, demonstrated by the survivorship of
implants, promising bony union rates, and functional outcomes. Due to the costs of these implants, larger
sample sizes and longer follow-ups are required to support their use.
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Introduction
Critically sized defects (CSDs) are bone losses that exceed the body’s ability to heal. These defects can be
defined as bone loss >1-2 cm in length or 50% of the circumference of the bone [1]. Common aetiologies of
CSDs include high-energy trauma, infection requiring debridement, tumour resection, and removal of failed
total ankle arthroplasty [1,2].

Traditional surgical options for these patients include bone transport with the use of external fixators, bulk
allografts, and the induced membrane technique [1,3]. Challenging aspects of these traditional techniques
include nonunion, infection, fracture, long-term external fixation, and the requirement of multiple surgeries
[4-5]. As a result of a failed intervention, a substantial proportion of patients will have chronically painful
extremities and/or require amputation [6].

A novel solution is the use of custom, three-dimensional (3D)-printed porous titanium implants. The
advantages of these implants over the current options include the ability to provide patient-matched size
and shape needed to fill the defect, thus reducing intraoperative modifications; improved structural
integrity compared to allograft bone; lack of invasive harvesting of a patient’s own tissues; and a single
operation [3,7-9]. The 3D-printed lattice allows for bone ingrowth that is typically unattainable with
traditional manufacturing processes [8]. During the manufacturing process, the void space can be modified
to change mechanical properties such as stiffness and elasticity in order to meet the needs of the anatomical
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area [10-11]. This allows for improved integration of the bony surface into the implant with the hope of
improving long-term stability and reducing post-operative failure.

Due to the novelty of the therapy, limited use, and short follow-up time, the long-term outcomes in patients
who have 3D-printed custom implants are limited, and the literature characterising their efficacy is still in
its infancy [3,12-14]. Understanding union rates and patient-reported and functional outcomes of
individuals who receive these implants is critical to establishing their utility in these high-risk patients. The
purpose of this case series is to evaluate and report the failure rate as well as initial functional and patient-
reported outcomes in consecutive patients receiving custom 3D-printed titanium implants to treat CSD of
the foot and ankle.

Materials And Methods
Study design
This is a retrospective case series to assess the surgical outcomes of patients who underwent implantation
with a custom 3D-printed titanium implant between November 2017 and December 2022 in a single foot and
ankle unit. Consecutive patients with CSDs consented to the intervention after a discussion detailing the
risks and benefits of all surgical options. All surgeries were performed by a single surgeon at the Queen
Elizabeth II Health Sciences Centre (QEII) in Halifax, Canada.

A case review of the notes was conducted assessing the survivorship of the implants and complications in
the operative course. The primary outcome was device failure, defined as the removal of the implant.
Indications for removal of the implant included septic or aseptic nonunion. Secondary outcomes included
patient-reported outcomes, assessed by Short-Form-36 (SF-36) [15] and Ankle Osteoarthritis Scale (AOS)
[16] completed post-operatively, functional outcomes, and bony union assessed radiographically. Statistical
analysis consisted of descriptive statistics, including mean and standard deviation of SF-36 and AOS scores.

Demographic and comorbidity data were collected, including diabetes status, Charlson Comorbidity Index
(CCI) [17], and smoking history. Surgical information collected included the duration of surgery, bone
grafts/substances used, and post-operative complications. Radiographic analysis was completed to assess for
bony integration of implants via plain film X-ray and CT when required. All patients were followed up in
normal protocol unless there were wound concerns. The first review was at two to three weeks
postoperatively, then six weeks, three months, six months, and a year, respectively. A CT was requested if
there were concerns about no bony integration with the cage construct and/or if the patient had significant
pain. The discharge time point was case-specific. The majority of cases were kept under long-term review on
an annual basis due to the nature of the implants.

Three-dimensional implant design
Each implant was custom-engineered by 4WEB Medical TM (Frisco, TX) using proprietary technology and CT
imaging of patient extremities [18]. The process involves CT scans of the patient's involved extremity being
sent to the device manufacturer. Subsequently, a team of engineers works with the surgeon to design a 3D-
printed implant specific to the patient's defect. After agreement on the design, the implant is printed,
processed, and sent to the hospital for sterilisation. The implant is engineered with hierarchical surface
roughness to facilitate bony growth and fusion. In addition, the open architecture and cage design allow for
the even distribution of weight to reduce the risk of subsidence. Figure 1 below contains an example of a
design proposal for a total talus replacement in this series. Figure 2 displays post-operative plain film X-rays
of a custom 3D-printed cage with a tibiotalocalcaneal nail for a post-traumatic critically sized defect.
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FIGURE 1: 4WEB MedicalTM design proposal of a total talus
replacement based on CT imaging of a patient’s extremity

Figure published with permission from 4WEB MedicalTM [18]
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FIGURE 2: Anterior-posterior (left) and lateral (right) X-rays of a
successful implant that did not require revision surgery. The patient is a
56-year-old polytrauma patient who underwent a custom 3D-printed
cage with a tibiotalocalcaneal nail following washout and cement spacer
insert.

Ethical approval
Ethical approval was obtained from the Nova Scotia Health Research Ethics Board, Halifax, Canada, under
file number 1020336.

Results
Ten consecutive patients during the case review period of November 2017 to December 2022 underwent
hindfoot surgery with custom 3D implants for total talus replacement or ankle arthrodesis. The indications
for implantation included post-traumatic hindfoot deformity (n=7), spontaneous talar body avascular
necrosis (n=2), and Charcot ankle deformity (n=1). 

Demographic data of the study group are outlined in Table 1. Five patients were non-weight bearing, on
average 10 months (range: eight to 13 months) prior to surgery. The remaining five were weight bearing
prior to surgery. The average age at surgery was 54.5 years (range: 17 to 76 years). The average age at follow-
up was 56.5 years (range: 22 to 76 years). The average follow-up time in months was 25.1 months (range:
two to 63 months). Nine patients were non-diabetic, and one had type II diabetes. The average CCI was 1.8
(range: 0 to four), leading to an average estimated 10-year survival rate between 90% and 96%. Five patients
had never smoked tobacco, five were ex-smokers, and two were cannabis smokers. The average duration of
surgery, defined by the time of first incision to time of closure, was 2.5 hours (range: 1.5 to four hours). Upon
intraoperative decision-making by the operating surgeon, one patient had an autograft only, six patients had
an autograft with chips and a synthetic graft (MATRix4, Memphis, TN), one patient had an autograft with a
bone void filler, and two patients did not have a graft. 
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Indication Number (n) Range

Post-traumatic hindfoot deformity, n 7  

Spontaneous talar body avascular necrosis, n 2  

Charcot ankle deformity, n 1  

Sex   

Male, n 6  

Female, n 4  

Age at surgery, years, mean 54.5 17 – 76

Age at follow-up, years, mean 56.5 22 – 76

Follow-up time, months, mean weight bearing status 25.1 4 – 63

Non-weight bearing prior to surgery, n 5  

Weight bearing prior to surgery, n 5  

Diabetes status   

Non-diabetic, n 9  

Diabetic, n 1  

Charlson Comorbidity Index, mean 1.8 0 – 4

Smoking status   

Non-smoker, n 4  

Previous smoker, n 5  

Current cannabis smoker, n 2  

Duration of surgery, hours, mean 2.5 1.5 – 4

TABLE 1: Demographic data of patients who underwent the implant of a 3D-custom cage for
hindfoot deformity

Table 2 outlines the post-operative measurements. To date, all of the implants have survived with no need
for explant and no amputations. In terms of complications, one patient had post-operative paraesthesia in
the sural nerve distribution, and one patient had wound dehiscence requiring debridement, which was
successfully completed. The other eight patients had no reported complications. Four patients had
radiographic bony union confirmed on CT and one on plain film. Two cases are too early to determine, two
are total talus implants with no integration surface, and one has a painless fibrous union. The average
mental component score post-operatively was 37.80 (range: 8.1-60.64, SD 16.58) assessed at a minimum of
six months post-operatively. The average physical component score was 32.56 (range: 15.45-54.77, SD
12.28) post-operatively. The AOS score can be divided into pain and disability components. The average pain
score was 34.44 (range: 12-60, SD 18.47), and the average disability score was 58 (range: 29-74, SD 14.33)
post-operatively.
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Failure of implant to date Number (n) Standard deviation (SD)

Yes, n 0  

No, n 10  

Bony union   

Yes, CT confirmed, n 4  

Yes, plain film, n 1  

Fibrous union, n 1  

No, n 0  

N/A (talar body replacement), n 2  

Too early to determine, n 2  

Short Form 36 (SF-36) Score   

Physical component score, mean 32.56 12.28

Mental component score, mean 37.80 16.58

Ankle Osteoarthritis Scale (AOS)   

Pain, mean 34.44 18.47

Disability, mean 58 14.33

Total   

Non-diabetic, n 9  

Diabetic, n 1  

Post-operative mobility status   

Weight bearing, n 10  

Non-weight bearing, n 0  

TABLE 2: Outcome measures, including union rates and mean and SD of patient questionnaire
scores of patients who underwent the implant of a 3D-custom cage for hindfoot deformity.

Discussion
The current literature on total talus replacements shows moderately favourable outcomes with up to 67%
improvements in functional outcomes in systematic reviews of current case series [12-13]. In our series, of
the eight patients with implants containing an integrative surface, four had union confirmed on CT, one on
plain film, and one had what we suspect to be a fibrous union into the implant surface with no failure. Two
were too early to determine. Complication rates were 20%. This case series adds to the growing literature
demonstrating the clinical utility of custom 3D-printed cages for use in segmented bone defects of the foot
and ankle. Of the 10 patients in this series, none have required removal of hardware, demonstrating good
survivability over the follow-up period. This adds to the growing evidence of the clinical utility of these
implants and their ability to achieve union where the patient may otherwise have gone on to amputation.
Similar case series with larger sample sizes and longer follow-up times have demonstrated similar or higher
union rates in up to 95% of patients [10,13,19].

Eight patients were fully weight-bearing during follow-up, and one patient was 75% weight-bearing in a
walking boot. This demonstrates a good functional outcome relative to more traditional treatments, which
would involve larger areas of graft and bridging metalwork and would require longer periods of
immobilisation and casting. The structural titanium shells of the custom 3D implants allow for more
aggressive and early post-operative mobilisation and rehabilitation.

The average SF-36 scores for the mental component in this case series are approaching the normative value
of 50. The physical component of the SF-36 score is below the normative value at an average value of 32.56,
suggesting a greater degree of functional impairment compared to psychological impairment. The average
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AOS score in this series was higher for disability than for pain. It is difficult to draw significant conclusions
from this data given that we did not assess patient-perceived experience on SF-36 and AOS scales pre-
operatively, and therefore we do not have any pre-operative comparative values. Future studies should
address this gap and may also consider comparing subjects to matched-control subjects who undergo
traditional surgical methods for CSD. Patient outcome scores in this series are not optimal or normative, yet
the alternative in many of these cases would have been amputation, an option that they did not choose in
the consent process.

This series has several limitations, including a small sample size, a wide range of follow-up time, and the
lack of pre-operative patient-reported mental and physical scores. Future studies may consider
administering patient-reported physical and mental status prior to surgery and at spaced intervals post-
operatively in order to compare post-operative to pre-operative scores and assess how scores change over
time.

Conclusions
This case series adds to the growing literature demonstrating the clinical utility of custom 3D-printed cages
for use in segmented bone defects of the foot and ankle. This is demonstrated by the survivorship of
implants, promising bony union rates and positive functional outcomes. Although the field of 3D-
manufactured implants for use in critically sized defects is promising, due to their high cost, larger sample
sizes and longer follow-ups are required to support their use.
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