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Abstract

Background: Total knee arthroplasty using patient-specific instrumentation (TKA-PSI), which are disposable cutting
block guides generated to fit each patient’s 3-dimensional knee anatomy, has been developed to treat patients
with end-stage osteoarthritis of the knee. Surrogate markers such as radiographic malalignment have been well
investigated, however, patient-important outcomes are not well examined to elucidate the efficacy of TKA-PSI. The
aim of this review is to determine if TKA-PSI improves patient-reported outcome measures (PROM), surgery time,
blood loss, transfusion and complications (e.g. surgical site infection, deep venous thrombosis, and revision TKA).

Methods: We searched the Cochrane Central Register of Controlled Trials (CENTRAL), MEDLINE, EMBASE, and
ongoing clinical trials. For PROMs, surgery time, blood loss, and transfusion rate, we included randomized controlled
trials (RCT) comparing TKA-PSI and standard TKA to treat osteoarthritis of the knee. For complications, we also
included non-randomized comparative studies (non-RCT).

Results: This review includes 38 studies, 24 of which were RCT and 14 of which were non-RCT. These included a
total of 3487 patients. The predominant population in the included studies highly reflected the general population,
with 62% being female, aged over 60 and having end-stage osteoarthritis of the knee. TKA-PSI did not improve
PROMs as compared to standard TKA for less than 1-year (mean difference 0.48, 95% confidence interval (CI) -1.92–
0.97 in the Oxford knee score, mean 3-month follow-up) and for 1-year or more (mean difference 0.25, 95%CI −
4.39–4.89 in the WOMAC score, mean 29-month follow-up). TKA-PSI did not reduce surgery time (mean difference
− 3.09 min, 95%CI -6.73–0.55). TKA-PSI decreased blood loss with a small effect size corresponding to a 0.4 g/dl
hemoglobin decrease (95%CI 0.18–0.88), but did not decrease transfusion rate (risk difference − 0.04, 95%CI -0.09–
0.01). TKA-PSI did not reduce complication rates (risk difference 0.00, 95%CI − 0.01–0.01 in the composite outcome).

Conclusions: TKA-PSI does not improve patient-reported outcome measures, surgery time, and complication rates
as compared to standard TKA. TKA-PSI decreases blood loss with a small effect, which is not enough to reduce
transfusion rate.
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instrumentation, Knee osteoarthritis, Patient-important outcome, Patient-reported outcome measure, Systematic
review, Meta-analysis
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Background
Globally, the proportion of the aging population has
been dramatically increasing [1]. Osteoarthritis (OA) of
the knee is the most common joint disorder among
people aged over 60. Among this population, 10% of
males and 13% of females have symptomatic knee OA
[2]. Total knee arthroplasty (TKA) is the most common
surgical option for end-stage knee OA with knee de-
formity and persistent pain [3]. In the last 20 years
(1993–2012), a total of 7.8 million primary TKA proce-
dures were performed in the United States [4]. The
number of TKA procedures continues to increase and it
is expected to increase 69% between 2012 and 2050 [4].
Currently, TKA using intramedullary and extramedullary
alignment systems with cutting guides is the standard of
care [5]. During the procedure, numerous surgical de-
vices are utilized to ensure success. However, this cre-
ates a complicated workflow and prolonged surgery time
[6]. Furthermore, it requires positioning an intramedul-
lary nail in the femoral canal that increases invasiveness.
A new innovative surgical technique using patient-

specific instrumentation (PSI) for performing TKA has
been developed to reduce the technical difficulties and
invasiveness associated with standard TKA. PSI is also
called “patient-matched instrumentation,” “custom-fit
instrumentation,” or “custom-made instrumentation”
[7–9]. For TKA using PSI, disposable cutting blocks are
generated to fit each patient’s 3-dimensional anatomy of
the knee in reference to the preoperative computed tom-
ography (CT) or magnetic resonance imaging (MRI) im-
ages combined with radiographs of the lower extremity
[10]. The cutting blocks are made individually for each
patient and they enable the surgeon to develop a surgical
plan specific to each patient. The cutting blocks fit on
the distal femur and proximal tibia and guide surgeons
to cut them accurately [10].
The TKA procedure using PSI decreases rates of lower

limb malalignment [11, 12] and it is expected to improve
functional outcomes and decrease revision rates [13–15].
In the procedure, PSI does not require positioning intra-
medullary nails in the femur and is expected to reduce
blood loss and transfusion rates. Also, the simpler work-
flow owing to the cutting blocks potentially reduces sur-
gical time. Long surgical time is one of the important
risk factors for postoperative surgical site infection (SSI)
[16] and deep venous thrombosis (DVT) [17] related to
TKA. Thus, PSI is expected to reduce postoperative SSI
and DVT.
Previous systematic reviews (SR) reported that TKA

using PSI reduces surgical time, blood loss, and rates of
lower limb malalignment as compared to standard TKA
[12, 18–26]. However, the primary outcomes are surro-
gate markers and the SRs did not examine whether PSI
would contribute to decreasing rates of transfusion, SSI,

DVT, and revision TKA as compared to standard TKA.
Also, the previous SRs addressed inconsistent results for
patient-reported outcome measures (PROMs) with a
limited number of RCTs. The aim of this review is to as-
sess the effects of TKA using PSI for patients with osteo-
arthritis of the knee as compared to standard TKA. The
complete PICO-format research questions is shown in
Additional file 1: Appendix A.

Methods
Criteria for including studies
We included studies which compared TKA using PSI
(TKA-PSI) and standard TKA in this review. Standard
TKA was defined as TKA using intramedullary align-
ment guiding nail for cutting femur and either intrame-
dullary or extramedullary alignment guiding nail for
cutting tibia. Studies were included if patients had pri-
mary TKA for knee OA classified into grade 3 and 4, ac-
cording to Kellgren-Lawrence grading system [27]. If
patients had rheumatic diseases or if less than 80% of
the study’s population had OA, the studies were ex-
cluded. Since rheumatic diseases are systematic diseases,
controlling for these conditions using medications dir-
ectly influences clinical outcomes. Types of primary out-
come measures are shown below:

� PROMs such as Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC),
Oxford knee score (Oxford), Knee Society Score
(KSS), and the Knee injury and Osteoarthritis
Outcome Score (KOOS), European quality of life 5-
dimensions using the visual analogue scale (EQ-5D
VAS), 12-item short form health survey physical
score (SF-12 physical score), 12-item short form
health survey mental score (SF-12 mental score)

� Transfusion rate
� Blood loss
� Surgery time
� Complications (i.e. SSI, DVT, and revision TKA)

As a secondary outcome measure, we investigated the
percentage of alignment outliers from the planned align-
ment in the included studies in which PROMs were
examined.
For patient-reported outcome measures (PROM), sur-

gery time, blood loss, and transfusion rate, we included
randomized controlled trials (RCT). For complications
(i.e. SSI, DVT, revision TKA), we also included non-
randomized comparative studies (non-RCT).
We conducted a comprehensive literature search for

all relevant articles using four electronic databases: the
Cochrane Central Register of Controlled Trials (CEN-
TRAL) (The Cochrane Library 2019, Issue 2), MEDLINE
(1946 to February 15th, 2019), and EMBASE (1974 to
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February 15th, 2019). We also examined ongoing trials
using the database of clinical trials (https://clinicaltrials.
gov). Each searching strategies are shown in the Add-
itional file 1: Appendix B. In hand-searching, we
screened the reference list of previous SRs and relevant
studies for additional articles potentially not identified
through electronic search. We chose the key search
terms “knee*,” “arthroplasty OR replacement,” and “pa-
tient-specific OR patient-matched OR custom-fit OR
custom-made OR custom*.” The search was limited to
articles published since 2001, because PSI was initially
used in 2001 in institutional studies only, and the first
report using PSI was published in 2004 [28].
We adopted a 3-step screening process (title screening,

abstract screening, and full-text screening) to select eli-
gible articles. After duplicate articles were removed, two
reviewers (KK AND AS) independently performed title
and abstract screenings. If either of the reviewers in-
cluded an article during title or abstract screening, it was
moved to the next stage for screening. During full-text
screening, discrepancies were resolved through discus-
sion and consensus with the senior authors (FY AND
OA). We did not register this protocol in time before
data collection was performed. For each study, two re-
viewers independently extracted data into a spreadsheet
for the outcomes designed a priori. Differences were re-
solved by discussion.
Two reviewers independently assessed risk of bias for

RCTs using the Cochrane risk of bias tool [29]. The fol-
lowing domains were assessed: sequence generation; al-
location concealment; blinding of participants and
personnel (performance bias); blinding of outcome as-
sessment (separately for PROM, transfusion, blood loss,
surgery time, and complications); incomplete outcome
data (attrition bias); and selective reporting (reporting
bias). For non-RCTs included for complications, we used
the methodological index for non-randomized studies
(MINORS) appraisal tool [30].
Dichotomous outcomes (transfusion and complications)

were expressed as a risk ratio (RR) with 95% confidence
intervals (CI). Continuous outcomes (i.e. PROM, blood
loss, and surgery time) were expressed as a mean differ-
ence (MD) between TKA-PSI and standard TKA groups.
We preferred to calculate effect size measures (standard-
ized mean difference (SMD)), when studies used different
instruments to assess the same outcome (e.g. blood loss).
We analyzed outcomes according to the modified

intention-to-treat method without imputation. When
data was not expressed with mean and standard devi-
ation (SD), but expressed with median, minimum-
maximum range, or interquartile range, we estimated
the mean and SD in reference to Wan et al. (2014) [31].
Heterogeneity between pooled studies were assessed

using the chi-square test with statistical significance set

at p < 0.10 and the I2 statistic [32]. The I2 value was
assessed as follows: 0–40% might not be important, 30–
60% moderate, 50–90% substantial, and 75–100% con-
siderable. Also, we considered variance of the point esti-
mate and overlap in the confidence intervals.
For assessing reporting biases, we constructed funnel

plots for each outcome for which there were at least five
trials. We pooled included studies using the generic in-
verse variance method for continuous outcomes and the
Mantel-Haenszel method for dichotomous outcomes in
Review Manager 5 (Revman). Either one of fixed-effect
or random- effect model was used depending on the het-
erogeneity. We created a ‘Summary of findings’ for the
main comparison. For PROM, we selected an outcome
measure in which most patients were pooled each for
less than 1-year and for 1-year or more. We pre-
specified and carried out sensitivity analyses by exclud-
ing non-RCTs in complications. We assessed the quality
of evidence related to each outcome measure using the
Grading of Recommendations Assessment, Development
and Evaluation (GRADE) approach [33].

Results
Results of the search
We searched from February 15th 2019 to March 15th
2019. We screened a total of 1386 articles (CENTRAL
128, EMBASE 651, MEDLINE 607). After the removal of
duplicates, we checked 913 articles in title-screening and
320 articles in abstract-screening processes. We added
13 articles from the references in the pooled articles and
implemented full-text screening process. From the data-
base of clinical trials, we included 1 study. Overall, 38
articles were included in this systematic review: 38 stud-
ies were included in qualitative synthesis and 37 studies
were included in quantitative synthesis (meta-analysis),
as seen in Fig. 1. Details of the process of screening are
illustrated in PRISMA (Preferred reporting items for sys-
tematic reviews and meta-analyses) flowchart in Fig. 1.

Included studies
We included 38 studies, with a total of 3487 patients
(1753 in TKA-PSI, and 1734 in standard TKA) [7, 34–
71]. All studies except NCT02539992 were published in
2012–2018. We included 15 studies in PROM (14 stud-
ies in meta-analysis), 18 studies in surgery time (18 stud-
ies in meta-analysis), 15 studies in blood loss (15 studies
in meta-analysis), 9 studies in transfusion rate (8 studies
in meta-analysis), and 24 studies in complications (23
studies in meta-analysis). Boonen et al. (2013) and Boo-
nen et al. (2016) were the same cohort and we counted
them as the same study. Details of the included studies
are provided in the characteristics of included studies
table (Table 1).
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In the included studies, 29 studies with pooled 2547
patients explicitly included patients with osteoarthritis,
whereas 7 studies with pooled 726 patients recruited pa-
tients with knee deformity. Twenty-seven studies used
MRI-based PSI, whereas 10 studies used CT-based PSI.
Many varieties of PSI device were used and the most
prominent device was Visionnaire (Smith & Nephew,
Memphis, USA) in 15 studies followed by Materialise
(Zimmer via Materialise, Belgium) in 10 studies. Thir-
teen studies with the pooled 1384 patients followed for
1-year or more.

Excluded studies
In full-text screening process, we excluded 113 studies.
We described studies in which discrepancy for agreement
was found or excluded with special reasons, being listed in
Additional file 1: Appendix C. We found 18 ongoing trials
using the database of clinicaltrials.gov, and we searched
their results using corresponding author’s name and insti-
tution where trials were conducted. A list of ongoing trials
was shown in Additional file 1: Appendix D.

Risk of bias in included studies
We assessed the risk of bias in the included studies. In
sequence generation, 8 out of 25 RCTs properly

generated unpredictable randomization lists, creating
low risk. In allocation concealment, 9 studies appropri-
ately distanced from recruiters notifying allocation,
whereas two studies were exposed to high risk of selec-
tion bias by recruiting participants in turns between PSI
and standard TKA groups [35], or using block
randomization without blinding block size for recruiters
[65]. PSI requires preoperative MRI or CT to create
patient-specific cutting blocks, and we assumed patients
were notified as to whether they were allocated to the
TKA-PSI group. For that reason, in almost all RCTs ex-
cept for two studies, there was a high risk of bias in the
domain of blinding of outcome assessment for PROM.
In the two studies, all patients had preoperative MRI or
CT and blinding of patients was robustly maintained
with low risk of bias [42, 70]. Also, due to the trait of
surgical trials, surgeons and scrub nurses could not be
blinded. The unblinding potentially caused performance
bias for surgery time, blood loss, and transfusion rate
with high risk of bias. In incomplete outcome data, the
following outcomes (i.e. surgery time, blood loss, trans-
fusion rate) were less likely influenced, since these were
perioperatively recorded in medical charts during admis-
sion. Six studies in PROM had high risk of attrition bias
[42, 51, 53, 58, 68, 71]. In the included studies for the

Fig. 1 PRISMA flowchart
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Table 1 Characteristics of included studies table

Author Year Country Study
design

Patients %females Age Follow-up
months

PSI device CT/
MRI

Eligibility
criteriaPSI ST PSI ST PSI ST

Noble Jr. [7] 2012 USA RCT 15 14 47 57 65.4(57–76) 68.0(56–80) NR Visionaire MRI arthritis

Pietsch [34] 2013 Austria RCT 40 40 68 53 71.4(6.6) 69.2(9.4) 3 months Materialise MRI OA

Vundelinckx [35] 2013 Belgium RCT 31 31 52 65 64.7(8.2) 68.2(8.5) 6 months Visionaire MRI OA

Boonen [36] 2013 Netherlands RCT 90 90 62 56 69.0(8.0) 65.0(8.8) 44 months Signature MRI OA

Chareancholvanich [37] 2013 Thailand RCT 40 40 85 90 69.5(55–84) 70.3(53–85) NR Materialise MRI OA

Hamilton [38] 2013 USA RCT 26 26 46 73 68.1(52–86) 67.6(51–88) NR TruMatch CT OA

Roh [39] 2013 Korea RCT 42 48 93 90 70.0(7.2) 70.0(5.1) NR Signature CT OA

Ng [40] 2014 USA pros 51 27 67 52 65.6(7.5) 79.3(8.1) 3 months Materialise MRI OA

Renson [41] 2014 Belgium pros 71 60 62 52 68.2(8.9) 70.3(8.7) 6 months Materialise MRI OA

Dossett [42] 2014 USA RCT 44 44 7 14 66.0(7.7) 66.0(8.6) 24 months Vanguard MRI arthritis

Abdel [43] 2014 France RCT 20 20 60 60 71.0(61–81) 71(55–83) 3 months Materialise MRI arthritis

Chotanaphuti [44] 2014 Thailand RCT 40 40 88 88 69.7(5.5) 69.3(5.5) 1.5 months TruMatch CT arthritis

Pfitzner [45] 2014 USA RCT 60 30 57 57 64.0(54–74) 64.0(54–74) 3 months Visionaire MRI OA

Woolson [46] 2014 USA RCT 22 26 0 0 NR NR 9months TruMatch CT no

Nabavi [47] 2015 Australia retro 82 84 52 52 64(44–85) 65(45–88) 12 months MyKnee CT no

Thienpont [48] 2015 Belgium retro 75 75 67 67 65.6(9.6) 67.8(11.0) 1.5 months Visionaire NR OA

Yan [49] 2015 China RCT 30 30 57 80 67.5(8.0) 69.5(8.4) 3 months Materialise MRI OA*

Chen [50] 2015 Singapore pros 29 30 69 83 65.0(8.0) 65.0(8.0) 24 months Materialise MRI OA

Kotela [51] 2015 Poland RCT 49 46 67 72 66.1(8.4) 68.6(9.9) 12 months Signature CT OA

Rathod [52] 2015 USA retro 15 14 60 57 57.0(4.5) 59.0(6.5) 3 months Visionaire MRI OA

Abane [53] 2015 France RCT 70 70 43 39 67.8(47–84) 70.4(54–83) 3 months Visionaire MRI OA

Molicnik [54] 2015 Slovenia RCT 19 19 89 74 67.1(7.1) 66.8(6.7) NR Materialise MRI OA

Ferrara [55] 2015 Italy RCT 15 15 60 53 75.3(6.7) 74.5(7.2) NR Materialise MRI OA

Anderl [56] 2016 Austria pros 114 108 64 58 68.7(8.2) 67.7(9.6) 24 months MyKnee CT OA

Boonen [57] 2016 Netherlands RCT 90 90 62 56 69.0(8.0) 65.0(8.8) 44 months Signature MRI OA

Huijbregts [58] 2016 Australia RCT 69 64 58 50 66.7 (9.1) 69.0(9.6) 12 months Visionaire MRI arthritis

Pourgiezis [59] 2016 Australia pros 45 45 80 56 69.5(1.5) 69.3(1.5) 3 months Visionaire MRI OA

White [60] 2016 USA pros 21 42 67 67 59.1(7.4) 59.8(6.7) 24 months iTotal CT OA

Culler [61] 2017 USA retro 126 122 62 64 69.7(8.4) 68.3(9.5) 3 months NR CT arthritis

Kwon [62] 2017 Korea retro 48 50 96 94 73.0(4.3) 72.0(6.5) 3 months Signature MRI OA

Zhu [63] 2017 Singapore pros 42 48 71 77 69.3(7.2) 66.8(5.9) 24 months TruMatch CT OA

Vide [64] 2017 Portugal RCT 47 48 68 69 67.8(8.4) 69.3(6.5) NR Visionaire MRI OA

Kosse [65] 2018 Netherlands RCT 21 21 62 43 62.7(4.5) 63.4(4.2) 12 months Visionaire MRI OA

Steimle [66] 2018 USA retro 31 49 NR NR 60.8(8.5) 61.0(9.9) NR Materialise MRI OA

Tammachote [67] 2018 Thailand RCT 54 54 78 72 72.0(7.0) 72.0(8.0) 24 months Visionaire MRI arthritis

Maus [68] 2018 Germany RCT 59 66 56 65 68.1(8.5) 71.5(8.1) 3 months Imprint MRI OA

Stolarczyk [69] 2018 Poland RCT 30 30 73 60 70.2(5.9) 69.6(7.1) 3 months Visionaire MRI OA

Leeuwen [70] 2018 Norway RCT 44 50 68 64 67.0(8.8) 64.0(6.9) 24 months Signature MRI OA

NCT02539992 [71] NR Italy RCT 26 18 38 44 NR NR 12months Triathlon MRI OA

Date was expressed with mean (standard deviation). The underlined numbers represent minimum-maximum range. Abbreviations: PSI Patient-specific
instrumentation, ST Standard TKA, NR Not reported, RCT Randomized controlled trial, pros Prospective non-RCT, retro Retrospective non-RCT, OA Osteoarthritis, USA
The United States of America. Yan et al. (2015) recruited 93% OA and 6.7% RA
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percentage of outliers in the positioning of the prosthetic
implants, five studies clearly performed blinding to the
outcome assessors for the images, having low risk of
outcome detection bias [45, 53, 57, 58, 67].
In non-RCTs, the mean MINORS scores were 16.8

(SD 3.9). Seven studies were prospective non-RCTs,
whereas 6 studies were retrospective non-RCTs. In only
one study, the main study purpose was measuring com-
plications. We presented the MINORS scores in the in-
cluded non-RCTs in Additional file 1: Appendix E.

Patient-reported outcome measures
The following outcome measures included two or more
studies: KSS knee, KSS function, KSS total, Oxford,
WOMAC, KOOS symptom, KOOS pain, KOOS ADL,
KOOS sports, KOOS QoL, EQ-5D VAS, SF-12 physical
score, and SF-12 mental score.
In patients followed for less than 1-year, 17 studies were

included with the pooled 1609 patients. There were no sig-
nificant differences in KSS knee, KSS function, KSS total,
WOMAC, and Oxford scores between TKA-PSI and stand-
ard TKA (MD 0.24 (95%CI -2.25 – 3.65) in KSS knee at
mean 3-months follow-up; MD 0.56 (95%CI -1.98 – 3.10)
in KSS function at mean 3-months follow-up: MD -2.48
(95%CI -10.24 – 5.29) in KSS total at mean 3-months
follow-up; MD 0.05 (95%CI -1.69 – 1.80) in WOMAC at
mean 3-months follow-up, and MD -0.48 (95%CI -1.92 –
0.97) in Oxford score at mean 3-months follow-up). The
MDs were less than minimally clinically important differ-
ences (MCID) in KSS knee (MCID 5.3), KSS function
(MCID 6.1), WOMAC (MCID 10), and Oxford scores
(MCID 4.3) [72–74]. There were no significant differences
in EQ-5D VAS, SF-12 physical and mental scores between
groups: MD -0.56 (95%CI -6.57 – 5.45) in EQ-5D VAS at
mean 3-months follow-up; MD 0.51 (95%CI -2.58 – 3.59)
in SF-12 physical score at mean 3-months follow-up
(MCID 4.5); MD 1.84 (95%CI -3.02 – 6.69) in SF-12 mental
score at mean 3-months follow-up (MCID 3.3) [72].
In patients followed for 1-year or more, 13 studies were

included with the pooled 1384 patients. There were no
significant differences in Oxford, WOMAC, KSS knee and
total, KOOS ADL and sports, and EQ-5D VAS between
groups: MD 1.00 (95%CI -11.54 – 0.59) in KSS knee at
12-months follow-up, MD -5.22 (95%CI -10.70 – 0.06) in
KSS function at 12-months follow-up, MD -2.51 (95%CI
-14.18 – 9.15) in KSS total at mean 18.8-months follow-
up, MD 2.66 (95%CI -1.34 – 6.67) in Oxford at mean
20.0-months follow-up, MD 0.25 (95%CI -4.39 – 4.89) in
WOMAC at mean 21.6-months follow-up, MD 6.09
(95%CI 6.09–0.03 – 12.21) in KOOS ADL at mean 18.3-
months follow-up, MD -2.39 (95%CI -19.99 – 15.20) in
KOOS sports at mean 18.3-months follow-up, and MD
-1.38 (95%CI -6.87 – 4.10) in EQ-5D VAS at mean 24-
months follow-up). We found differences in KSS function,

and KOOS symptom, pain, and QoL between groups,
however, the pooled patients were small (less than 150)
and the differences were less than the MCID: MD -5.34
(95CI -10.50 – − 0.18) in KSS function at mean 12-
months follow-up (MCID 6.1), MD 5.23 (95%CI 0.11–
10.35) in KOOS symptom at mean 18.3-months follow-up
(MCID 10.7), MD 9.67 (95%CI 3.88–15.46) in KOOS pain
at mean 18.3-months follow-up (MCID 16.7), MD 9.77
(95%CI 2.56–16.97) in KOOS QoL at mean 18.3-months
follow-up (MCID 15.6) [73, 75]. We present more details
in the forest plots in Figs. 2, 3, 4, 5, 6 and 7.
Two studies adopted unique outcome measures (i.e.

Kujala [65] and Lysholm [35] scores), but they did not
show differences in the outcome measures between
TKA-PSI and standard TKA groups.

Surgery time
Eighteen studies were included with the pooled 1592 pa-
tients. There was high heterogeneity between studies
with I2 = 94%. The pooled mean difference was MD −
3.09 min (95%CI -6.73 – 0.55) and there was no signifi-
cant difference between groups, as shown in Fig. 8.

Blood loss
Fifteen studies were included with various measuring
scales and different time points when blood loss was
measured postoperatively. In measuring blood loss, 5
studies measured volume of drainage fluid from suction
drain device [34, 36, 39, 51, 67], 5 studies measured peri-
operative hemoglobin reduction [35, 42, 54, 64, 70], 3
studies measured intraoperative bleeding [7, 55, 68], 1
study calculated blood loss using the Mercuriali &
Inghilleri formula [53, 76], and 1 study lacked informa-
tion about the measurement [44]. The time points were
most prominently at intraoperative in 3 studies, postop-
erative 24 h in 3 studies, 48 h in 2 studies, lowest
hemoglobin in 1 study, and not shown in 4 studies.
TKA-PSI decreased blood loss as compared to standard
TKA with SMD -0.36 (95%CI -0.57 – − 0.15, p = 0.001)
as seen in Fig. 9, although the effect size was small
equivalent to hemoglobin 0.4 g/dl (95%CI 0.18–0.88) re-
duction. The effect size was estimated using the calcu-
lated SMD (− 0.36, 95%CI -0.57 - -0.15) and the pooled
SD (1.2 g/dl) in hemoglobin decrease from a previous re-
view examined blood loss after TKA [77, 78]: 0.43 g/dl
(95%CI 0.18–0.88) = 0.36 (95%CI 0.15–0.57) × 1.2 g/dl.

Transfusion rate
Nine studies were chosen in qualitative synthesis and 8
studies were meta-analyzed with the pooled 487 patients.
The overall transfusion rate was 17.3% (98/567), whereas
two studies did not have any cases with transfusion.
There was not significant difference in transfusion rate
between TKA-PSI and standard TKA group with risk
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Fig. 2 Forest plots in KSS
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Fig. 3 Forest plots in Oxford

Fig. 4 Forest plots in WOMAC
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difference − 0.14 (95%CI -0.33 – 0.05, p = 0.16), as seen
in Fig. 10. Pietsch et al. (2013) did not specify transfu-
sion rate, but they described that there was no difference
in transfusion rate in the trial.

Complications
Overall, 24 studies were included with 11 RCTs and
13 non-RCTs. For SSI, 18 studies with 8 RCTs and

10 non-RCTs were included in meta-analysis. The in-
cidence of SSI in the follow-up periods was 1.2% (24/
2067). We measured a composite outcome consisting
of SSI, DVT, and revision TKA. We did not find any
difference in the composite outcome between TKA-
PSI and standard TKA groups: risk difference 0.00
(95%CI -0.01 – 0.01, p = 0.73), as shown in Fig. 11. In
sensitivity analysis excluding non-RCTs, the result

Fig. 5 Forest plots in KOOS
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was consistent: risk difference 0.01 (95%CI -0.02 –
0.03, p = 0.46).
There was no significant difference in SSI between

TKA-PSI and standard TKA groups: 13 out of 1049 pa-
tient in TKA-PSI versus 11 out of 1018 patients in
standard TKA with risk difference 0.00 (95%CI -0.01 –
0.01, p = 0.83) as seen in Additional file 1: Appendix F.

In sensitivity analysis excluding non-RCTs, the result
was consistent: risk difference 0.01 (95%CI -0.02 – 0.03,
p = 0.59) in RCTs.
For DVT, 16 studies were included in meta-analysis

with 7 RCTs and 9 non-RCTs. The incidence of DVT
was 1.5% (12/1716) in the pooled trials. There was no
significant difference between groups: 9 out of 881

Fig. 6 Forest plots in EQ-5D VAS

Fig. 7 Forest plots in SF-12
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patients in TKA-PSI versus 3 out of 835 in standard
TKA with risk difference 0.01 (95%CI -0.01 – 0.02, p =
0.28) as seen in Additional file 1: Appendix G. In sensi-
tivity analysis excluding non-RCTs, the result was con-
sistent: risk difference 0.01 (95%CI -0.01 – 0.03, p =
0.44) in RCTs. Pulmonary emboli in Boonen et al.
(2016) and NCT 02539992 were counted as DVT,

considering the overlap between pulmonary embolism
and DVT.
For revision TKA, 14 studies were included and 13

studies were meta-analyzed with 4 RCTs and 9 non-
RCTs. The incidence of revision TKA was 0.9% (11/
1227) and there was no significant difference between
groups: 3 out of 601 patients in TKA-PSI versus 8 out of

Fig. 8 Forest plot in surgery time

Fig. 9 Forest plot in Blood loss (SMD)
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626 in standard TKA with risk difference − 0.01 (95%CI
-0.02 – 0.01, p = 0.83) as seen in Additional file 1: Ap-
pendix H. The specific reasons for revision TKA were
infection (n = 1), tibia loosening (n = 1), and patella re-
surfacing (n = 1) in TKA-PSI group, whereas infection
(n = 2), tibia loosening (n = 2), patella resurfacing (n = 2),
and instability (n = 2) in standard TKA group. Pourgiezis
et al. (2016) experience one case with revision TKA in
TKA-PSI group, but the data was not synthesized in
meta-analysis, because the number of events in standard
TKA was not shown. Also, Rathod et al. (2015) experi-
enced reoperation for hematoma in TKA-PSI group, but
we did not the case as revision TKA. Findings of the pri-
mary outcomes are summarized in ‘Summary of find-
ings’ (Fig. 12).

Lower-limb alignment (secondary outcome)
Eight studies were included with the pooled 930 patients
[45, 49, 53, 57, 58, 67, 68, 70]. Lower-limb alignment
was monitored using hip-knee-angle (HKA) [53, 58, 67,
70] and mechanical axis [45, 49, 57, 68]. The positioning
of the femoral prosthetic implant was examined using
coronal [45, 49, 53, 57, 58, 67, 70] and sagittal [49, 53,
57, 58, 70] radiographs or CT scans. Also, rotational
alignment of the femoral prosthetic implant was exam-
ined using CT scans [45, 58, 70]. The positioning of the
tibial prosthetic implant was examined using coronal
[45, 49, 53, 57, 58, 67, 70] and sagittal [45, 49, 53, 57, 58,
70] radiographs or CT scans. In the included studies, ro-
tational alignment of the tibial prosthetic implant was
not examined. All studies defined outliers as three or
more degrees deviation from the planned alignment.
There were no significant differences in HKA (95%CI

-0.09 – 0.05, p = 0.58), mechanical axis (95%CI -0.21 –
0.16, p = 0.81), femoral coronal positioning (95%CI -0.05

– 0.05, p = 0.95), femoral sagittal positioning (95%CI
-0.13 – 0.14, p = 0.91), femoral rotational positioning
(95%CI -0.32 – 0.07, p = 0.21), tibial coronal positioning
(95%CI -0.03 – 0.05, p = 0.60), and tibial sagittal posi-
tioning (95%CI -0.16 – 0.10, p = 0.63) when comparing
between TKA-PSI and standard TKA, as shown in Add-
itional file 1: Appendix I.

Discussion
This systematic review included 38 studies (26 RCTs
and 12 non-RCTs) to evaluate the efficacy of TKA using
PSI as compared to standard TKA for patients with end-
stage knee OA. For PROM, TKA-PSI did not show su-
perior outcomes among patients followed for less than
1-year. Also, among patients followed for 1-year or
more, we could not find clinically important differences
between TKA-PSI and standard TKA groups. Lower-
limb alignment and prosthetic implant positioning did
not differ between TKA-PSI and standard TKA groups.
TKA-PSI decreased perioperative blood loss, though the
effect size was small. TKA-PSI did not reduce transfu-
sion rate and surgery time. The most striking of this re-
view was that we investigated three prominent
complications (i.e. SSI, DVT, and revision TKA) and
overall complication rates in TKA-PSI were small: 1.3%
in SSI, 1.0% in DVT, and 0.5% in revision TKA in the
short-term follow-up periods (maximum 44-months).
We did not find any differences in complication rates
between TKA-PSI and standard TKA groups, but the
pooled events were insufficient to draw a conclusion.
We found 12 other systematic reviews assessing the ef-

ficacy of PSI as compared to standard TKA. Radio-
graphic, CT-, or MRI-identified alignments of the
components (i.e. mechanical axis) were the most com-
mon main outcomes in 9 reviews. Two reviews showed

Fig. 10 Forest plot in transfusion rate
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the efficacy of PSI for favorable mechanical axis and
femoral rotational alignment. However, the effects of the
favorable alignments on PROM and reduction of revi-
sion TKA were not reported in their reviews. Goyal
et al. (2016) described that a meta-analysis with 5 RCTs
showed no significant differences in PROMs between
TKA-PSI and standard TKA, but not conclusive with
limited numbers of the pooled patients (379 patients).

Mannan et al. (2017) demonstrated that TKA-PSI did
not improve PROM compared to standard TKA, includ-
ing non-RCTs. In this review, we limited to RCTs and
meta-analyzed the pooled 1299 patients (666 in TKA-
PSI versus 633 in standard TKA) in PROM, concluding
that PSI did not improve PROM among patients
followed both for less than 1-year and for 1-year or
more. The conclusion was consistent with the previous

Fig. 11 Forest plots in complication rate (composite outcome)
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systematic reviews. Thienpont et al. (2017) reviewed that
TKA-PSI decreased blood loss and surgery time; how-
ever, the potential benefits, such as decreasing

transfusion, SSI and DVT, were not reported. In our re-
view, TKA-PSI decreased blood loss with a small effect
which corresponded to hemoglobin 0.4 g/dl (95%CI 0.1–

Fig. 12 Summary of findings
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0.7) reduction, but did not shorten surgery time. TKA-
PSI did not reduce transfusion, SSI, and DVT rates.
The most noteworthy strength of this review is robust

methodology: this review followed guidance from the
Cochrane handbook of Systematic Reviews [79]. In our
search of potentially eligible studies, we screened on-
going clinical trials. Also, we selected the main outcomes
avoiding surrogate or interim outcomes [79]. Another
strength is generalizability to the target population of
interest. Among the included studies, 29 studies re-
cruited patients solely diagnosed with knee OA. The
prevalence of females in the pooled population was 62%,
which highly reflected the general population [80]. Also,
their ages were almost within 60–79, which is the pre-
dominant population in need of TKA [81]. Overall, the
characteristics of the pooled population in this review
accurately reflected the prevalence of knee OA in clinical
practice. Also, 1361 patients were pooled in PROM and
the generalizability of this review is favorable.
The most remarkable issue in the certainty of evidence

was inappropriate blinding. Patients could not be
blinded in the trait of PSI with preoperative MRI or CT.
Also, surgeons could not be blinded, which potentially
created performance bias. For these reasons, we inter-
preted the results in PROM as having a moderate quality
of evidence. For surgery time and blood loss, each point
estimate in the included studies varied with high hetero-
geneity (I2 = 94%), and we interpreted the evidence as
being moderate in quality. The results in transfusion and
complication rates were imprecise because of the small
number of the pooled events with wide confidence inter-
vals. We did not downgrade, but we suspected publica-
tion bias in the funnel plot in transfusion rate in
Additional file 1: Appendix J. We interpreted them as
having a moderate quality of evidence. The assessment
sheet of quality of evidence for each outcome is pre-
sented in Additional file 1: Appendix K.
In limitation, we identified 4 studies in non-English lit-

eratures in the searching process, but we could not in-
clude the data in this review for our inability to literate
the articles (language bias), as listed in Additional file 1:
Appendix C. Also, in two studies, SD were not presented
and we estimated the SD referring to the other studies
in this review: Roh et al. (2013) and Boonen et al. (2013)
for surgery time and blood loss. In this review, the lon-
gest follow-up periods were 44-month and future sys-
tematic reviews including studies with longer follow-up
periods would be needed for examining long-term effi-
cacy in addition to cost effectiveness using PSI. Also, a
newer surgical device and procedure to perform robotic-
arm assisted TKA, has been recently introduced with po-
tentially superior clinical outcomes as compared to
standard jig-based TKA [82]. Further studies are re-
quired to elucidate the full benefit and any limitations.

Conclusions
TKA using PSI does not improve PROMs, surgery time
and transfusion rate as compared to standard TKA
among patients with end-stage OA of the knee followed
for less than 1-year and for 1-year or more. TKA using
PSI decreases blood loss with a small effect, but the ef-
fect is not enough to decrease transfusion rate. TKA
using PSI does not reduce surgery time, and if it does,
the degree of reduction is not clinically significant. TKA
using PSI may not reduce SSI, DVT, and revision TKA,
but they are inconclusive.
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