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The effect of three-dimensional (3D) printing on
quantitative and qualitative outcomes in paediatric
orthopaedic osteotomies: a systematic review
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B Three-dimensional (3D) printing technology is increas-
ingly being utilized in various surgical specialities. In paedi-
atric orthopaedics it has been applied in the pre-operative
and intra-operative stages, allowing complex deformities
to be replicated and patient-specific instrumentation to be
used. This systematic review analyses the literature on the
effect of 3D printing on paediatric orthopaedic osteotomy
outcomes.

B A systematic review of several databases was conducted
according to PRISMA guidelines. Studies evaluating the
use of 3D printing technology in orthopaedic osteotomy
procedures in children (aged < 16 years) were included.
Spinal and bone tumour surgery were excluded. Data
extracted included demographics, disease pathology,
target bone, type of technology, imaging modality used,
qualitative/quantitative outcomes and follow-up. Articles
were further categorized as either ‘pre-operative’ or ‘intra-
operative’ applications of the technology.

B Twenty-two articles fitting the inclusion criteria were
included. The reported studies included 212 patients.
There were five articles of level of evidence 3 and 17 level 4.

B A large variety of outcomes were reported with the most
commonly used being operating time, fluoroscopic expo-
sure and intra-operative blood loss.

B A significant difference in operative time, fluoroscopic
exposure, blood loss and angular correction was found in
the ‘intra-operative’ application group. No significant dif-
ference was found in the ‘pre-operative’ category.

B Despite a relatively low evidence base pool of studies, our
aggregate data demonstrate a benefit of 3D printing technol-
ogy in various deformity correction applications, especially
when used in the ‘intra-operative’ setting. Further research
including paediatric-specific core outcomes is required to
determine the potential benefit of this novel addition.
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Introduction

Three-dimensional (3D) printing technology, also known
as ‘additive manufacturing’ or ‘rapid prototyping’, is
increasingly being utilized in the field of medicine. Its first
reported medical use was in 1990 when a 3D model of cra-
nial bony anatomy was created from CT imaging.! Since
then, it has been increasingly applied especially in surgi-
cal specialties such as oral and maxillofacial surgery,?3 car-
diothoracic surgery,* plastic surgery,> neurosurgery® and
orthopaedic surgery.’-?

3D printing creates a physical model via an ‘additive’
process rather than the traditional ‘subtractive’ manufac-
turing process which removes excess material. It creates a
3D object by adding the material (powder, or liquid-like
metal or plastic) layer by layer, based on coordination data
using computer-aided design (CAD) software from imag-
ing such as high-resolution computed tomography (CT).
This digital representation of an object is then commonly
converted to a standard triangulation language (STL) file
which allows the 3D printer to print the object layer by
layer, producing an accurate 3D printed replica model.
Additive technologies used in orthopaedics include stereo-
lithography (SLA), selective laser sintering (SLS) and fused
deposition modelling (FDM) for creating custom mod-
els, surgical guides and personalized implants.”® Apply-
ing this principle to orthopaedic surgery allows complex
deformities of bone to be replicated. To this end, 3D print-
ing has mainly been utilized in pre-operative planning
and 3D patient-specific instrumentation (PSI).

One of the key focuses in paediatric orthopaedic prac-
tice is corrective limb deformity. With increasing accessi-
bility to 3D printing, this technology is available as a useful
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tool in the pre-operative and intra-operative stages of a
patient’s surgical journey. The benefits of 3D printed mod-
els in improving patients’ education as well as surgeons’
training has already been recognized in the literature.’0-13
This article will focus on the direct clinical applicability in
the pre-operative and intra-operative stages.

The aim of this systematic review is to investigate the
effect of 3D printing on paediatric orthopaedic osteotomy
surgical outcomes. To our knowledge, this is the first arti-
cle focusing on this topic.

Methods

Search strategy

We conducted a systematic literature search in accord-
ance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.’ The
project was prospectively registered on the International
Prospective Register of Systematic Reviews (PROSPERO
registration: CRD42020189279).

A comprehensive search was undertaken in the
PubMed, Embase and Medline databases from their
inception until July 2020. A search of the grey literature
was also performed with authors contacted for further
details where applicable. The following keywords were
used in the search and combined to maximize results:
“three-dimensional”, “3D”, “print*”, “orthopaedic”,
“osteotomy”, “patient specific instrumentation”, “paedi-
atric”, “child”, “teen”, “adolescent”. The search was not
limited by year of publication, journal type, language or
level of evidence.

Eligibility criteria

The inclusion criteria were: any published original article,
use of 3D printing technology, orthopaedic surgery, pae-
diatric primary study population (aged < 16 years). Exclu-
sion criteria were: basic science articles, spinal surgery,
bone tumour surgery and review papers. As the aim of the
review was assessing the effect on quantitative and quali-
tative outcomes and taking into consideration the novelty
of this intervention, all levels of evidence were considered
appropriate for the analysis.

Two authors (MR and DM) reviewed all abstracts and
full texts where needed for inclusion according to the
above criteria. In cases of disagreement, a senior author
(YG) was consulted and disagreement was resolved in
consensus.

Data extraction and analysis

The following data were extracted: demographics (year
and country of publication, mean age, patient number),
disease pathology, target bone, type of 3D printing tech-
nology, pre-operative imaging modality, qualitative/

quantitative outcomes and follow up. The articles were
then categorized based on either predominantly ‘pre-
operative’ or ‘intra-operative’ applications of 3D printing
technology.

Data were extracted with use of the Covidence 2019
online platform and a data collection table in Microsoft
Excel. All continuous data were pooled, and descrip-
tive data analysis performed. We utilized the ‘Synthesis
Without Meta-analysis’ (SWiM) reporting guideline and
‘Enhancing transparency in reporting the synthesis of
qualitative research’ (ENTREQ) checklist to aid with data
synthesis methodology.'>1¢ As the majority of studies
were case reports/series, bias assessment was not deemed
appropriate.

Results

A total of 169 published reports were originally identi-
fied. Fig. 1 presents the PRISMA flowchart of study selec-
tion. A total of 22 articles matched the inclusion criteria
with complete agreement between the reviewers. The
extracted data are presented in Table 1.

The 22 articles were published between 2011 and 2020
with the large majority (19 out of 22, 86.4%) having been
published between 2017 and 2020. The studies were con-
ducted in Belgium, China, Japan, the Netherlands, Poland,
Russia, Switzerland, Taiwan, Turkey, the UK and the USA.
The majority of studies were from China (N = 5, 22.7%)
and the USA (N =4, 18.1%). There were nine case series,
eight case reports and five comparative cohort studies.
The total number of patients across all studies was 212,
with the largest individual study patient number equal-
ling 35.77 The mean age across the studies was 11.2 years
(range 3 to 21 years).

The ‘pre-operative’ 3D printing articles printed mod-
els for simulation osteotomies and when stated, were
made of plastic polymers such as acrylonitrile butadiene
styrene (ABS) or polyactide (PLA). All ‘intra-operative’
studies used 3D printing to create plastic patient-specific
osteotomy guides with one study additionally creating a
patient-specific titanium plate. This is in contrast to the
popularity of custom final implants in the adult popula-
tion as noted by a recent review of 3D printing in ortho-
paedics as a whole.?

Pre-operative surgical planning

Seven studies used 3D printing technology for pre-
operative surgical planning: three for proximal femoral
deformity correction due to either slipped upper femoral
epiphysis (SUFE), Perthes disease, developmental dys-
plasia of the hip (DDH) or post-osteomyelitis deform-
ity,'8-20 one study for periacetabular osteotomy (PAO)
planning in DDH,?! one for cubitus varus deformity in the
distal humerus,?? one for complex lower limb deformity
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Fig. 1 PRISMA flow diagram.

correction of the tibia and midfoot?? and one for clavicle
malunion.?* All studies printed anatomical 3D models of
the relevant deformity to help guide and perform simu-
lated osteotomy techniques.

The reported quantitative outcomes were surgi-
cal operating time, fluoroscopy time and radiographic
angle measurement.’®1® There was no significant differ-
ence between the groups in all quantitative outcomes,
although a trend towards reduction in operating time and
fluoroscopy time was found. Quantitative radiographic
measurements were improved to expected values in all
groups.'8,20-22

The reported qualitative outcomes were development
of avascular necrosis (AVN), clinical evaluation (assessing
stability, pain, activity levels) and development of post-
operative complications. There was an improvement in
these outcomes with no reports of AVN'819 and similar
satisfactory clinical outcomes and increased activity lev-
els at latest follow up.20-2224 There were no complications
reported in the 3D printed patient groups and three minor
complications were noted in the control groups.'8
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Intra-operative application

Fifteen studies utilized 3D printing for PSI in operations
involving the proximal femur (four),?>-28 forearm (five),?°-33
foot (one),3* and distal humerus (five).17,35-38

Quantitative outcome measures included surgical
operation time, fluoroscopic exposure (number of radio-
graphs), intra-operative blood loss volume, radiographic
angular correction measurements and range of motion
assessments. There was a statistically significant reduc-
tion in operative time,7:252637 fluoroscopic exposure?3:26
and intra-operative blood loss,3” with significant improve-
ments found in angular correction?’:2% and range of
motion.29:30

Qualitative outcomes included clinical examination
assessments (e.g. joint stability, activity level and pain),
presence of complications and radiographic evalua-
tion (e.g. union). All studies reported satisfactory clini-
cal examination findings at last follow up, such as joint
stability?>2%37 and improved activity level.33-35 Most
of the studies report satisfactory radiographic evalua-
tion and either complete resolution of or improved pain
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Table 1. Summary of studies

Study / Study type / Mean Number Pathology Bone 3D Printing 3D Printing Pre-op  Qualitative Quantitative Follow
country Level of age of primary material imaging outcomes outcomes up
evidence (years) patients application (months)
PRE-OP INTRA-OP CT MRI
1 Cherkasskiy Retrospective 13.5 15 SCFE Femur v Acrylonitrile v — Development — Operation time 23
etal, 2017'® cohort/ 3 (proximal) butadiene of avascular - Fluoroscopy time
USA styrene necrosis (AVN) — Radiographic
(ABS) — Complications assessment: epiphyseal
shaft angle (ESA), neck
shaft angle, articular
surface to trochanter
distance, medial
proximal femoral angle
2 Kalenderer  Prospective  10.0 2 Perthes, Femur v Not stated v — Development — Operation time 12
etal, 2019 case DDH (proximal) of AVN — Blood loss
Turkey series / 4 — Complications
3 Weietal, Case 4.0 1 Post- Pelvis, v Not stated v — Clinical: — Radiographic 24
201920 report / 4 osteomyelitis  Femur gait/squat assessment: lateral
Taiwan deformity assessment centre edge (CE) angle,
— Radiographic acetabular index
union — Clinical: range of
— Complications motion (ROM)
4 Holtetal, Case 10.0 1 DDH, chronic  Pelvis v ABS v — Clinical: pain, - Radiographic 33
2017% report / 4 hip instability ambulation, assessment: lateral
USA (Trisomy 21) stability CE angle, anterior CE
— Complications angle, acetabular index
— Radiographic
union
5 Bovidetal, Case 3.0 1 Cubitus varus  Humerus v Not stated v' — Clinical: pain, — Radiographic 28
20192 report / 4 deformity (distal) activity level assessment: carrying
USA (post- — Complications angle
traumatic) — Clinical: ROM
6 Morasiewicz Case 6.0 1 Lower limb Tibia, v Polylactide v — Limb lengthening ?6
etal, 20182 report /4 deformity Midfoot (PLA) — Correction of valgus
Poland angle / axial correction
7 Consigliere  Case 14.0 1 Post-traumatic Clavicle v Not stated v — Clinical: pain, — Clinical: ROM 12
etal, 2020% report /4 clavicle activity level
UK deformity — Radiographic
union
8 Zhengetal, Prospective 10.9 25 DDH Femur v PLA v — Clinical: — Operation time 18
2017% cohort /3 (proximal) McKay criteria, — X-ray exposures
China Severin criteria — Radiographic
— Proximal assessment: neck
femoral shaft angle, femoral
epiphyseal anteversion
growth arrest
9 Zhengetal, Retrospective 6.6 11 DDH, Neck of Femur v PLA v — Proximal — Operation time Not
20172% cohort /3 Femur (NOF)  (proximal) femoral — X-ray exposures stated
China fracture epiphyseal — Radiographic
growth arrest assessment: neck
shaft angle, femoral
anteversion
10 Baskov etal, Retrospective 11.5 27 Proximal Femur v Plastic v — Operation time Not
2017% case series / 4 femoral (proximal) polymer — X-ray exposures stated
Russia deformity — Radiographic
(congenital/ assessment: neck shaft
acquired) angle, epidiaphyseal
angle, femoral
anteversion
11 Furnstahl Retrospective 14.0 6 Proximal Femur v Plastic v — Complications — Radiographic 17.5
etal 202028 case series / 4 femoral (proximal) polyamide assessment: diameter
Switzerland deformity index, sphericity index,
(Perthes) Stulberg classification,

extrusion index, lateral
CE angle, Tonnis angle,
caput-collum-
diaphyseal (CCD) angle
Time: preliminary
analysis, simulation, PSI
design

Cost: manufacturing,
time expense

(continued)

133



EFORT Open rerieuss

Table 1. Summary of studies (continued)

Study / Study type / Mean Number Pathology Bone 3D Printing 3D Printing Pre-op  Qualitative Quantitative Follow
country Level of age of primary material imaging outcomes outcomes up
evidence (years) patients application (months)
PRE-OP INTRA-OP CT MRI
12 Baueretal, Retrospective 13.5 19 Forearm Radius, v Not stated v — Clinical: distal — Radiographic Not
20172 case deformity Ulna radioulnar assessment: mean stated
USA series / 4 (post- joint stability maximum deformity
traumatic 15, — Complications angulation
MHE 3, — Radiographic - Clinical: forearm ROM
Madelung 1) union
13 Byrneetal, Prospective 13.0 5 Diaphyseal Radius, v Polyamide v — Complications — Radiographic 42
201730 case forearm Ulna guide — Radiographic assessment: angular
Belgium series / 4 malunions Titanium union correction of radius/
plate ulna deformity
— Clinical: forearm ROM,
grip strength
— Pain score
14 Kataoka et al, Retrospective 13.0 4 Distal Radius 4 Plastic v — Clinical: pain - Clinical: forearm ROM, 22
201731 case diaphyseal polymer — Complications grip strength
Japan series / 4 radius — Radiographic - Radiographic
malunion union assessment: angular
deformity
15 Ingeetal, Case 16.0 1 Distal radius ~ Radius v Not stated v — Radiographic - Clinical: ROM 12
201832 report / 4 malunion union — DASH score
Netherlands
16 Jeukenetal, Case 15.0 1 Diaphyseal Radius, v Plastic v — Clinical: — Clinical: forearm ROM 6
201733 report / 4 forearm Ulna polymer activity level ~ — Radiographic: angular
Netherlands malunion correction
17 deWouters Prospective  14.2 9 Tarsal coalition Talus, v Acrylic- v — Clinical: — AOFAS score 17.9
etal, 201434 case Calcaneus, PMMA + hindfoot
Belgium series / 4 Navicular titanium mobility
— Complications
— Radiographic:
completion
of resection,
recurrence
18 Tricotetal, Prospective 10.3 3 Distal humerus Humerus v Not stated v — Clinical: pain  — Clinical: elbow ROM 6
20123 Case deformity (distal) — Complications — Radiographic
Belgium series / 4 (post- assessment: carrying
traumatic) angle
19 Zhangetal, 15.7 18 Cubitus varus  Humerus v Acrylate v — Clinical: pain, — Clinical: elbow ROM 18
201136 Prospective deformity (distal) resin satisfaction,  — Radiographic
China case (post- instability assessment: carrying
series / 4 traumatic) — Complications angle
— Radiographic
union
20 Zhangetal, Retrospective 9.8 25 Cubitus varus  Humerus v Acrylate v — Complications — Operation time 18
201937 case series / 3 deformity (distal) resin — Radiographic - Blood loss
China (post- union — Radiographic
traumatic) — Parent assessment: carrying
satisfaction angle
score — Clinical assessment:
elbow ROM, deformity
correction (via
Bellemore criteria)
21 Okaetal, Case 14.0 1 Cubitus varus  Humerus v Plastic v — Radiographic - Radiographic 20
201738 report / 4 deformity (distal) polymer union assessment: carrying
Japan (post- angle
traumatic) — Clinical assessment:
elbow ROM
22 Huetal, Prospective 7.5 35 Cubitus varus  Humerus v PLA v — Complications — Operation time 6-12
20207 cohort /3 deformity (distal) — Radiographic — Clinical assessment:
China (post- union elbow ROM, deformity
traumatic) correction (via

Bellemore criteria)
Radiographic
assessment: carrying
angle

Notes. CT, computed tomography; MRI, magnetic resonance imaging; MHE, multiple hereditary exostoses; DDH, developmental dysplasia of the hip; SCFE,
slipped capital femoral epiphysis; PMMA, polymethyl methacrylate; PSI, patient specific instrumentation; DASH, disabilities of the arm, shoulder and hand;
AOFAS, American orthopaedic foot and ankle society; ROM, range of motion
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on assessment.30-35 There were no major complications
reported in the PSI patient groups with two minor com-
plications that resolved with treatment.3%37

Discussion

The most significant findings in this review are that 3D
printing used during the intra-operative stages is ben-
eficial in reducing surgical operating time, fluoroscopic
exposure and blood loss. These findings are in keeping
with the data from the adult population.?

The primary quantitative outcomes were surgical oper-
ating time, fluoroscopic exposure, intra-operative blood
loss and radiographic measurements. The qualitative
outcomes assessed included clinical examination param-
eters (such as joint stability, activity level and pain), post-
operative complications (such as AVN) and radiographic
evaluation (such as union).

In studies looking into pre-operative implementa-
tion, comparative studies did not find a significant effect.
However, an improvement in qualitative outcomes was
reported in terms of clinical assessment and complication
rate.’® The benefits of 3D printing in interpreting complex
paediatric deformities and a better understanding of the
condition to be treated have been widely reported.?3,39-46
In the largest of this review’s pre-operative studies, the
models allowed the surgeon to simulate the procedure
and gain a better understanding of the patient’s 3D anat-
omy whilst determining the exact wedge size for a more
efficient osteotomy.'8

The implementation of 3D printing for pre-operative
planning was the most common application found in a
heterogenic systematic review by Levesque et al in 2020
that included a mostly adult population.® This review
looked at extensive implementation in orthopaedic sur-
gery that included trauma and oncology. The level | and
Il evidence consistently found shorter operative time, less
blood loss and fluoroscopy use when 3D printing was
used. In contrast, our review did not find a significant
effect in the pre-operative category for the paediatric pop-
ulation, and a larger randomized controlled trial is needed
to be able to answer this question.

The studies that implemented 3D printing as an intra-
operative application found a significant effect on the pri-
mary outcomes with reductions in operative time,8:25,26,37
fluoroscopic exposure?>26 and intra-operative blood loss.3”
For one of this review’s largest prospective cohort studies,
operation time (21.08 min vs. 46.92 min) and number of
fluoroscopy exposures (3.92 vs. 6.69) were significantly
decreased (p <0.05) when comparing patients utilizing 3D
printed surgical osteotomy guides to those without.?> In
another comparative cohort study, intra-operative blood
loss was nearly a third less (35.6 mls in the 3D printed
group compared to 52.1 mls in the conventional group)

(p <0.001).37 This is consistent with literature in the adult
population.?#748 Improvements in angular correction?®
and range of motion were also demonstrated.2%:30

Improved qualitative clinical and radiographic out-
comes were noted across the studies.?529:33-36 These
findings are supported by similar studies in the adult
population.4?

PSI enables the surgical team to pre-determine the
osteotomy angle, plane and rotation. It allows more pre-
cise surgery and can act to prevent damage to surround-
ing tissue and epiphyseal cartilage, as shown by the low
complication rate and no evidence of growth arrest at fol-
low up.?>26 By applying individualized templates which
closely correlate to the patient’s bony anatomy, there is
no requirement to perform repeated adjustments which
arguably saves time, blood loss and reduces the require-
ment for repeated fluoroscopy exposures.”,37

Study limitations

The level of evidence available is low with most studies
presenting case reports or series. There is a variability in
reported outcomes, anatomical sites as well as a wide
range of follow-up time. As this is a novel addition this
is to be expected, and although every new report adds
value and knowledge, the reported outcomes should be
interpreted with caution. The broad inclusion criteria were
deemed a strength due to the novelty and relevance of the
technology.

3D printing limitations

3D printing technology has its own limitations to rec-
ognize, such as cost, time to production and radiation
exposure requirements. Cost has been highlighted as a
potential obstacle to its widespread application, as 3D
printing requires specialist hardware/software, engineer-
ing skills, machine maintenance and printing materials.”->°
However, a recent systematic review on the use of 3D
printing in pre-operative planning in trauma surgery cited
reduced operative time and fluoroscopy time as poten-
tial financial savings.*’ This was reiterated by Cherkasskiy
et al'8 in 2017 with a reported US$2700 cost saving per
case for a 45 minute reduction in theatre time.

Processing for 3D printing requires pre-operative
image acquisition. As bony tissues have a relatively higher
contrast than soft tissue on CT, it is the modality of choice.
We found that 21 out of 22 studies utilized CT imaging
with only one using magnetic resonance imaging (MRI).22
The higher radiation dose of CT is well documented as
are the concerns with oncogenic potential which are par-
ticularly significant in the paediatric population due to
increased radiosensitivity of children to ionizing radiation
and increased absorbed organ doses due to their reduced
body dimensions.>'-33 Over the last decade, there has
been rapid progress in utilizing MRI imaging sequencing
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and expanding its application to better visualize bone and
reduce the risk of ionizing radiation in children.>2 To this
end, our review found only one study that utilized MRI to
create their custom 3D printed model. The authors high-
lighted its benefit in visualizing cartilage and non-ossified
tissues as well as limiting ionizing radiation exposure in
their paediatric patient.??

Future trends

3D printing technology is continuing to expand and
evolve in a number of areas, a few of which can prove
attractive to the paediatric orthopaedic patient popula-
tion. An alternative modality of acquiring images utiliz-
ing low ionizing radiation for the purpose of creating a
3D model is the technology of ‘biplanar low-dose X-ray’
technology (EOS;y imaging) that uses low-dose digital
stereoradiography to allow for 3D modelling of the skel-
etal system.>#-37 The images are taken with significantly
lower doses of radiation compared to plain radiographs
or CT scans,*%57 which is particularly advantageous in
the growing child. In the field of developing lightweight
custom-made prostheses, 3D printing can prove valuable
and affordable.37:*8 The promising novel technologies of
‘bio-scaffolds’” and ‘bio-printing” are further implementa-
tions which combine gene therapy and tissue engineering
for bone or tissue repair.”,57,39-62

Conclusion

3D printing technology is growing in implementation
and use in paediatric orthopaedics. Despite a relatively
low evidence base pool of studies, our aggregate data
demonstrate a benefit of 3D printing technology in vari-
ous deformity correction applications, especially when
used in the ‘intra-operative’ setting. High-quality research
including paediatric-specific core outcomes is required to
ascertain the potential benefit of this novel addition.
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