Bai et al. Journal of Orthopaedic Surgery and Research (2018) 13:283 .
https://doi.org/10.1186/s13018-018-0976-x Journal of Orthopaedic

Surgery and Research

SYSTEMATIC REVIEW Open Access

Efficacy and safety of 3D print-assisted ® e
surgery for the treatment of pilon fractures:

a meta-analysis of randomized controlled

trials

Jianzhong Bai'", Yongxiang Wang?', Pei Zhang', Meiying Liu', Peian Wang?, Jingcheng Wang®" and Yuan Liang?"

Abstract

Objective: To compare the effects of 3D print-assisted surgery and conventional surgery in the treatment of pilon
fractures.

Methods: PubMed, Embase, Web of Science, CNKI, CBM, and WanFang data were searched until July 2018. Two
reviewers selected relevant studies, assessed the quality of studies, and extracted data. For continuous data, a
weighted mean difference (WMD) and 95% confidence intervals (Cl) were used. For dichotomous data, a relative
risk (RR) and 95% Cl were calculated as the summary statistics.

Results: There were seven randomized controlled trials (RCT) enrolling a total of 486 patients, 242 patients underwent
3D print-assisted surgery and 244 patients underwent conventional surgery. The pooled outcomes demonstrate 3D
print-assisted surgery was superior to conventional surgery in terms of operation time [WMD = —26.16, 95% Cl (—33.19,
—19.14), P< 0.001], blood loss [WMD = —63.91, 95% CI (— 79.55, — 48.27), P < 0.001], postoperative functional scores
[WMD =8.16, 95% Cl (5.04, 11.29), P < 0.001], postoperative visual analogue score (VAS) [WMD =—0.59, 95% CI (— 1.18,
—0.01), P=0.05], rate of excellent and good outcome [RR = 1.20, 95% Cl (1.07, 1.34), P=0.002], and rate of anatomic
reduction [RR= 135, 95% CI (1.19, 1.53), P < 0.001]. However, there was no significant difference between the groups
regarding the rate of infection [RR=0.51, 95% Cl (0.20, 1.31), P=0.16], fracture union time [WMD =—-0.85, 95%
Cl (= 1.79, 0.08), P=0.07], traumatic arthritis [RR=0.34, 95% C| (0.06, 2.09), P=0.24], and malunion [RR=0.34,
95% Cl (0.06, 2.05), P=0.24].

Conclusions: Our meta-analysis demonstrates 3D print-assisted surgery was significantly better than conventional
surgery in terms of operation time, blood loss, postoperative functional score, postoperative VAS, rate of excellent and
good outcome, and rate of anatomic reduction. Concerning postoperative complications, there were no significant
differences between the groups.

Keywords: Three-dimensional, 3D printing, Computer-assisted, Pilon fractures, Surgery

* Correspondence: wangjcyangzhou@163.com; 464156241@qqg.com
TJianzhong Bai and Yongxiang Wang contributed equally to this work.
“Clinical Medical College, Yangzhou University, Yangzhou 225001, China
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-018-0976-x&domain=pdf
mailto:wangjcyangzhou@163.com
mailto:464156241@qq.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Bai et al. Journal of Orthopaedic Surgery and Research (2018) 13:283

Introduction

Pilon fractures are usually caused by high energy trauma,
accompanied by multiple metaphyseal fragments, dis-
placed intra-articular comminution, and severe soft tis-
sue injuries: this is a substantial problem for experienced
orthopedic surgeons [1, 2]. The purpose of surgical
treatment is an anatomic reduction of the articular frag-
ments, firm fixation, and early functional exercise [3, 4].
However, postoperative complications seriously affect
the effects of surgery, such as severe pain, skin necrosis,
malunion, implant failure, joint stiffness, and even post-
traumatic arthritis [5, 6]. Therefore, it is necessary to
seek a new method to reduce postoperative complica-
tions and improve the outcomes of surgery.

Recently, 3D printing technology has developed rap-
idly in the medical field [7], primarily using a 3D digital
model to build a 1:1 fracture model based on the pa-
tient’s imaging data. Furthermore, surgeons can perform
a pre-operation to identify unforeseen problems during
surgery that could assist in formulation of preoperative
planning, simulation of the surgical procedure, and
achievement of better surgical outcomes [8]. However,
there are no relevant meta-analyses or clinical guides to
assess the effects of 3D print-assisted surgery for the treat-
ment of pilon fractures. It is unclear whether 3D
print-assisted surgery can significantly improve the post-
operative outcomes of patients compared to conventional
surgery. Therefore, we performed this meta-analysis to
identify the issue and then provided a better treatment
strategy for clinicians.

Methods

We carried out this meta-analysis strictly according to
the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) statement [9] and the
Cochrane Collaboration guidelines.

Search strategy

PubMed, Embase, Web of Science, CNKI, CBM, and
WanFang data were searched until July 2018. Besides,
we manually searched the reference lists of all included
relevant publications to identify potential studies. We
considered articles published in any language. The fol-
lowing keywords were adopted in the database search:
“pilon fractures,” “3D printing,” “computer-assisted,” and
“surgery.” The Boolean operators were used to combine
them.

” «

Study selection and eligibility criteria

The inclusion criteria were as follows: (1) pilon fractures
diagnosed by validated screening or diagnostic instru-
ments, (2) the study compared 3D print-assisted surgery
with conventional surgery for the treatment of pilon frac-
tures, (3) the study design was randomized controlled trial
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(RCT), (4) Chinese articles included must have title and
abstract in English, and (5) the study contained at least
one of the following indicators: operation time, blood loss,
postoperative functional score, rate of excellent and good
outcome, rate of anatomic reduction, or postoperative
complications. The exclusion criteria were as follows: (1)
other types of fractures, (2) studies provided insufficient
data, and (3) case report, review, commentary, or study
only included an abstract (Table 1).

Data extraction

Two reviewers performed data extraction. The following
information was extracted from eligible studies: author,
year, study design, sample size, age, postoperative out-
comes, and classification of pilon fractures. Any dis-
agreements were resolved by discussion to reach a
consensus. All extracted data were entered into a prede-
fined standardized Excel (Microsoft Corporation, USA)
file carefully.

Quality assessment

We evaluated the quality of the RCTs according to the
methods of the 12-item scale [10]. Each item was scored
“Yes,” “Unclear,” or “No.” A study with a score of more
than 7 “Yes” response was considered as of high quality,
5-7 was considered as of moderate quality, and 0—4 was
considered as of low quality.

Statistical analysis

Statistical analyses were performed by using Revman 5.3
software. For continuous outcomes, weighted mean dif-
ference (WMD) with 95% CI was used. For dichotomous
data, relative risk (RR) with 95% CI was calculated as the
summary statistics. P <0.05 was regarded as statistically
significant. The I statistic assessed statistical heterogen-
eity, with * value more than 50% indicating significant
heterogeneity, the random-effects model was used to do
the analysis; otherwise, the fixed-effects model was used.
In addition, sensitivity analyses were conducted to insure
the accuracy of the outcomes.

Results

Search result

A total of 84 potentially relevant references were found.
We removed 39 duplicate studies. By scanning the titles
and abstracts, 37 studies were excluded from the
analysis. After full texts were carefully read according to
eligibility, one study was excluded because it was not an
RCT [11]. Finally, seven studies were included in quanti-
tative synthesis [12-18]. The characteristics of all
included studies are shown in Table 1. Details of the
study selection process are shown in Fig. 1.
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Table 1 Characteristics of included studies

Studies Year Study year Groups Sample size Age + mean (year) Pilon fracture classification
Huang et al. 2015 2008-2013 3D 31 486 RA: 19,1112, 11110
C 30 486 RA: 17,1115, 111'8
Tang et al. 2015 2012-2014 3D 32 384+28 RA: 1112, 111 20
C 32 372+24 RA: 1115, 11117
Fan et al. 2016 2014-2015 3D 50 435+35 RA: 1120, 1l 30
C 50 435+35 RA: 11121, 111 29
Lietal 2016 2013-2014 3D 30 348+6.0 AO:13 C2,17 C3
C 30 358+6.2 AO:12 C2,18 C3
Gu et al. 2017 2011-2015 3D 36 389+59 RA: 11115, 111 21
C 36 396+£55 RA 112, 111 24
Ou et al. 2017 NR 3D 18 374+37 RA: 1110, 111 8
@ 18 384+35 RA: 119, 1119
Zheng et al. 2018 2013-2016 3D 45 412+93 AO:5 C1, 14 C2, 26 C3
C 48 425+90 AO: 8 C1,17 C2,23 C3

3D 3D print-assisted surgery, C conventional surgery, RA Ruedi-Allgower, NR no report

c
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c
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Fig. 1 The flow chart of studies selecting
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Quality assessment

The details of the quality assessment of included studies
are shown in Table 2. Five studies [12, 13, 15, 17, 18]
were of high quality, and two studies [14, 16] were of
moderate quality. The randomization methods were ex-
plicitly introduced in five studies [12, 13, 15, 17, 18]. No
study reported blinding of outcome assessment. How-
ever, all of the included studies were reported with
complete outcome data.

Clinical outcomes

Operation time (mins)

The operation time was reported in seven studies [12—
18], and the pooled results demonstrated that the 3D
print-assisted surgery group had a significantly shorter
operation time than did the conventional surgery group
[WMD = - 26.16, 95% CI (- 33.19, - 19.14), P < 0.001,
I* =95%, Fig. 2].

Blood loss (ml)

Five studies [12, 13, 15-17] provided available data, and
the pooled results demonstrated that the 3D print-assisted
surgery group had a significantly less blood loss than the
conventional surgery group [WMD =-63.91, 95% CI
(- 79.55, — 48.27), P < 0.001, I* = 93%, Fig. 3].

Postoperative functional scores

Five studies [12, 13, 15-17] provided available data, and
the pooled results demonstrated that the 3D print-assisted
surgery group had a significantly higher functional score
than did the conventional surgery group [WMD =8.16,
95% CI (5.04, 11.29), P < 0.001, I* = 64%, Fig. 4].

The rate of excellent and good outcomes

Four studies [14, 15, 17, 18] provided available data, and
the pooled results demonstrated that the 3D
print-assisted surgery group had a higher rate of excel-
lent and good outcomes than did the conventional
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surgery group [RR =1.20, 95% CI (1.07, 1.34), P =0.002,
I = 0%, Fig. 5].

The rate of anatomic reduction

Three studies [12, 13, 17] provided available data, and the
pooled results demonstrated that the 3D print-assisted
surgery group had a higher rate of anatomic reduction
than the conventional surgery group [RR=1.35, 95% CI
(1.19, 1.53), P < 0.001, I* = 14%, Fig. 5].

Fracture union time (month)

Three studies [15-17] provided available data concern-
ing fracture union time, and the pooled outcomes dem-
onstrated that there was no significant difference
between the groups [WMD =-0.85, 95% CI (-1.79,
0.08), P =0.07, I? = 96%, Fig. 6].

Postoperative VAS

Two studies [15, 17] provided available data, and the
pooled outcomes demonstrated that 3D print-assisted
surgery group had a lower VAS than the conventional
surgery group [WMD =-0.59, 95% CI (- 1.18, - 0.01),
P=0.05, > =71%, Fig. 6].

Traumatic arthritis

Two studies [17, 18] provided available data, and the pooled
results demonstrated that two surgical methods have a
similar effect regarding the rate of traumatic arthritis [RR =
0.34, 95% CI (0.06, 2.09), P = 0.24, I* = 0%, Fig. 7).

Malunion

Two studies [17, 18] provided available data regarding
malunion, and the pooled results demonstrated there
was no significant difference between the groups [RR =
0.34, 95% CI (0.06, 2.05), P = 0.24, I” = 3%, Fig. 7].

Infection rate
Three studies [14, 15, 17] provided available data concern-
ing infection rate, and the pooled results demonstrated

3D group Conventional group
I D Total n D |_Wei
Fan 2017 51.3 685 50 8555 11.25 50 16.0%
Gu 2017 628 55 36 853 7.6 36 16.2%
Huang 2015 1456 425 31 1856 645 30 47%
Li2016 651 48 30 805 36 30 16.5%
Ou 2011 52.33 6.71 18 8347 10.15 18 15.1%
Tang 2015 5129 6.83 32 8558 11.24 32 15.6%
Zheng 2018 741 82 45 902 109 48 15.9%
Total (95% Cl) 242 244 100.0%
Heterogeneity: Tau? = 76.85; Chi? = 128.14, df = 6 (P < 0.00001); I* = 95%
Test for overall effect: Z = 7.30 (P < 0.00001)
Fig. 2 The forest plot for operation time
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3D group conventional group Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD__ Total Weight 1V, Random, 95% CI 1V, Random, 95% ClI
Fan 2017 82.35 10.2 50 156.55 17.65 50 24.4% -74.20 [-79.85, -68.55] "
Gu 2017 428.6 1225 36 5583 135.7 36 5.4% -129.70 [-189.42, -69.98]
Ou 2011 95.71 10.21 18 143.87 16.79 18 23.2% -48.16 [-57.24, -39.08] -
Tang 2015 82.33 10.2 32 156.57 17.62 32 24.0% -74.24 [-81.29, -67.19] =
Zheng 2018 1171 20.7 45 159.8 26.5 48 23.0% -42.70 [-52.33, -33.07] -
Total (95% CI) 181 184 100.0%  -63.91 [-79.55, -48.27] ‘
ity Tay? = . Chiz = - .12 = 939, } } t }
.I:etfrfogeneltyl.l T?fu : ;5_2:3,102|< 05;633,1& 4 (P <0.00001); I> = 93% 200 100 0 100 200
est for overall effect: Z = 8.01 ( . ) 3D group conventional group
Fig. 3 The forest plot for blood loss

that the 3D print-assisted surgery group had a lower infec-
tion rate than the conventional surgery group, but there is
no significant difference between the groups [RR =0.51,
95% CI (0.20, 1.31), P = 0.16, I* = 0%, Fig. 7].

Sensitivity analysis

Due to fewer studies were included in some outcomes,
we only performed sensitivity analysis on the results of
operation time, blood loss, and postoperative functional
score. These outcomes all remained stable after the ex-
clusion of each study once a time.

Discussion

Main findings

Our meta-analysis demonstrated that the 3D print-
assisted surgery was significantly better than the conven-
tional surgery concerning operation time, blood loss,
postoperative functional score, postoperative VAS, rate
of excellent and good outcome, and rate of anatomic re-
duction. Although the 3D print-assisted surgery group
had a lower incidence rate than the conventional surgery
group concerning infection rate, traumatic arthritis, and
malunion, there were no significant differences between
the groups.

It is approximated that pilon fractures constitute 1% of
all lower extremity fractures and 5-10% of tibia fractures
[19]. Most pilon fractures require surgery, and the main
purpose is to firmly fix the intra-articular fragments and

restore the length and alignment, allowing for earlier
weight bearing and functional exercise [20]. Orthope-
dists usually formulate surgical plans based on X-ray,
CT, or other examination outcomes with conventional
surgery [21]. However, pilon fractures are severely com-
minuted fractures, and the ankle joints are often accom-
panied by severe collapse and loss of bone. Conventional
imaging outcomes cannot directly display the specific
shape of the fracture, and even sometimes omit occult
fractures. The surgeon continues surgery based on clin-
ical experience when the intraoperative condition is not
consistent with the expected situation during surgery,
which possibly leads to change of the surgical plan, pro-
long the operation time, increase the blood loss, aggra-
vate the soft tissue injury, and even cause the failure of
the operation. Therefore, it is critical for surgeons to
perform a pre-surgery based on 3D printing model. They
can predict the problems that may be encountered dur-
ing the operation, such as the optimal surgical approach,
matched implant. Therefore, this surgical method
shortens the operation time and improves the effects of
surgery [22]. In addition, the surgeon can adequately
communicate with patients using this vivid fracture
model [23].

Although 3D printing technology promotes the devel-
opment of orthopedic surgery, it has some certain limi-
tations, such as increasing the economic burden of
patients. Besides, 3D printing technology requires high

3D group Conventional group Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD__Total Weight IV, Random, 95% Cl 1V, Random, 95% CI
Fan 2017 904 785 50 8135 935 50 23.0% 9.05[5.67, 12.43] -
Gu 2017 834 106 36 768 112 36 17.3%  11.60[6.56, 16.64] -
Ou 2011 899 71 18 804 8.3 18  17.3% 9.50 [4.45, 14.55] -
Tang 2015 9042 7.84 32 8134 928 32 20.1% 9.08 [4.87, 13.29] -
Zheng 2018 874 87 45 847 9 48 22.2% 2.70[-0.90, 6.30] ™
Total (95% Cl) 181 184 100.0%  8.16 [5.04,11.29] 2
Heterogeneity: Tau? = 8.05; Chi? = 11.22, df = 4 (P = 0.02); 12 = 64% * ‘ ‘ ‘
Test for overall effect: Z =5.12 (P < 0.00001) % 253D group 0ConventioanaI group K
Fig. 4 The forest plot for postoperative functional score
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Test for subaroup differences: Chi2=1.89.df =1 (P =0.17). 2=471%

3D group Conventional group Risk Ratio Risk Ratio
r I Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed. 95% Cl
4.1.1 Rate of excellent and good outcomes
Gu 2017 34 36 28 36 26.4% 1.21[1.00, 1.47] il
Huang 2015 21 3 20 30 19.2% 1.31[0.98, 1.74] Bl
Li 2016 23 30 22 30 20.7% 1.05[0.78, 1.40] -
Zheng 2018 42 45 37 48 33.7% 1.21[1.02, 1.44] -
Subtotal (95% Cl) 142 144 100.0% 1.20 [1.07, 1.34] ¢
Total events 126 107
Heterogeneity: Chiz = 1.22, df = 3 (P = 0.75); I = 0%
Test for overall effect: Z=3.13 (P = 0.002)
4.1.2 Rate of anatomic reduction
Fan 2017 47 50 35 50 39.8% 1.34[1.11, 1.63] &
Tang 2015 29 32 18 32 20.5% 1.61[1.16, 2.23] -
Zheng 2018 41 45 36 48 39.7% 1.21[1.01, 1.46] -
Subtotal (95% Cl) 127 130 100.0% 1.35[1.19, 1.53] L 2
Total events 117 89
Heterogeneity: Chiz =2.34, df =2 (P = 0.31); I?= 14%
Test for overall effect: Z = 4.58 (P < 0.00001)
0.2 05 1 2 5

Fig. 5 The forest plot for rate of excellent and good outcome and rate of anatomic reduction

3D group Conventional group

requirements, complicated operating technique, and ex-
pensive 3D printing instruments that limit the promo-
tion of this technology. Furthermore, for some complex
intra-articular fractures, reconstruction and printing of
3D models increase preoperative preparation time, so
this technique is not suitable for emergency surgery. An-
other disadvantage of 3D printing technology is that it

cannot be displayed for soft tissues, such as vasculars
and nerves.

Currently, there remains a lack of attention to the treat-
ment of pilon fractures with 3D print-assisted surgery,
and to the best of our knowledge, there has been no
meta-analysis of the comparison between the methods.
Our meta-analysis demonstrated that 3D print-assisted

Heterogeneity: Tau? = 0.65; Chi? = 51.65, df = 2 (P < 0.00001); I> = 96%
Test for overall effect: Z = 1.80 (P = 0.07)

5.1.2 Postoperative VAS

Heterogeneity: Tau? = 0.13; Chi? = 3.46, df = 1 (P = 0.06); I>= 71%
Test for overall effect: Z = 1.98 (P = 0.05)

Test for subaroup differences: Chi? = 0.22. df = 1 (P = 0.64). I* = 0%
Fig. 6 The forest plot for fracture union time and postoperative VAS

3D group Conventional group
Study or Subgroup Mean SD Total Mean SD__Total Weight
5.1.1 Fracture union time (month)
Gu 2017 66 08 36 84 0.6 36 33.5%
Ou 2011 355 03 18 4 032 18  34.4%
Zheng 2018 5 11 45 53 1.2 48 32.1%
Subtotal (95% CI) 99 102 100.0%

Gu 2017 33 09 36 42 1.1 36 48.9%
Zheng 2018 26 09 45 29 1.2 48 51.1%
Subtotal (95% CI) 81 84 100.0%

Mean Difference
IV, Random, 95% Cl

Mean Difference
IV, Random, 95% Cl

-1.80[-2.13, -1.47]
-0.45[-0.65, -0.25]
-0.30[-0.77,0.17)
-0.85[1.79, 0.08]
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-
—]
-

-0.90 [-1.36, -0.44]
-0.30 [-0.73, 0.13]
-0.59 [-1.18, 0.01]

‘.

2 A 0 1 2
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3D group Conventional group Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H, Fixed, 95% CI M-H., Fixed, 95% Cl
6.1.1 Traumatic arthritis
Huang 2015 0 3 2 30 56.8% 0.1910.01, 3.88] — &
Zheng 2018 1 45 2 48 43.2% 0.53[0.05, 5.68] — &
Subtotal (95% Cl) 76 78 100.0%  0.34 [0.06, 2.09] .
Total events 1 4
Heterogeneity: Chiz = 0.27, df = 1 (P = 0.60); I = 0%
Test for overall effect: Z=1.16 (P = 0.24)
6.1.2 mal-union
Huang 2015 0 31 3 30 786%  0.14[0.01,257] ——T
Zheng 2018 1 45 1 48 21.4%  1.07[0.07, 16.55] - r
Subtotal (95% Cl) 76 78 100.0%  0.34 [0.06, 2.05] .
Total events 1 4
Heterogeneity: Chi? = 1.03, df =1 (P = 0.31); I?= 3%
Test for overall effect: Z=1.18 (P = 0.24)
6.1.3 Infection rate
Gu 2017 1 36 3 36 25.3% 0.33[0.04, 3.06] - =
Li2016 2 30 5 30 421% 0.40[0.08, 1.90] — &7
Zheng 2018 3 45 4 48 32.6% 0.80[0.19, 3.38] j_
Subtotal (95% Cl) 11 114 100.0%  0.51[0.20, 1.31]
Total events 6 12
Heterogeneity: Chi? = 0.61, df =2 (P = 0.74); I = 0%
Test for overall effect: Z = 1.39 (P = 0.16)
0.001 0.1 1 10 1000
. . 3D group Conventional group
Test for subaroup differences: Chi2 = 0.26. df =2 (P = 0.88). 12 = 0%
Fig. 7 The forest plot for rate of traumatic arthritis, malunion, and infection rate

surgery has advantages in terms of operation time, blood
loss, and functional scores, similar to the previous studies
[12-17]. However, both groups had similar infection rates,
the pooled results consistent with the results of Li et al.
and Zheng et al. [14, 17]. In theory, 3D print-assisted sur-
gery has shorter operative time and less blood loss, so the
infection rate should be lower, which requires a large sam-
ple of RCTs to update this conclusion.

Limitations

Although this was the first meta-analysis to compare 3D
print-assisted surgery with conventional surgery for the
treatment of pilon fractures based on seven RCTs, there
was a small sample size of included studies, possibly af-
fecting the accuracy of our conclusions. Besides, this
meta-analysis had a higher heterogeneity in some pooled
outcomes; unequal levels of regional medical care, vary-
ing follow-up time, different levels of the operators, and
degree of patient injury may contribute it.

Conclusions
Our meta-analysis demonstrates 3D print-assisted surgery
was significantly better than the conventional surgery in

terms of operation time, blood loss, postoperative func-
tional score, postoperative VAS, rate of excellent and good
outcome, and rate of anatomic reduction. Although the 3D
print-assisted surgery group had a lower incidence rate than
the conventional surgery group concerning infection rate,
traumatic arthritis, and malunion, there were no significant
differences between the groups. Future large-volume,
well-designed RCTs with extensive follow-up are awaited to
confirm and update the findings of this analysis.
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