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	� BONE BIOLOGY

3D printing in orthopaedic surgery: 
a scoping review of randomized 
controlled trials

Aims
The use of 3D printing has become increasingly popular and has been widely used in or-
thopaedic surgery. There has been a trend towards an increasing number of publications in 
this field, but existing literature incorporates limited high- quality studies, and there is a lack 
of reports on outcomes. The aim of this study was to perform a scoping review with Level I 
evidence on the application and effectiveness of 3D printing.

Methods
A literature search was performed in PubMed, Embase, and Web of Science databases. The 
keywords used for the search criteria were ((3d print*) OR (rapid prototyp*) OR (additive 
manufactur*)) AND (orthopaedic). The inclusion criteria were: 1) use of 3D printing in or-
thopaedics, 2) randomized controlled trials, and 3) studies with participants/patients. Risk 
of bias was assessed with Cochrane Collaboration Tool and PEDro Score. Pooled analysis was 
performed.

Results
Overall, 21 studies were included in our study with a pooled total of 932 participants. Pooled 
analysis showed that operating time (p < 0.001), blood loss (p < 0.001), fluoroscopy times (p 
< 0.001), bone union time (p < 0.001), pain (p = 0.040), accuracy (p < 0.001), and function-
al scores (p < 0.001) were significantly improved with 3D printing compared to the control 
group. There were no significant differences in complications.

Conclusion
3D printing is a rapidly developing field in orthopaedics. Our findings show that 3D printing 
is advantageous in terms of operating time, blood loss, fluoroscopy times, bone union time, 
pain, accuracy, and function. The use of 3D printing did not increase the risk of complica-
tions.
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Article focus
	� The use of 3D printing has become 

increasingly popular in orthopaedic 
surgery, but existing literature incorpo-
rates limited high- quality studies with 
case reports/series, and there is a lack 
of analysis on outcomes with level I 
evidence.
	� This scoping review evaluated the effec-

tiveness of 3D printing, including func-
tional outcomes and accuracy. Subgroup 
analyses were performed on preoperative 
and intraoperative use, as well as region 
of surgery.

Key messages
	� 3D printing is advantageous in terms of 

operating time, blood loss, fluoroscopy 
times, bone union time, pain, accuracy, 
and function. There is no increase in 
complications.
	� The use of 3D printing is still at its early 

stages and development in orthopae-
dics. Further randomized controlled trials 
(RCTs) will delineate its full potential.
	� Surgeons should be cautious when using 

3D printing for simulation and personal-
ized cutting jigs, as CT image reconstruc-
tion may not fully reflect the thickness 
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of the periosteum and soft- tissue on bone, which 
may result in improper placement of the cutting 
jig. This could have a potential effect on accuracy of 
various surgeries including fracture fixation, defor-
mity corrections, tumour excision, arthroplasties, 
etc. Furthermore, when using personalized jigs, there 
may be more soft- tissue dissection to ensure accurate 
placements.

Strengths and limitations
	� This study incorporated only RCTs, which give Level 

I evidence.
	� This is the first analysis to assess the follow- up func-

tional outcomes, accuracy, and complications with 
3D printing compared with conventional group.
	� The included studies had some level of heterogeneity 

and different surgeries were performed in the selected 
RCTs. Also, there were few studies for pooled analysis 
for bone union time and pain score.

Introduction
In the modern era, the use of 3D printing has become 
increasingly popular and has been widely used for 
planning, simulating surgeries, and intraoperative 
procedures. The technology has allowed a wide range 
of possibilities, and has become an integral part of 
clinical workflow in producing patient- specific models 
that enhance visuospatial dexterity for the clinician and 
maximize perception of anatomy.1,2 Current medical 
usage of 3D printing has been applied in orthopaedic 
surgery,3 urology,4 cardiology,5 gastroenterology,6 and 
numerous other medical specialties. Education for the 
surgeon, trainee, and patient has also become incor-
porated into clinical practice with 2D images projected 
into a 3D- customized model.

The potential and diversity of 3D printing has been 
growing since its development. 3D models are created 
by fusing or depositing materials including plastics, 
ceramics, powders, liquids, or even living cells. This 
process is also known as additive manufacturing, rapid 
prototyping, or solid free- form technology.7 Nowadays, 
with wider availability, prices have become much more 
affordable compared to the past. In fact, new models 
can now be purchased at approximately USD $300.3 
Commercially available 3D printers also have readily 
available software that converts CT and MRI data into 
3D models that can be printed with convenience. This 
has allowed more widespread use as anatomical abnor-
malities can be better appreciated by the surgeon for 
operations.

In orthopaedic surgery, the use of 3D printing has 
allowed advances in medical treatment. Applications 
include preoperative planning, education, surgical 
cutting guides, rehabilitation devices, surgical simu-
lation, and prosthesis development.8 Currently, there 
has been a trend towards an increasing number of 

publications in this field, but current review papers 
have shown that existing literature has limited high- 
quality studies, with most being case reports and 
case series.8,9 Previous analysis also had limited Level 
I evidence, showing only the early results of 3D 
printing,10 and whether follow- up outcomes and accu-
racy are improved or complication rates are increased is 
still largely unknown.9 In recent years, there has been 
an increased emergence of randomized controlled trials 
(RCTs), and therefore analysis is warranted. The aim of 
this study was to perform a scoping review and provide 
evidence with high- quality RCTs to highlight the effec-
tiveness of 3D printing in orthopaedic surgery.

Methods
Search strategy. The PubMed, Embase, and Web of 
Science databases (date last accessed 26 April 2021) 
were searched. The keywords used for the search crite-
ria were ((3d print*) OR (rapid prototyp*) OR (additive 
manufactur*)) AND (orthopaedic).
Search criteria. The inclusion criteria were: 1) use of 3D 
printing in orthopaedics, 2) RCTs, and 3) studies with 
participants/patients. The exclusion criteria were: 1) 
non- RCTs, 2) basic science studies, 3) conference ab-
stracts, 4) articles not in English, 5) protocol studies, 
6) no control group, 7) non- orthopaedic- related/no 
orthopaedic pathology, 8) missing data, and 9) nonop-
erative study.
Selection of studies. Two independent reviewers (RMYW, 
SWL) selected the articles. Each reviewer screened the 
titles and abstracts of each published study. Articles 
were selected based on the inclusion and exclusion cri-
teria. Each article was reviewed and any disagreement 
was resolved by consensus and discussion.
Data extraction. For eligible studies, the two reviewers 
extracted information on: 1) country of study, 2) or-
thopaedic condition, 3) interventional groups and 3D 
printing details, 4) sample size, 5) age, 6) clinical out-
comes, 7) follow- up outcomes, 8) complications, and 
9) key findings of study.
Quality assessment of studies. The Cochrane 
Collaboration tool was used to assess the risk of bias 
in the domains of random sequence generation, alloca-
tion concealment, blinding of participants and person-
nel, blinding of outcome assessments, incomplete out-
come data, and selective reporting.11 Risk of bias in each 
domain was classified as low- risk, high- risk, or unclear. 
Quality of the studies was further assessed with the 
PEDro scale.12 The scale consists of 11 items to assess 
the quality of internal validity and statistical informa-
tion. Studies scoring ≥ 6 are considered “good” quality, 
4 to 5 are “fair” quality, and < 4 are of “poor” quality. 
Poor- quality trials would be excluded from analysis.
Statistical analysis. Assessment outcomes of operat-
ing time (minutes), blood loss (millilitres), fluoroscopy 
(number of times), bone union (months), pain (visual 
analogue scale), accuracy (fracture reduction, stem 
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placement, and pedicle screw placement), function 
(functional score), and complications (event) were per-
formed. Preoperative and intraoperative subgroup anal-
ysis was performed where data were available to assess 
effectiveness of 3D printing. Upper limb, spine, and low-
er limb subgroup analysis was performed where data 
were available. The effects of 3D printing on outcomes 

were analyzed by Review Manager (RevMan 5.4, The 
Cochrane Centre, The Cochrane Collaboration). For re-
sults with continuous variables, the standardized mean 
difference (SMD) and 95% confidence interval (CI) of 
the outcomes were calculated. All models used z- test 
to determine whether there is statistically significant 
difference between two compared groups. For results 

Fig. 1

Preferred Reporting Items for Systematic Reviews and Meta- Analyses (PRISMA) flow diagram.
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with dichotomous variables, the odds ratios (ORs) with 
95%  CI of the outcomes were calculated. A p- value < 
0.05 was considered statistically significant. Trial se-
quential analysis was performed to assess the statistical 
reliability of functional score. Heterogeneity was eval-
uated by I2 index or p- value test, where the I2 index > 
50% or p- value < 0.1 represented significant heteroge-
neity between studies. The random effect models were 
used in the forest plots of operating time, blood loss, 
use of fluoroscopy times, and functional score, where 
there was heterogeneity. While fixed- effect models 
were used in the forest plots of bone union time, pain 
score, accuracy, and complications, where results were 
not heterogenous and also categorical (accuracy and 
complications).

Results
Literature search. A total of 2,318, 1,106, and 311 stud-
ies were identified from PubMed, Embase, and Web 
of Science, respectively. All duplicate entries were re-
moved, leaving 2,987 studies. Each title and abstract 
were then reviewed, and 2,956 studies were removed 
based on inclusion and exclusion criteria. Overall, 31 

full- text articles were reviewed and a further ten were 
excluded: two had no pathology, one had no control 
group, two were protocol papers, one had missing data, 
and four were nonoperative studies. Our results show a 
total of 21 studies for our scoping review (Figure 1).
Characteristics of studies. The 21 studies were published 
from 2013 to 2020, and were conducted in four coun-
tries including China, Sweden, India, and Slovenia. All 
were RCTs with the presence of a control group. There 
was a pooled total of 932 participants; the sample size 
ranged from 12 to 93. All papers were surgery- related, 
with 12 articles related to orthopaedic fractures, three 
related to the elective spine, one related to upper limb 
reconstruction, four related to adult joint reconstruc-
tion, and one related to foot and ankle speciality. 3D 
printing was used in terms of surgical planning, instru-
mentation, and surgical guide template. Out of the 21 
studies, 17 had follow- up outcomes. The follow- up pe-
riod ranged from seven days to two years (Table I).
Main measurement outcomes. In comparing 3D printing 
and conventional practice for the 21 papers, 19 studies 
assessed operating time, 13 assessed blood loss, eight 
assessed fluoroscopy time, five assessed bone union 

Table I. PEDro score of included studies.

Study
Eligibility 
criteria

Randomized 
allocation

Concealed 
allocation

Baseline 
comparability

Blinded 
participants

Blinded 
therapists

Blinded 
assessors

Adequate 
follow- up

Intention- to- 
treat analysis

Between- group 
comparisons

Point 
estimates 
and 
variability

Total 
score

Chen et 
al13

1 1 0 0 1 0 0 0 0 1 1 5

Zheng et 
al14

1 1 1 1 0 0 0 1 0 1 1 7

Huang et 
al15

1 1 0 1 0 0 0 1 1 1 1 7

You et al16 0 1 0 1 0 0 0 1 1 1 1 6

Kong et 
al17

1 1 1 1 1 0 0 1 1 1 1 9

Shuang 
et al18

0 1 0 1 0 0 0 1 1 1 1 6

Zhang et 
al19

0 1 0 1 0 0 0 1 1 1 1 6

Maini et 
al20

1 1 0 0 0 0 0 1 1 1 0 5

Zheng et 
al21

1 1 0 1 0 0 0 1 1 1 1 7

Yang et 
al22

0 1 0 0 0 0 0 1 1 1 1 5

Zheng et 
al23

1 1 0 1 0 0 0 1 1 1 1 7

Hu et al24 1 1 0 0 0 0 0 1 1 1 1 6

Feng et 
al25

1 1 1 1 0 0 1 1 1 1 1 9

Merc et 
al26

0 0 0 0 0 0 0 1 1 1 1 4

Wu et al27 1 1 0 1 0 0 0 1 1 1 1 7

Hasan et 
al28

1 1 1 1 1 0 0 1 1 1 1 9

Zhang et 
al29

1 1 0 0 1 0 0 1 1 1 1 7

Sun et al30 1 1 0 1 1 0 0 1 1 1 1 8

Du et al31 0 0 0 0 0 0 0 1 1 1 1 4

Wei et al32 1 1 0 1 0 1 0 1 1 1 1 8

Yin et al33 0 1 0 1 0 0 0 1 1 1 1 6
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time, five assessed pain score, seven assessed accuracy, 
13 assessed functional outcomes with scores, and 13 as-
sessed complications (Supplementary Table i).
Risk of bias. The risk of bias of all studies was assessed 
and shown in Figure 2. A total of 11 studies performed 
random sequence generation with low risk of bias, eight 
were unclear, and two were at high risk of bias. For al-
location concealment, four studies were considered at 
low risk of bias, 14 were unclear, and three were at high 
risk of bias. For the method of blinding, five studies had 
low risk of bias, five were unclear, and 11 were at high 
risk of bias. For the blinding of outcome assessors, four 
studies were at low risk of bias, 11 were unclear, and six 
were at high risk of bias. For incomplete data, 19 stud-
ies had low risk of bias, one was unclear, and one had 
high risk of bias. For selective reporting, 14 had low risk 
of bias and seven had high risk of bias. For other bias, 
16 had low risk of bias, one was unclear, and four had 
high risk of bias. PEDro was also performed and is sum-
marized in Table I. All studies had a score of 4 or more.
Pooled quantitative analysis. Overall, 21 RCTs proceeded 
for the pooled analysis to compare 3D printing with con-
trol group.
Operating time. A total of 19 studies reported oper-
ating times (minutes). Results showed that operating 
time was significantly less in the 3D printing group 
compared to the control group (standardized mean 
difference (SMD) = -1.28, 95% CI -1.92  to -0.65, p < 
0.001, z- test). Subgroup analysis of preoperative use of 
3D printing for surgical planning also decreased oper-
ating times compared to control group (SMD = -1.63, 
95% CI -1.89 to -1.38, p < 0.001, z- test). Regarding in-
traoperative use of 3D printing, it also decreased op-
erating times significantly compared to control group 
(SMD = -1.09, 95% CI -2.08 to -0.09, p = 0.030, z- test) 
(Figure 3).

Subgroup analysis for operating time for upper limb 
surgery with 3D printing was significantly decreased 
compared to the control group (SMD -1.74, 95% CI 
-2.13 to -1.35, p < 0.001, z- test). However, no signifi-
cant differences were found for spine surgery and lower 
limb surgery.
Blood loss. A total of 13 studies reported on blood loss 
(millilitres) in operations. Results showed that blood loss 
was significantly less in the 3D printing group compared 
to control group (SMD -1.81, 95% CI -2.47 to -1.15, p < 
0.001, z- test). Subgroup analysis of preoperative use of 
3D printing for blood loss in operations was also de-
creased compared to the control group (SMD -1.4, 95% 
CI -1.85 to -0.94, p < 0.001, z- test). Intraoperative use of 
3D printing for blood loss in operations was also signif-
icantly decreased compared to the control group (SMD 
-2.28, 95% CI -3.56 to -1.00, p < 0.001, z- test) (Figure 4).

Subgroup analysis for blood loss for upper limb 
surgery with 3D printing was significantly decreased 
compared to the control group (SMD -1.67, 95% CI 
-2.45 to -0.90, p < 0.001, z- test). This was also signifi-
cant for 3D printing in lower limb surgery compared to 

Fig. 2

a) Summary of risk of bias assessment of included randomized controlled 
trials (RCTs). b) Graph of the risk of bias assessment of included RCTs.
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the control group (SMD -1.52, 95% CI -2.41 to -0.63, p 
< 0.001, z- test). However, no significant difference was 
found for spine surgery.
Use of fluoroscopy times. Eight studies reported on 
fluoroscopy times in operations. Results showed that 
fluoroscopy was significantly less in the 3D printing 
group compared to the control group (SMD -1.60, 95% 
CI -2.06 to -1.14, p < 0.001, z- test). Subgroup analysis of 
preoperative use of 3D printing for fluoroscopy times in 
operations was also decreased compared to the control 
group (SMD -1.41, 95% CI -1.91 to -0.91, p < 0.001, 
z- test). Intraoperative use of 3D printing for fluorosco-
py times in operations was also significantly decreased 
compared to control group (SMD -2.08, 95% CI -3.18 to 
-0.97, p < 0.001, z- test) (Figure 5).

Subgroup analysis for fluoroscopy times for upper 
limb surgery with 3D printing was significantly 
decreased compared to the control group (SMD -1.42, 
95% CI -2.04 to -0.80, p < 0.001, z- test). This was 
also significant for 3D printing in lower limb surgery 
compared to control group (SMD -1.85, 95% CI -2.66 
to -1.05, p < 0.001, z- test).
Bone union time. Five studies reported on bone union 
time in operations. Results showed that this was signif-
icantly less in the 3D printing group compared to the 

control group (SMD -0.36, 95% CI -0.57 to -0.15, p < 
0.001, z- test) (Figure 6).

Subgroup analysis for bone union time for lower limb 
surgery with 3D printing was significantly decreased 
compared to the control group (SMD -0.48, 95% CI 
-0.75 to -0.20, p < 0.001, z- test). There was no signif-
icant difference for 3D printing in upper limb surgery 
compared to the control group.
Pain score. Five studies reported on pain. Results 
showed that pain was significantly less in the 3D print-
ing group compared to control group (SMD -0.26, 95% 
CI -0.51 to -0.01, p = 0.040, z- test) (Figure 7).

Subgroup analysis for pain score showed that there 
was no significant difference for 3D printing in all three 
subgroups (upper limb, lower limb surgery, and spine 
surgery) compared to the control group.
Accuracy. Seven studies were analyzed for accuracy. 
Results showed that accuracy was significantly improved 
with 3D printing compared to the control group (SMD 
0.24, 95% CI 0.14 to 0.40, p < 0.001, z- test). Subgroup 
analysis of lower limb/pelvis surgery with 3D printing 
was significantly improved with 3D printing compared 
to the control group (SMD 0.22, 95% CI 0.10 to 0.45, 
p < 0.001, z- test). Regarding spine pedicle screw place-
ment, the use of 3D printing was also significantly more 

Fig. 3

The forest plot of operating time (mins). Preoperative: the 3D printing model is only used for preoperative elements, such as surgical planning, tools 
determination, or surgery simulation. Operative: the 3D printing model is used for factors related to operating time, such as guidance or instrumentation. CI, 
confidence interval; IV, inverse variance; SD, standard deviation.
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accurate compared to the control group (SMD 0.26, 
95% CI 0.13 to 0.54, p < 0.001, z- test) (Figure 8).
Functional score. A total of 13 studies report on func-
tional scores in different locations including the el-
bow, ankle, knee, wrist, and spine. Results showed that 
there was an overall significant difference between the 
3D printing group and the control group at follow- up 

(SMD 0.29, 95% CI 0.13 to 0.45, p < 0.001, z- test). 
Subgroup analysis showed significant differences in the 
knee (SMD 0.32, 95% CI 0.03 to 0.61, p = 0.030, z- test) 
and spine (SMD 0.72, 95% CI 0.15 to 1.28, p = 0.010, 
z- test) (Figure 9).

Subgroup analysis for functional score for spine 
surgery with 3D printing was significantly improved 

Fig. 4

The forest plot of intraoperative blood loss (ml). Preoperative: the 3D printing model is only used for preoperative elements, such as surgical planning, tools 
determination, or surgery simulation. Operative: the 3D printing model is used in factors related to operating time, such as guidance or instrumentation. CI, 
confidence interval; IV, inverse variance; SD, standard deviation.

Fig. 5

The forest plot of intraoperative fluoroscopy (number of times). Preoperative: the 3D printing model is only used for preoperative elements, such as surgical 
planning, tools determination, or surgery simulation. Operative: the 3D printing model is used in factors related to operating time, such as guidance or 
instrumentation. CI, confidence interval; IV, inverse variance; SD, standard deviation.
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compared to the control group (SMD 0.72, 95% CI 
0.15 to 1.28, p = 0.010, z- test). This was also significant 
for 3D printing in lower limb surgery compared to the 
control group (SMD 0.28, 95% CI 0.08 to 0.48, p = 0.006, 
z- test). There was no significant difference for 3D printing 
in upper limb surgery compared to the control group. 
The trial sequential analysis (TSA) showed that the result 

was significant and favoured 3D printing. The cumula-
tive Z- curve had crossed the conventional boundary and 
monitoring boundary for benefit. The number of patients 
was 643, which was higher than the required information 
size.
Complications. A total of 13 studies reported on compli-
cations. Results showed that these were not significantly 

Fig. 6

The forest plot of bone union time (mths). CI, confidence interval; IV, inverse variance; SD, standard deviation.

Fig. 7

The forest plot of visual analogue scale (VAS). CI, confidence interval; IV, inverse variance; SD, standard deviation.

Fig. 8

The forest plot of subgroup analysis for accuracy. CI, confidence interval; IV, inverse variance; M- H, Mantel- Haenszel; SD, standard deviation.
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different between the 3D printing group and the con-
trol group (SMD 0.66, 95% CI 0.37 to 1.17, p = 0.160). 
Subgroup analysis of upper limb, spine, or lower limb/
pelvis surgery did not show significant differences ei-
ther (Figure 10).

Discussion
There has been an increase in 3D printing applications 
in orthopaedics in the past decade. Although numerous 
studies have been published, a substantial amount are 
case reports and case series. In fact, many systematic 
reviews have also incorporated these studies.9,34 A 
high level of evidence is necessary to determine the 
application and actual effect of 3D printing. Further-
more, there is currently a lack of pooled evidence on 
follow- up function, pain, and bone union,9,34,35 as well 
as subgroup analysis on the preoperative and intraop-
erative usage. With the recent increase in the number 
of RCTs, the aim of this study was to perform a scoping 
review with level I evidence in orthopaedics. A scoping 

review aids in providing current knowledge in the field 
by mapping the body of the literature on a topic.35

3D printing in templating has been performed in 
numerous studies and applications. It has been demon-
strated that 3D printing for developmental dysplastic 
hips shows that the positioning was comparable with the 
conventional group. However, operating time and blood 
loss were significantly less for the 3D printing group.36 
Its usefulness in optimizing inventory stock has also been 
shown, with 93% and 89% correctness in predicting 
the sizes for the acetabular and femoral components, 
respectively. This has led to a 61% reduction of implant 
inventory size.37 More importantly, in complex revision 
hip arthroplasties, the use of 3D printing allows for better 
evaluation of anatomy with accurate templating. Acetab-
ular component, augment, buttress, and cage size can be 
trialled before surgery. This improves preoperative plan-
ning and would prove to be a useful clinical tool.38

The operating time with 3D printing was signifi-
cantly shorter compared to the control group. In fact, 

Fig. 9

The forest plot of functional score in different locations including the elbow, ankle, knee, wrist, and spine. CI, confidence interval; IV, inverse variance.
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this was present for both preoperative and intraoper-
ative use. Further subgroup analysis showed that the 
operating time for upper limb surgeries benefited with 
3D printing. With better preoperative surgical plan-
ning, it is expected that operating times will shorten. 
Contouring of plates onto fractures can take consid-
erable time and can prolong surgery; therefore, 3D 
models for surgical planning prepared prior to surgery 
can save significant time.39 It is also useful in complex 
cases to have a rehearsal of the operation, surgical 
simulation, and intraoperative referencing.40 More 
importantly, a study from 2020 has shown that shorter 
surgeries can reduce operating theatre costs as proce-
dure time is shortened,41 and there are decreased staff 
and operating theatre overheads. Other than ortho-
paedics, 3D printing has also been found to save costs 
in other specialities, including craniofacial reconstruc-
tion surgery.42 Particularly with the ageing population 
and increase in osteoporotic fractures, there is also 
an expected increase in the number of more complex 
surgeries.43,44

Blood loss and fluoroscopy times were significantly 
less compared to control groups in our meta- analysis. 

Both preoperative and intraoperative use of 3D printing 
was also significant (all p- values < 0.001, z- test). With 
shorter operating time and pre- planned surgery, the 
blood loss is understandably shorter, and postoper-
ative functional recovery is also enhanced.45 The use 
of custom models is also patient- specific and provides 
an accurate approach for each patient. Furthermore, 
templating of implants prior to surgery would also 
significantly reduce fluoroscopy times as trials are 
reduced. Further analysis revealed that upper limb and 
lower limb surgeries had reduced blood loss. Although 
a trend emerged for spine surgery, it was not statisti-
cally significant (p = 0.270, z- test). This may be related 
to the more extensive dissection for spine surgeries, as 
well as the limited number of studies available for anal-
ysis. Future studies using 3D printing for spine surgery 
would reveal more evidence for the efficacy of reducing 
blood loss.

Radiation risks can lead to potentially serious conse-
quences, especially to the healthcare personnel and 
the patient. In fact, studies have shown that ortho-
paedic surgeons have a significantly increased risk 
of cancer.46,47 During an operation, sensitive organs 

Fig. 10

The forest plot of subgroup analysis for complications. CI, confidence interval; IV, inverse variance; M- H, Mantel- Haenszel; SD, standard deviation.
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include the thyroid, eyes, hands, and gonads.48 Based 
on this, the International Commission on Radiolog-
ical Protection has also set dosage limits for radiation 
to protect personnel.49 The use of 3D printing models 
would provide a benefit by reducing occupational 
hazards. It was shown with subgroup analysis that both 
upper limb and lower limb surgeries benefited with 
decreased fluoroscopy time compared to respective 
control groups.

It has been largely controversial as to whether 3D 
printing technologies aid in enhanced fracture union. 
Our results show that the pooled effect is significantly 
better. With quicker surgery, decreased blood loss, 
and increased accuracy, the biology of the fracture 
is preserved. This finding is important, especially in 
orthopaedic trauma where enhanced fracture healing 
can result in faster rehabilitation and return to func-
tion of the patient. Subgroup analysis also showed 
that lower limb and pelvis surgery resulted in quicker 
union. This reinforces the fact that mobilization can be 
enhanced. As for the pain score, although the subgroup 
analysis did not show significant difference in all three 
subgroups, it is likely due to the limited number of 
studies for analysis, as pooled analysis showed that 3D 
printing could significantly relieve pain compared with 
the control group.

Our study also analyzes the follow- up function of 
patients, and the pooled effect also correlated with 
improved function of these patients. Subgroup analysis 
also showed a significant effect on the lower limb and 
spine. As faster union rates, shorter surgeries, and blood 
loss are related to rehabilitation, it is also expected 
that function would improve. Besides bone fractures, 
diseases of articular cartilage are also prevalent. There 
has been an increase in biomaterials used to promote 
cartilage regeneration.50 3D bioprinting technology has 
also assisted the shaping of meniscus through stem cell- 
based materials,51 which has the potential to be clin-
ically translated into bioactive implants in the future.

Our results showed that accuracy significantly 
improved with 3D printing compared to control group. 
This is clinically important as often anatomical reduc-
tion of fractures is required to prevent early degenera-
tion and pain. Furthermore, the implications of accurate 
placement of pedicle screws are also important, as 
misplacement can lead to serious neurological injuries. 
More importantly, the use of 3D printing did not result 
in increased complications, which shows the safety of 
its use in various orthopaedic surgeries.

The use of 3D printing has also spread to medical 
teaching. Recent 3D- printed models allow for improved 
identification and understanding of complex anatomy, 
which is often difficult to appreciate with traditional text-
books. Previous studies have shown that 3D printing is 
suitable for teaching anatomy with the high resolution 
and colour reproductions now available.52,53 It also has 
advantages over traditional cadaver specimens with the 
health and safety issues of formalin fluids, costs, and 

access.54 Furthermore, current 3D- printed models often 
differ from cadavers by less than 2 mm, displaying accu-
rate depictions of anatomy, with positive feedback from 
medical students.55 These 3D models can also be used 
to teach and inform patients regarding their condition 
and the surgical procedure that they will be under-
going.56 Alongside the use of 3D printing in teaching 
orthopaedics, the technology has also been adopted 
in other specialities including cardiac and vascular 
surgery,57 hepatic surgery,58 and ophthalmology.59

The strength of this study is that it incorporates only 
RCTs, which gives level I evidence. To the authors’ 
knowledge, this study also has the largest number of 
RCTs to date and gives the latest updated evidence of 
3D printing in the field of orthopaedics. It is also the 
first meta- analysis to assess the follow- up function, 
accuracy, and complications of studies, which provides 
valuable data in the effectiveness of 3D printing in 
the long term. Furthermore, we have analyzed the 
preoperative and intraoperative effectiveness, as well 
as regions of surgery in various parameters. However, 
surgeons should be cautious when using 3D printing 
for simulation and personalized cutting jigs, as CT 
image reconstruction may not fully reflect the thick-
ness of the periosteum and soft- tissue on bone, which 
may result in improper placement of the cutting jig. 
This could potentially affect the accuracy of various 
surgeries including fracture fixation, deformity correc-
tions, tumour excision, and arthroplasties. Further-
more, when using personalized jigs, there may be more 
soft- tissue dissection to ensure accurate placements.

The limitation of this study is the level of heteroge-
neity of studies, and the fact that different surgeries 
were performed in the selected RCTs. Furthermore, for 
the pooled data for bone union time and pain, there 
were only five studies that were available for each anal-
ysis. More convincing evidence would be available if 
future studies concentrate in these parameters.

In conclusion, 3D printing is a rapidly developing 
field in orthopaedics. This study provides level I quality 
evidence of its current applications and effectiveness. 
Our findings show that 3D printing is advantageous in 
terms of operating time, blood loss, fluoroscopy times, 
bone union time, accuracy, function, and pain. The use 
of 3D printing is still in its early stages and develop-
ment in medical teaching and orthotics. Further RCTs 
will delineate its full potential in these areas.

Supplementary material
  The characteristics of the randomized controlled 

trial studies, subgroup analysis figures, and trial 
sequential analysis figure.
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