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Abstract 

Background:  The TiRobot is the only robot that has been reported in the literature for posterior pelvic injuries. We 
aim to compare TiRobot-assisted pelvic screw fixation with the conventional fluoroscopy-assisted percutaneous 
sacroiliac screw fixation.

Methods:  We conducted a meta-analysis to identify studies involving TiRobot‑assisted versus conventional percu-
taneous sacroiliac screw fixation for pelvic ring injuries in electronic databases, including Web of Science, Embase, 
PubMed, Cochrane Controlled Trials Register, Cochrane Library, Highwire, CBM, CNKI, VIP, and WanFang database, up 
to April 2022. The following keywords were used: “TiRobot,” “robot,” “robotic,” “pelvic fracture,” “screw fixation,” “percuta-
neous,” and “pelvic ring injury.” Pooled effects of this meta-analysis were calculated using STATA SE version 15.0.

Results:  Compared with conventional fluoroscopy-assisted percutaneous sacroiliac screw fixation, TiRobot will 
result in less radiation exposure time of screw implantation (P = 0.000), less frequency of intraoperative fluoroscopy 
(P = 0.000), fewer guide wire attempts (P = 0.000), less intraoperative blood loss (P = 0.005), better screw accuracy 
(P = 0.011), better Majeed score (P = 0.031), and higher overall excellent and good rates of Majeed score (P = 0.018). 
However, there were no significant differences in terms of operative time (P = 0.055), fracture healing time (P = 0.365), 
and overall excellent and good rate of reduction accuracy (P = 0.426) between the two groups.

Conclusion:  TiRobot-assisted fixation has less intraoperative fluoroscopy and intraoperative blood loss, superior 
screw accuracy, and Majeed score compared with conventional percutaneous sacroiliac screw fixation. TiRobot has no 
significant effect on operative time, fracture healing time, and reduction accuracy. Given the relevant possible biases 
in our meta-analysis, we required more adequately powered and better-designed RCT studies with long-term follow-
up to reach a firmer conclusion.
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Introduction
Pelvic fractures constitute up to 2–8% of all skeletal frac-
tures. Pelvic fractures are usually unstable and are caused 
by high-energy trauma with a disability rate of 60% and 
a mortality rate of more than 13% [1, 2]. Unstable pelvic 
ring fractures often require simultaneous fixation of both 
the anterior and posterior pelvic rings to avoid serious 
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complications, including chronic pain and sexual, bowel 
and bladder dysfunction [3–5].

Traditional fixation methods include open reduction 
internal fixation with plates from the anterior and poste-
rior pathways, external fixation, and minimally invasive 
percutaneous screw fixation [5, 6]. With the advance-
ment of medical technology and the popularization of 
minimally invasive concepts, the clinical application of 
open reduction and plate fixation is less frequent at pre-
sent [6]. The percutaneous IS screw fixation is becoming 
increasingly popular worldwide with the advantages of 
less surgical trauma, less bleeding, fewer infection rates, 
fewer complications, earlier mobilization, and benefits 
for second-stage anatomical reconstruction surgery [6]. 
However, due to the unique anatomical structure of the 
posterior pelvic ring and the numerous influencing fac-
tors during C-arm fluoroscopies, such as morbidly obese 
patients or bowel gas, it is challenging to ensure the best 
position of each screw through manual operation under 
X‐ray monitoring [7]. Only a 4°deviation during the ili-
osacral screw insertion can lead to penetration of the 
anterior cortex of the sacrum or S1 foramina [8]. Several 
studies showed that the malposition rates of IS screw 
under traditional fluoroscopic guide were 2–15%, and the 
neurologic injury rates were 1–7% [8, 9]. Another limi-
tation is that static two-dimensional (2D) intraoperative 
fluoroscopic imaging is inadequate for three-dimensional 
(3D) fragment alignments, necessitating repeat intraop-
erative images, which leads to prolonged radiation expo-
sure to the patient and medical staff [10].

Furthermore, up to 44% of patients have Sacral 1 dys-
morphism, which may influence the position of the screw 
[11, 12]. Percutaneous insertion is a highly demanding 
and challenging operative technique due to the complex 
pelvic anatomy, requiring skillful correlation of fluoro-
scopic images and bony landmarks [13]. Therefore, we 
need to find a safe and effective method to solve these 
problems.

Robotics and artificial intelligence applied to ortho-
pedics have become an exciting topic. Various robot-
assisted orthopedic surgery (RAOS) is currently available 
on the market. Each addresses specific surgeries and is 
characterized by special features that may involve differ-
ent requirements or modus operandi. RAOS has been 
utilized in a variety of orthopedic operations, includ-
ing fracture fixation for traumatic surgery, total hip and 
total knee arthroplasty [14, 15], spine surgery [16, 17], 
bone tumor surgery [18], arthroscopy [19], and fracture 
fixation for traumatic surgery [20]. However, few RAOS 
focus on screw implantation in pelvic fractures. The 
third RAOS, “TiRobot” (TINAVI Medical Technologies 
Co. Ltd., Beijing, China) from China has been certified 
by the China Food and Drug Administration (CFDA). It 

is the only robot that has been reported in the literature 
for posterior pelvic injuries. To our knowledge, there has 
been only one meta-analysis comparing TiRobot‑assisted 
versus fluoroscopy-assisted percutaneous sacroiliac 
screw fixation for pelvic ring injuries. However, the pre-
vious meta-analysis only included four observational 
studies, and all included studies are English articles. 
Considering that the TiRobot is only used in China, the 
restriction of the previous meta-analysis to English-lan-
guage publications potentially limits the power that could 
be obtained with the inclusion of patient enrollment from 
Chinese-language studies. Finally, the previous meta-
analysis did not do the pooled analysis of screw accu-
racy, reduction accuracy, and overall excellent and good 
rates of Majeed score. Thus, based on the current studies 
comparing TiRobot‑assisted versus fluoroscopy-assisted 
percutaneous sacroiliac screw fixation. We performed a 
meta-analysis, which includes English studies and Chi-
nese studies. Moreover, our results included pooled anal-
ysis of screw accuracy, reduction accuracy, and overall 
excellent and good rates of Majeed score, which would 
provide a more exact conclusion and could supplement 
the previous meta-analysis.

Methods
The current meta-analysis was registered on PROSPERO 
(International prospective register of systematic reviews), 
and the registration number was CRD42022318898. We 
strictly followed the PRISMA (preferred reporting items 
for systematic review and meta-analysis) guidelines to 
conduct this analysis according to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
statement [21].

Search strategy
We identified studies involving TiRobot‑assisted and 
fluoroscopy-assisted percutaneous sacroiliac screw fixa-
tion for pelvic ring injuries in electronic databases up 
to April 2022. The databases included Web of Science, 
Embase, PubMed, Cochrane, Controlled Trials Register, 
Cochrane Library, Highwire, CBM, CNKI, VIP, and Wan-
Fang database up to April 2022. The keywords used were 
“TiRobot,” “robot,” “robotic,” “pelvic fracture,” “screw fixa-
tion,” “percutaneous,” and “pelvic ring injury” in conjunc-
tion with Boolean operators “AND” or “OR.” There was 
no limitation on publication dates and language. We also 
reviewed the references of included studies and previous 
systematic reviews to identify other published or unpub-
lished studies.

Inclusion criteria
All randomized controlled trials (RCTs) and non-
randomized controlled trials (non-RCTs) comparing 
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TiRobot‑assisted and fluoroscopy-assisted percutane-
ous sacroiliac screw fixation for pelvic ring injuries were 
identified and included in the search strategy. These stud-
ies should meet the following inclusion criteria: (1) All 
papers with data on pelvic fracture were included. (2) 
TiRobot‑assisted percutaneous sacroiliac screw fixation 
for pelvic ring injuries was involved. (3) The comparator 
was conventional fluoroscopy-assisted percutaneous sac-
roiliac screw fixation in the original comparative study. 
(4) At least one of the following indexes was reported: 
radiation exposure time of screw implantation, frequency 
of intraoperative fluoroscopy, guide wire attempts, intra-
operative blood loss, operative time, fracture healing 
time, screw accuracy, Majeed score, overall excellent 
and good rates of Majeed score and reduction accu-
racy. The operative time was defined from the start after 
sterile draping to the end of skin closure, which means 
that for the robot group, the time for robot preparation 
is also included in the intraoperative time. During each 
X-ray exposure, the fluoroscopy system calculated and 
displayed the real-time exposure seconds. The total fluor-
oscopy time of each screw implantation was recorded, 
which included the fluoroscopy for verifying the cor-
rect position of the screw placement after screw-setting. 
Intraoperative blood loss is the sum of the amount of 
blood through the suction apparatus and the bleeding 
volume at the gauze. We also excluded studies that had 
unclear or incomplete sample data.

Data extraction process
Two independent researchers scanned the titles and 
abstracts of all literature searched, and they indepen-
dently extracted the available data from each study. 
After excluding the trials which did not meet the inclu-
sion criteria, we read the full text of the literature that 
might meet the inclusion criteria to determine whether 
this literature ultimately met the inclusion criteria. We 
extracted data based on the following: (1) research fea-
tures (i.e., authors, year of publication, type of study, 
and patient population), (2) population information (i.e., 
number of patients, gender, age, BMI, and type of injury), 
(3) pelvic fracture information (i.e., fracture type, comor-
bidity, the average time from injury to surgery), and (4) 
outcome information. We addressed the disagreements 
by discussion or by involving a third author. We con-
sulted the corresponding author to request missing data. 
If the necessary results are omitted, the first author will 
contact the authors by email or other means to obtain 
more data if necessary.

Assessment of studies
Two authors independently evaluated the methodo-
logical quality. We assessed the non-randomized studies 

using the nine-star Newcastle–Ottawa Scale (NOS), a 
validated tool suitable for evaluating the quality of non-
randomized studies [22]. According to the Cochrane 
Handbook for Systematic Reviews of Interventions [23], 
the methodological quality and basis of the RCTs were 
assessed as follows: randomization, allocation conceal-
ment, blind method, selective reporting, group similarity 
at baseline, incomplete outcome data, compliance, timing 
of outcome assessments, and intention-to-treat analysis. 
Two researchers independently assessed the studies, and 
disagreements between them were resolved through dis-
cussions with a third author or consensus.

Ethical consideration
Ethical approval is not required because this study is 
based on the existing literature. The findings of this sys-
tematic review will be disseminated through a peer-
reviewed journal.

Statistical analysis
Heterogeneity was evaluated using the chi-square sta-
tistic and was quantified using I2. P values ≤ 0.1 or I2 
value > 50% suggested high heterogeneity. Thus we used 
the randomized-effects model. Otherwise, we used the 
fixed-effects model [21]. In each study, we used the rela-
tive risk (RR) and relevant 95% confidence interval (CI) 
to measure dichotomous variables such as overall excel-
lent and good rates of Majeed score, reduction accuracy, 
and screw accuracy. The mean difference (MD) or stand-
ard MD was used to assess continuous outcomes such as 
radiation exposure time of screw implantation, frequency 
of intraoperative fluoroscopy, guide wire attempts, intra-
operative blood loss, operative time, fracture healing 
time, and Majeed score with a 95% confidence inter-
val (CI). We used statistical algorithms to estimate the 
standard deviation for those studies that provided only 
continuous variables for means and range [24]. If P val-
ues were less than 0.05, we considered the results as a 
statistically significant difference. Sensitivity analysis was 
used to assess the stability of the results (if necessary). 
Pooled effects of this meta-analysis were calculated using 
STATA SE version 15.0 (The Nordic Cochrane Center, 
The Cochrane Collaboration, Copenhagen, Denmark).

Results
Search results
The literature search and selection process are shown 
in Fig. 1. Finally, eleven publications from 2017 to 2022 
were included in our meta-analysis. The detailed liter-
ature screening process is shown in the PRISMA flow 
diagram in Fig.  1. We identified 237 relevant citations 
from the databases according to the literature search 
strategy described earlier. After deleting 188 duplicates, 
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we obtained 49 articles. After reviewing the titles and 
abstracts of the 49 remaining articles, 28 irrelevant 
clinical studies were excluded. By reading the 21 full-
text articles, we excluded another ten for the following 
reasons: (systematic) reviews, non-compare groups, 
cadaver research, animal research, and no useful out-
come data. The remaining eleven articles were deemed 
appropriate. Finally, we identified 628 patients assessed 
in 2 RCTs [25, 26] and 9 non-RCTs [27–35]

In Wang’s study [34], two subgroups compared 
TiRobot‑assisted versus conventional fluoroscopy-
assisted percutaneous sacroiliac screw fixation. One is 
the S1 group (only S1 screws were implanted), and the 
other is the S2 group (only S2 screws were implanted) 
according to the location of the implanted screw. So we 
divided the study into two groups, Wang 2020(S1) and 
Wang 2020(S2).

Fig. 1  We identified 237 relevant citations from the databases. After deleting 188 duplicates, we obtained 49 articles. After reviewing the titles and 
abstracts of the 49 remaining articles, 28 irrelevant clinical studies were excluded. By reading the 21 full-text articles, we excluded another 10. The 
remaining 11 articles were deemed appropriate
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Study characteristics and quality
The detailed baseline characteristics and general inter-
vention information are presented in Tables 1, 2, 3, and 
4. The articles were published in English and Chinese 
between 2017 and April 2022.

Risk‑of‑bias assessment
The methodological quality of the involved studies 
ranged from seven to nine (Table  5). The risk-of-bias 
summary and risk-of-bias graph for RCTs are presented 
in Table 6. As a result, the overall quality of the included 
studies was considered adequate.

Outcomes of meta‑analysis
The radiation exposure time of screw implantation
Eight studies reported radiation exposure time of 
screw implantation; we found statistical heterogene-
ity between the two groups (x2 = 83.9, df = 7, P = 0.000; 
I2 = 91.7%; see Fig.  2); thus, a random-effects model 
was used. The pooled results showed that compared 
with conventional percutaneous sacroiliac screw fixa-
tion, TiRobot would decrease radiation exposure time 
of screw implantation [MD = − 3.93, 95% CI (− 5.06, 
− 2.8), P = 0.000; Fig. 2].

Table 1  Summary of studies’ characteristics

RCT​ randomized control trial; RCS retrospective cohort study; PCS prospective cohort study. Summary of studies’ characteristics including year of publication, study 
design, and patient population

Summary of studies’ characteristics

References Type of study Patient population

Gu et al. [28] RCS Pelvic and acetabular fracture

Han et al. [32] RCS Posterior pelvic ring fracture

Hu et al. [27] RCS Posterior pelvic ring fracture

Li et al. [29] RCS Pelvic ring fractures

Liu et al. [33] PCS Pelvic ring fractures

Liu et al. [30] RCS Posterior pelvic ring fracture

Long et al. [31] PCS Posterior pelvic ring fracture

Wang et al. [25] RCT​ Posterior pelvic ring fracture

Wang et al. [34] (S1) RCS Posterior pelvic ring fracture

Wang et al. [34] (S2) RCS Posterior pelvic ring fracture

Wang et al. [35] RCS Pelvic ring fractures

Zhao et al. [26] RCT​ Posterior pelvic ring injuries

Table 2  Summary of patient demographic details for each study

Abbreviations: BMI, Body Mass Index. Summary of patient demographic information for each study including number of patients, gender, age, BMI, and type of injury

Author TiRobot/conventional

Patients Mean age (years) Female gender (%) BMI Type of injury

Gu [28] 15/15 72/79 26.7/40 22.48/2.13 Fall (4/3), traffic accident (7/7), high‐level fall (3/3); crush (1/2)

Han et al. [32] 38/25 38.66/40.08 71.1/76 25.85/24.72 NA

Hu et al. [27] 12/12 42.3/43.9 33.3/41.7 28.73/28.19 Traffic accident (7/6), high‐level fall (3/3); crush (2/3)

Li et al. [29] 47/48 40.3/41.5 70.2/27.1 NA Traffic accident (10/8), high‐level fall (21/23); crush (16/17)

Liu et al. [33] 24/21 37.4/39.8 37.5/40 29.8/28.9 Traffic accident (10/11), high‐level fall (8/7); crush (6/3)

Liu et al. [30] 10/32 36/34 20/25 NA Total: Traffic accident (34), high‐level fall (6); Other (2)

Long et al. [31] 56/35 35.95/35.68 42.9/40 NA Traffic accident (39/15), high‐level fall (14/19); Crush (3/1)

Wang et al. [25] 23/22 36/43 33/46.6 NA NA

Wang et al. [34] (S1) 59/29 44.02/43.66 39.35/42.5 NA NA

Wang et al. [34] (S2) 26/14 39.35/42.5 26.9/35.7 NA NA

Wang et al. [35] 32/21 40.8/39.9 43.75/47.6 22.9/23.8 Traffic accident (12/8), high‐level fall (12/7); Crush (8/6)

Zhao et al. [26] 7/5 39/42 28.6/40 19.37/20.21 NA
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Frequency of intraoperative fluoroscopy
Three studies reported the frequency of intraopera-
tive fluoroscopy. We found some statistical heterogene-
ity between the two groups (x2 = 4.58, df = 2, P = 0.101; 
I2 = 56.4%; see Fig.  2), and thus a random-effects model 
was used. The pooled results showed that compared with 
conventional percutaneous sacroiliac screw fixation, 
TiRobot would decrease the frequency of intraopera-
tive fluoroscopy [MD = − 2.62, 95% CI (− 3.28, − 1.96), 
P = 0.000; see Fig. 2].

Guide wire attempts
Five studies reported guide wire attempts. We found 
some statistical heterogeneity between the two groups 
(x2 = 71.62, df = 4, P = 0.000; I2 = 94.4%; see Fig. 2), and 
thus a random-effects model was used. The pooled 
results showed that compared with conventional per-
cutaneous sacroiliac screw fixation, TiRobot would 
decrease guide wire attempts [MD = − 4.52, 95% CI 
(− 6.27, − 2.77), P = 0.000; see Fig. 2].

Table 3  Detailed characteristics of pelvic fracture information

The detailed characteristics of pelvic fracture information, including fracture type, comorbidity, and average time from injury to surgery

Author TiRobot/conventional or total

Fracture type Comorbidity Average time from 
injury to surgery(d)

Gu [28] NA NA 4.5/5.25

Han et al. [32] Tile Type B (15/11), Type C (23/14) NA 9.63/8.28

Hu et al. [27] Denis Type I (6/8), Type II (6/4) Hemorrhagic shock (4/1), spleen rupture (1/3), urethral injury (2/0), 
limb or rib fractures (5/4)

NA

Li et al. [29] Tile Type B (23/21), Type C (24/27) Limb fracture with hemorrhagic shock (21/22), bladder injury (1/3); 
pneumothorax or hemothorax (5/4); thoracolumbar vertebral fracture 
(11/8); craniocerebral injury (9/11)

NA

Liu et al. [33] Tile Type B (17/14), Type C (7/7) Rib fractures (9), thoracolumbar fractures (6), urethral ruptures (5) 5.2/5.7

Liu et al. [30] Tile Type C (42) Lumbar vertebrae fracture (8); femur fracture (5); Morel–Lavallée injury 
(3); tibial fracture (3); thoracic injury (2); cervical vertebral fracture (1); 
calcaneal fracture (2)

NA

Long et al. [31] AO Type B (21/15), Type C (35/20) Combined injury (40), shock (33) 9.61/9.71

Wang et al. [25] NA NA NA

Wang et al. [34] (S1) Tile Type B (32/27), Type C (14/15) NA 6.95/7.14

Wang et al. [34] (S2) Tile Type B (17/9), Type C (4/10) NA 7.15/8.86

Wang et al. [35] AO Type C1(19/14), Type C2(13/7) NA 5/5

Zhao et al. [26] NA NA 4.29/5.25

Table 4  Detailed characteristics of outcome information

Author Outcome assessment

Gu [28] Operative time, frequency of intraoperative fluoroscopy, blood loss, fracture healing time

Han et al. [32] Screw position rating, radiation exposure time of screw implantation, guide wire attempts, Matta rating

Hu et al. [27] Radiation exposure time of screw implantation, frequency of drilling, screw implantation duration, Majeed score, blood loss

Li et al. [29] Radiation exposure time of screw implantation, operative time, Matta rating, Majeed score, screw position rating

Liu et al. [33] Operative time, blood loss, fluoroscopy times of fluoroscopy, fracture healing time, Majeed score

Liu et al. [30] Operative time, intraoperative fluoroscopy time, guide wire attempts, fracture healing time, Majeed score, Matta rating, screw 
position rating

Long et al. [31] Frequency of intraoperative fluoroscopy, intraoperative fluoroscopy time, operation time, blood loss, fracture healing time, Matta 
rating, Majeed score

Wang et al. [25] Guide wire attempts, operation time, radiation exposure time of screw implantation, screw position rating

Wang et al. [34] (S1) Radiation exposure time of screw implantation, guide wire attempts, screw position rating, Majeed score and rating

Wang et al. [34] (S2) Radiation exposure time of screw implantation, guide wire attempts, screw position rating, Majeed score and rating

Wang et al. [35] Operation time, blood loss, radiation exposure time of screw implantation, screw position rating, Majeed score

Zhao et al. [26] Radiation exposure time of screw implantation, operation time, screw position rating
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Intraoperative blood loss
Five studies reported intraoperative blood loss. We 
found statistical heterogeneity between the two groups 
(x2 = 26.76, df = 4, P = 0.000; I2 = 85.1%; see Fig.  3), and 
thus a random-effects model was used. The pooled 
results showed that compared with conventional percuta-
neous sacroiliac screw fixation, TiRobot would decrease 
intraoperative blood loss [MD = − 1.10, 95% CI (− 1.85, 
− 0.34), P = 0.005; see Fig. 3].

Operative time
Eight studies reported operative time. We found statisti-
cal heterogeneity between the two groups (x2 = 184.87, 
df = 7, P = 0.000; I2 = 96.2%; see Fig.  3), and thus a ran-
dom-effects model was used. The pooled results showed 
that patients in both groups experienced a similar 
operative time [MD = − 1.24, 95% CI (− 2.51, − 0.02), 
P = 0.055; see Fig. 3].

Fracture healing time
Four studies reported fracture healing time. We did not 
find statistical heterogeneity between the two groups 
(x2 = 1.80, df = 3, P = 0.616; I2 = 0%; see Fig. 4), and thus a 
fixed-effects model was used. The pooled results showed 

that patients in both groups experienced similar frac-
ture healing time [MD = − 0.13, 95% CI (− 0.42,0.15), 
P = 0.365; see Fig. 4].

Majeed score
Four studies reported a Majeed score. We did not 
find statistical heterogeneity between the two groups 
(x2 = 0.53, df = 3, P = 0.912; I2 = 0%; see Fig. 4), and thus a 
fixed-effects model was used. The pooled results showed 
that compared with conventional percutaneous sacroiliac 
screw fixation, TiRobot would improve the Majeed score 
[MD = 0.3, 95% CI (0.03, 0.57), P = 0.031; see Fig. 4].

Overall excellent and good rates of Majeed score
Six studies reported overall excellent and good rates of 
Majeed score. We did not find high statistical heteroge-
neity between the two groups (x2 = 7.19, df = 5, P = 0.207; 
I2 = 30.5%; see Fig. 5), and thus a fixed-effects model was 
used. The pooled results showed that compared with 
conventional percutaneous sacroiliac screw fixation, 
TiRobot has higher overall excellent and good rates of 
Majeed score [RR = 1.11, 95% CI (1.02, 1.20), P = 0.018; 
see Fig. 5].

Table 5  Risk-of-bias assessment for the studies included in the meta-analysis (NOS)

The methodological quality of the involved studies ranged from six to eight

(nRCT) Study = 6 Selection Comparability Outcome/exposure Score

Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8

Gu [28] * * * ** * * * 8

Han et al. [32] * * * * ** * * * 9

Hu et al. [27] * * * ** * * * 8

Li et al. [29] * * * ** * * * 8

Liu et al. [33] * * * ** * * 7

Liu et al. [30] * * * ** * * * 8

Long et al. [31] * * * ** * * 7

Wang et al. [34] * * * * ** * * * 9

Wang et al. [35] * * * * ** * * * 9

Table 6  Methodological assessment according to six domains of potential biases (Cochrane Risk-of-Bias Tool)

The RCTs’ methodological quality and basis were assessed as follows: randomization, allocation concealment, blind method, selective reporting, group similarity at 
baseline, incomplete outcome data, compliance, the timing of outcome assessments, and intention-to-treat analysis

RCT​ randomized controlled trials

RCT Study = 2 Random 
sequence
generation

Allocation
concealment

Blinding of 
participants and
personnel

Blinding of 
outcome
assessment

Incomplete 
outcome
data

Selective 
reporting

Other bias

Wang [25] Low Low High Low Low Low Unclear

Zhao [26] Low Low High Low Low Low Unclear
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Overall excellent and good rate of screw accuracy
Eight studies reported an overall excellent and good rate 
of screw accuracy. We found some statistical heterogene-
ity between the two groups (x2 = 12.49, df = 7, P = 0.086; 
I2 = 43.9%; see Fig.  6), and thus a random-effects model 
was used. The pooled results showed that compared with 
conventional percutaneous sacroiliac screw fixation, 
TiRobot would improve screw accuracy [RR = 1.09, 95% 
CI (1.02, 1.16), P = 0.011; see Fig. 6].

Overall excellent and good rate of reduction
Five studies reported an overall excellent and good rate 
of reduction. We found some statistical heterogene-
ity between the two groups (x2 = 7.97, df = 4, P = 0.093; 
I2 = 49.8%; see Fig.  6), and thus a random-effects model 
was used. The pooled results showed that patients in 
both groups experienced a similar excellent and good 

rate of reduction accuracy [RR = 1.04, 95% CI (0.95, 1.13), 
P = 0.426; see Fig. 6].

Discussion
The TiRobot system comprises surgical planning and 
robot control software, a robot, spatial calibration com-
ponents, an optical tracking system, a central control 
station, and matching tools. The operation process of 
the robot consists of four steps: ① Device connection 
and skin disinfection: The equipment was placed and 
connected; then, the skin on the pelvis was sterilized. 
The surgeon put a tracer on the opposite side of the 
anterior superior iliac spine. The surgeon placed a ster-
ile C-type arm sleeve on the mechanical arm and con-
nected a positioning device. ② Fluoroscopy: The C-arm 
X-ray machine fluoroscopy is used for pelvis inlet and 
outlet view, ensuring all ten markers on the positioning 

Fig. 2  Eight studies reported radiation exposure time of screw implantation; we found statistical heterogeneity between the two groups (x2 = 83.9, 
df = 7, P = 0.000; I2 = 91.7%); TiRobot would decrease radiation exposure time of screw implantation [MD = − 3.93, 95% CI (− 5.06, − 2.8), P = 0.000]. 
Three studies reported the frequency of intraoperative fluoroscopy. We found some statistical heterogeneity between the two groups (x2 = 4.58, 
df = 2, P = 0.101; I2 = 56.4%). TiRobot would decrease the frequency of intraoperative fluoroscopy [MD = − 2.62, 95% CI (− 3.28, − 1.96), P = 0.000]. 
Five studies reported guide wire attempts. We found some statistical heterogeneity between the two groups (x2 = 71.62, df = 4, P = 0.000; 
I2 = 94.4%). TiRobot would decrease guide wire attempts [MD = − 4.52, 95% CI (− 6.27, − 2.77), P = 0.000]
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device are visible. ③ Surgical planning and mechanical 
arm movement: Surgical planning was carried out based 
on the inlet and outlet view to design the percutaneous 

sacroiliac screw point, angle, and length. After the sur-
gical planning, the manipulator’s arm moves the pilot 
sleeve according to the planned path, which is the 

Fig. 3  Five studies reported intraoperative blood loss. We found statistical heterogeneity between the two groups (x2 = 26.76, df = 4, P = 0.000; 
I2 = 85.1%). TiRobot would decrease intraoperative blood loss [MD = − 1.10, 95% CI (− 1.85, − 0.34), P = 0.005]. Eight studies reported operative 
time. We found statistical heterogeneity between the two groups (x2 = 184.87, df = 7, P = 0.000; I2 = 96.2%). Both groups experienced a similar 
operative time (MD = − 1.24, 95% CI (− 2.51, − 0.02), P = 0.055]

Fig. 4  Four studies reported fracture healing time. We did not find statistical heterogeneity between the two groups (x2 = 1.80, df = 3, P = 0.616; 
I2 = 0%). Both groups experienced similar fracture healing time [MD = − 0.13, 95% CI (− 0.42, 0.15), P = 0.365]. Four studies reported a Majeed score. 
We did not find statistical heterogeneity between the two groups (x2 = 0.53, df = 3, P = 0.912; I2 = 0%). TiRobot would improve the Majeed score 
[MD = 0.3, 95% CI (0.03, 0.57), P = 0.031]
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Fig. 5  Six studies reported overall excellent and good rates of Majeed score. We did not find high statistical heterogeneity between the two groups 
(x2 = 7.19, df = 5, P = 0.207; I2 = 30.5%). TiRobot would have higher overall excellent and good rates of Majeed score [RR = 1.11, 95% CI (1.02, 1.20), 
P = 0.018]

Fig. 6  Eight studies reported an overall excellent and good rate of screw accuracy. We found some statistical heterogeneity between the two 
groups (x2 = 12.49, df = 7, P = 0.086; I2 = 43.9%). TiRobot would improve screw accuracy [RR = 1.09, 95% CI (1.02, 1.16), P = 0.011]. Five studies 
reported an overall excellent and good rate of reduction. We found some statistical heterogeneity between the two groups (x2 = 7.97, df = 4, 
P = 0.093; I2 = 49.8%). Both groups experienced a similar excellent and good rate of reduction accuracy [RR = 1.04, 95% CI (0.95, 1.13), P = 0.426]



Page 11 of 14Zhao et al. Journal of Orthopaedic Surgery and Research          (2022) 17:525 	

percutaneous sacroiliac screw entry point and angle. ④ 
Screw-setting: The surgeon inserted the Kirschner wire 
along the pilot sleeve and then inserted the sacroiliac 
screw along the Kirschner wire. The screw position was 
confirmed by the C-arm X-ray machine.

There is only one meta-analysis comparing TiRo-
bot‑assisted versus conventional fluoroscopy-assisted 
percutaneous sacroiliac screw fixation for pelvic ring 
injuries. However, all included studies in the previous 
meta-analysis were observational studies, the number 
of the included studies was too small (only four arti-
cles), and all included studies were English articles. Fur-
thermore, the previous meta-analysis mixed radiation 
exposure time (seconds) and frequency of intraopera-
tive fluoroscopy (No.) together that may have high het-
erogeneity. The strengths of our meta-analysis included: 
First, we included not only English studies but also Chi-
nese studies. Considering that the TiRobot is only used in 
China, Chinese-language studies were also very impor-
tant for the meta-analysis. Second, our meta-analysis 
included more studies (628 patients in 11 studies). Third, 
our results added pooled analysis of screw accuracy, 
reduction accuracy, and overall excellent and good rates 
of Majeed score, which could be a supplement for the 
previous meta-analysis. Fourth, we analyzed radiation 
exposure time (seconds) and frequency of intraopera-
tive fluoroscopy (No.) separately, which would provide a 
more exact conclusion.

Like the previous meta-analyses, our meta-analysis also 
found that the TiRobot will result in fewer guide wire 
attempts, less intraoperative blood loss, and better screw 
accuracy. There were no significant differences in terms 
of fracture healing time. However, our study came to a 
different conclusion in terms of Majeed score and oper-
ative time. We found that the TiRobot will improve the 
Majeed score, and we did not see a significant difference 
in operative time. For some newly added outcomes, we 
found TiRobot will result in less radiation exposure time 
of screw implantation, less frequency of intraoperative 
fluoroscopy, and higher overall excellent and good rates 
of Majeed score and screw accuracy. We did not find a 
significant difference in terms of reduction accuracy.

Our meta-analysis showed that TiRobot resulted 
in less radiation exposure time of screw implanta-
tion, less frequency of intraoperative fluoroscopy, and 
guide wire attempts. The real‐time optical tracking 
technology of TiRobot makes the repetition of X-rays 
unnecessary during the operation, decreasing the 
fluoroscopy frequency and the fluoroscopy time and 
improving the guide wire insertions. However, we must 
admit that total radiation exposure time includes not 
only the evaluated “radiation exposure time of screw 
implantation(s)” but also the total radiation exposure 

time, which is needed to prepare the robot procedure 
before the screw insertion. Before the screw implanta-
tion, the surgeon needs to use the C-arm X-ray machine 
fluoroscopy for pelvis inlet and outlet view, ensuring all 
ten markers on the positioning device are visible. This 
step is an extra radiation exposure step compared to 
conventional groups. We think although the Robot-
assisted system needs fluoroscopy for the screw posi-
tion planning, the overall radiation exposure of both 
the patients and the surgical team was still lower, pro-
viding a more significant safety level. The robotic arm 
can significantly reduce the deviation caused by the 
instability of human manual operation, improve the 
accuracy and safety of the process, and reduce the sec-
ondary damage caused by repeated needle insertion in 
traditional surgery.

The evidence based on this current study confirms that 
there may be no difference in operative time between 
the two groups, which is inconsistent with the previ-
ous meta-analysis. Theoretically, less radiation exposure 
time of screw implantation, less frequency of intraop-
erative fluoroscopy, and guide wire attempts will shorten 
the operation time and improve the operation efficiency. 
However, the operation time of the robot system includes 
the noninvasive time of the robot system and the inva-
sive time of the actual operation. Steps such as collect-
ing fluoroscopic images, positioning the cursor, and 
planning are extra steps compared to a conventional 
group and therefore take time. The real invasive opera-
tion time is only about 20  min. We also cannot ignore 
the factors of proficiency, the surgeon’s experience, and 
the operation team’s tacit understanding. It is believed 
that by improving the proficiency in the operation pro-
cess of the surgical robot-assisted navigation system, sur-
geons can further shorten noninvasive operation time 
and the overall operation time. This discrepancy may be 
because we included some earlier studies in which sur-
geons lacked expertise in utilizing the robot-assisted sys-
tem in the early period. With the experience, proficiency, 
and degree of tacit understanding of cooperation gradu-
ally increasing, the surgeons can significantly shorten the 
duration of operations.

Intraoperative blood loss was notably lower in the 
TiRobot group, potentially due to the reduced incision 
length [31, 33], reduced guide wire attempts, and bet-
ter precision of screw placement. Although there was a 
statistically significant difference in intraoperative blood 
loss with the robot group relative to the conventional 
group, it is unknown whether this statistical difference 
is clinically meaningful. As well as the length of inci-
sion, this may suggest less damage to patients, and the 
use of TiRobot may be more conducive to postoperative 
recovery.
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There is no significant difference in fracture healing 
time between the two groups. Despite TiRobot offering 
better screw accuracy and less radiation exposure; it does 
not change the degree of comminution, reduction accu-
racy, and the pelvis’s blood supply, which plays a crucial 
role in healing duration [36]

Accurate screw path planning and position are cru-
cial to achieving enhanced outcomes in robot-assisted 
fixation [31]. Screw positioning, evaluated by Florian 
Gras classification, was notably improved in the TiRobot 
group in our meta-analysis. Reduction is a crucial step 
in the surgical treatment of bone fractures to achieve 
anatomical alignment and facilitate healing [37, 38]. The 
Matta score evaluates the reduction quality of pelvic frac-
tures [38]. Our meta-analysis found no significant differ-
ence between overall excellent and good rate of reduction 
accuracy according to Matta criteria. Although TiRobot 
provides real‐time optical tracking technology, it does 
not change the reduction manner.

Postoperative outcomes measured using Majeed scores 
have shown more favorable results in the TiRobot group, 
inconsistent with the previous meta-analysis. The previ-
ous meta-analysis didn’t find a significant difference in 
Majeed scores. It seems better accuracy of screw place-
ment positively affects postoperative outcomes [39]. 
We think the reason for this discrepancy may be the 
increased number of the included studies in our meta-
analysis that can give a significant difference conclusion. 
However, this result may have some limitations, because 
the Majeed scores in our included studies were assessed 
at different follow-up times. In Liu’s study [33], the mean 
follow‐up duration was 5.4  months (4–12  months). 
In Wang’s study [34], the mean follow-up time was 
11.23  months (5–20  months). In Wang’s study [35], the 
mean follow-up time was 13.2 months (12–15 months).

We must admit that orthopedic robot systems are 
expensive and require complete supporting facilities. It 
is difficult for grassroots hospitals to implement them. 
Current initiatives should focus not only on improving 
operative outcomes but also on lowering costs. Poten-
tial economic savings gained by using robots in pelvic 
fracture surgery can be estimated by considering the 
decreased operative time, patient length of stay, fluoro-
scopic exposure, and surgical revision rates that robots 
may increasingly provide in the future. Reduced revision 
pelvic fracture surgery rates may ultimately be the most 
effective means of cost savings in this patient population 
due to the increased direct costs of additional surgery 
and the indirect cost of prolonged patient disability.

We should consider several limitations before interpret-
ing these findings. First, some studies with a small sample 
size may lead to unreliable results during meta-analysis. 
Second, we only included two randomized controlled trials; 

the other nine studies were observational studies, which 
may have reduced the quality of the evidence for this meta-
analysis. Although we have included all related studies 
thus far and tried to collect more data to make this meta-
analysis, more prospective randomized trials are needed 
to confirm the results and conclusions. Third, none of the 
studies evaluated the cost-effectiveness of TiRobot. Cost is 
the main barrier to robot-assisted surgery, which includes 
the devices and the associated learning curve and surgeon 
training. They may be more feasible in large hospitals with 
a large number of patients [27]. We hope that future stud-
ies focus on the overall cost of adopting TiRobot and other 
systems. Fourth, we didn’t compare complications between 
the two groups because too many factors can affect the 
occurrence of complications, making the complication 
comparison high heterogeneity.

Conclusion
TiRobot-assisted fixation has less intraoperative fluor-
oscopy and intraoperative blood loss, superior screw 
accuracy, and postoperative outcomes compared with con-
ventional fixation. TiRobot also has no significant effect 
on operative time, fracture healing time, and reduction 
accuracy. Given the relevant possible biases in our meta-
analysis, we required more adequately powered and better-
designed RCT studies with long-term follow-up to reach a 
firmer conclusion.
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