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Background: Patient-specific instrumentation (PSI) has been suggested to reduce improper component posi-
tioning, though the effectiveness of PSI in total hip arthroplasty (THA) remains inconclusive. The purpose of this
study was to evaluate the radiographic parameters and clinical outcomes comparing PSI and standard instru-
mentation (SI).

Methods: This systematic review and meta-analysis was conducted in accordance with the 2020 PRISMA state-
ment and was registered on PROSPERO. PubMed, Embase, Scopus, Google Scholar, and ClinicalTrials.gov were
searched for relevant studies pertaining to the use of PSI in THA. Inclusion criteria included PSI used in THA, PSI
was directly compared to SI, and publication in English. Exclusion criteria included non-primary THA, review
articles, abstracts, book chapters, and animal models.

Results: 2,458 studies were initially identified, with 13 studies (677 THAs: 338 controls, 339 PSI) meeting all
criteria. PSI was favored for the deviation from the preoperative plan for acetabular cup position for anteversion
(p = 0.04) and inclination (p = 0.0002); risk of acetabular cup positioning outside the Lewinnek safe zone for
anteversion (p = 0.005) and inclination (p < 0.0001); and postoperative Harris Hip Score (p = 0.0002). No
significant differences were found for the deviation from the preoperative plan for femoral stem position for
anteversion (p = 0.74) or varus/valgus (p = 0.15); intraoperative time (p = 0.55); or intraoperative blood loss
(p = 0.62).

Conclusion: The use of PSI in THA is effective in improving acetabular component positioning and postoperative
functional outcomes, without increasing intraoperative time or blood loss, compared to SI.

1. Introduction

Total hip arthroplasty (THA) has been one of the most frequently
performed orthopaedic procedures in the United States with an esti-
mated 2.5 million Americans currently living with a prosthetic hip."? As
the population of the United States continues to age, the rates of THA are
expected to grow, highlighting the importance of effective management
of these procedures.>>* Although there have been many improvements
to preoperative planning, surgical techniques, and rehabilitation,
acetabular loosening due to malposition of the prosthesis is still reported
in many patients.>>° Furthermore, upwards of 3% of THA patients
dislocate their new hip within one year.”

Improper component positioning has been a major surgical factor
attributed to acetabular loosening and dislocation.® This has prompted

increased interest in the use of patient-specific instrumentation (PSI)
and other innovative technologies in the preoperative and intra-
operative planning of THA.? ! The role of the PSI is to help guide the
physical positioning of the components during hip arthroplasty.”'? PSI
uses a preoperative CT or MRI to create a 3D patient model that can then
be used to make a patient-specific guide for prosthesis placement.'®'* It
has been reported that the implementation of PSI during THA has
increased surgical accuracy of component positioning leading to
improved patient outcomes.'® However, current literature on the topic
has been limited to small cohort studies and qualitative synthesis.'® 2’
Due to the small sample sizes, these studies could be underpowered to
detect differences between PSI and SI, necessitating a quantitative syn-
thesis of the currently available literature. As the incidence of THA
continues to rise”® so does the importance of evaluating the efficacy of
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PSI versus standard instrumentation in THA.

The primary aim of this systematic review and meta-analysis was to
determine whether there is a significant improvement in prosthesis
positioning during THA with the use of PSI compared to SI. Secondary
measures included functional outcomes, intraoperative blood loss,
intraoperative time, cost of PSI, and time necessary to obtain PSI.

2. Methods
2.1. Protocol registration

The Cochrane Handbook for Systematic Reviews of Interventions®’
and the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statement’’ were used as guides to conduct this sys-
tematic review and meta-analysis. The study was registered with
PROSPERO (ID number: CRD42022323011).

2.2. Search strategy

An electronic query was initiated in April 2022 using Pubmed,
Embase, Scopus, and Google Scholar. ClinicalTrials.gov was additionally
used to aid in the identification of pertinent ongoing clinical trials. The
goal of the query was to discover all studies which compared the use of
PSI and SI in total hip arthroplasty. The exact search query can be found
in Appendix A. The query included search terms such as total hip
arthroplasty OR hip arthroplasty OR total hip replacement OR hip
replacement AND patient specific OR custom made OR custom fit OR
guide OR three-dimensional.

2.3. Eligibility criteria

The PICO model was followed: P — patients who had undergone total
hip arthroplasty; I — patient-specific instrumentation; C — standard
instrumentation; O - acetabular cup position, femoral stem position,
clinical outcomes, intraoperative effects, cost-effectiveness. Inclusion
criteria for the articles included PSI used to assist with THA and a direct
comparison to a SI control group. One or more of the outcomes chosen
for analysis was also required to have been present. Outcomes analyzed
included absolute mean deviation from the preoperative plan for the
acetabulum in anteversion and inclination, the number of cups posi-
tioned outside the Lewinnek safe zone, intraoperative time, intra-
operative blood loss, Harris Hip Score, and absolute mean deviation
from the preoperative plan for the femoral stem in anteversion and
varus/valgus. Lastly, publication in the English language was required.
Studies that used PSI on living patients, cadavers, and physical models
were included. Both randomized controlled trials and non-randomized
studies, including non-randomized controlled trials and prospective
and retrospective cohort studies, were included. Exclusion criteria for
the articles used were non-primary THA, any joints other than the hip,
review articles, abstracts without full manuscripts available, book
chapters, and animal models. Studies in which necessary data could not
be obtained after attempting to contact the authors were also excluded
from this analysis.

2.4. Screening and data extraction

All articles were imported into Covidence and screened by two in-
dependent reviewers (J.C. and A.D.), with a third (J.W.) resolving all
conflicts. Papers were screened against inclusion and exclusion criteria
first by title and abstract and then by full text when appropriate. During
the full-text review process, the references of each paper were evaluated
to identify any additional relevant articles fitting the inclusion and
exclusion criteria that were not discovered in the search query.

After all relevant articles were identified and screened, two inde-
pendent reviewers (J.C. and J.W.) performed data extraction using a
standardized form. Once again, all conflicts were resolved by a third
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reviewer (A.D.). Extracted data included publication information, study
characteristics, patient demographics, surgical techniques, imaging and
software used for preoperative planning and postoperative evaluation,
PSI design and costs, measurements of acetabular and femoral compo-
nent placement accuracy, Harris Hip Score, intraoperative times,
intraoperative blood loss, and number of complications or revisions
required.

2.5. Risk of bias assessment

The risk of bias was conducted in accordance with the guidelines in
the Cochrane Handbook for Systematic Reviews of Interventions.”” Risk
of bias was assessed for each article by two independent reviewers (J.C.
and J.W.), with a third reviewer (A.D.) resolving conflicts. Version 2 of
the Cochrane risk-of-bias tool for randomized trials (RoB 2)°' was used
to evaluate randomized studies, and the Risk Of Bias In
Non-Randomized Studies — of Interventions (ROBINS-I) tool°> was used
to evaluate non-randomized studies including non-randomized control
trials and cohort studies.

2.6. Statistical analysis

The statistical analysis was conducted in accordance with the
guidelines in the Cochrane Handbook for Systematic Reviews of In-
terventions.”’ Meta-analysis was performed using ReviewManager
(version 5.4.1, The Cochrane Collaboration, 2020) to compare the PSI
and SI groups with regard to the primary and secondary outcomes. The
primary outcomes of this analysis were absolute mean deviation from
the preoperative surgical plan of acetabular cup position measured in
the postoperative angles of anteversion and inclination (both in degrees)
and the accuracy of acetabular cup position measured by the number of
cups positioned outside the Lewinnek safe zone for anteversion and
inclination.>® The secondary outcomes of this analysis were intra-
operative time (in minutes), intraoperative blood loss (in milliliters),
Harris Hip Score, and absolute mean deviation from the preoperative
surgical plan of femoral stem position measured in the postoperative
angles of anteversion and varus/valgus (both in degrees). Data were
summarized as mean difference or relative risk. For included studies that
were missing standard deviations, it was calculated from the reported
p-values. For other relevant missing data, the authors of this study
contacted the corresponding authors of the study in question for addi-
tional information.

Due to anticipated heterogeneity of the included studies, random-
effects models were used. The I? statistic was used to measure study
heterogeneity. The primary and secondary outcomes were reported with
95% confidence intervals and values were compiled in forest plots. The
authors intended to investigate publication bias by performing tests for
funnel plot asymmetry in accordance with Cochrane guidelines. Sensi-
tivity analysis was performed to evaluate the impact of the effects model
(fixed versus random) and the impact of imputed values for missing
data. Statistical significance was detected at p < 0.05.

2.7. GRADE assessment of evidence

The Grading of Recommendations Assessment, Development and
Evaluation (GRADE) approach was utilized by two independent re-
viewers (A.D. and J.W.) to assess quality of evidence. A third reviewer
(J.C.) resolved all conflicts. Data from RevMan was imported into the
GRADEpro web tool (GRADEpro Guideline Development Tool [Soft-
ware]. McMaster University and Evidence Prime, 2022) to create a
“Summary of findings” (SoF) table, which includes information on the
overall quality of evidence for each outcome measured in the study.
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3. Results
3.1. Study selection

The search resulted in 2,458 studies, of which 2,445 were excluded.
807 duplicate papers were removed, 1,567 papers were removed after
title and abstract screening, and 71 papers were removed after full-text
screening. Of the 71 papers removed after full-text screening, 21 were
removed due to a lack of comparison between PSI and SI, 12 were
removed due to a lack of PSI used, 13 were removed due to a lack of
THA, 2 were removed due to the inclusion of non-primary THA, 15 were
removed as they were review articles, 4 were removed due to avail-
ability of only abstracts without full-text manuscripts, 3 were removed
due to non-English language, and 1 was removed due to no reported
outcomes measured in this study. A summary of the literature review is
displayed in a PRISMA flowchart (Fig. 1).

3.2. Study characteristics

13 papers with a total of 677 THAs (338 controls and 339 PSI) met all
inclusion and exclusion criteria.'>?” 7 of the 13 papers included were
randomized control trials (RCTs). The remaining 6 studies included 3
non-randomized control trials and 3 cohort studies. Out of the 13
included studies, 12 were able to be included in the quantitative ana-
lysis.'®> 292227 Further study characteristics are displayed in Appen-
dices B.1 and B.2. Indications for surgery included osteoarthritis,
femoral neck fracture, osteonecrosis of the femoral head, rheumatoid
arthritis, and developmental dysplasia of the hip.

Studies Identified
(n =2,458)

\

Studies After Duplicates Removed
(n=1,651)

v

Title and Abstracts Screened
(n=1,651)

v

Full Studies Assessed
(n=84)

v

Studies Included in Qualitative
Analysis
(n=13)

v

Studies Included in Quantitative
Analysis
(n=12)

—
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3.3. Accuracy of PSI for acetabular cup position

Five studies (203 THAs: 105 controls, 98 PSI) could be included in
the statistical analysis of the comparison of absolute mean deviation
from the preoperative surgical plan of acetabular cup position with re-
gard to anteversion and inclination in PSI and SI (control)
groups.'>!®192%27 The mean difference favored PSI for both ante-
version (—6.25° [95% CI, —12.25° to —0.25°]; p = 0.04) (Fig. 2a) and
inclination (—4.00° [95% CI, —6.07° to —1.92°]; p = 0.0002) (Fig. 2b).
There was considerable heterogeneity among studies for both ante-
version (I2 =98%; p < 0.00001) and inclination (I2 = 85%; p < 0.0001).

Five studies (321 THAs: 168 controls, 153 PSI) were included in the
analysis of the accuracy of acetabular cup placement measured by the
number of cups positioned outside the Lewinnek safe zone for ante-
version and inclination.'%'7:1%2324 PSI was associated with a lower
relative risk of acetabular cup malposition with regard to both ante-
version (0.23 [95% CI, 0.08 to 0.64]; p = 0.005) (Fig. 3a) and inclination
(0.12 [95% CI, 0.04 to 0.32]; p < 0.0001) (Fig. 3b).

3.4. Intraoperative variables

For analysis of intraoperative time, nine studies (533 THAs: 274
controls, 259 PSI) were included.'>!7-20:23:25-27 Ngo significant differ-
ence was found (mean difference, 2.03 min [95% CI, —4.63 to
8.68 min]; p = 0.55) (Fig. 4a). There was considerable heterogeneity
among studies (I2 = 86%; p < 0.00001). Seven studies (413 THAs: 214
controls, 199 PSI) were included for analysis of intraoperative blood
loss.!217:19,20,23,25,.27 N significant difference was found (mean differ-
ence, —8.25 mL [95% CI, —41.27 to 24.78 mL]; p = 0.62) (Fig. 4b).

Duplicate Studies Removed
(n=2807)

Excluded After Title and Abstracts
Screened
(n=1,567)

Excluded After Full-Text
Assessment with Reason
(n=71)

21 No comparison to standard
instrumentation
12 No PSI used
13 No THA
2 Non-primary THA
15 Review Articles
4 No Full-Text
3 Non-English Language
1 Wrong Outcomes Measured

Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow chart with explanations for the removal and exclusion of studies.
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Total (95% CI) 98 105  -6.25[-12.25, -0.25] e
Heterogeneity. Tau®= 42.58; Chi*= 186.04, df= 4 (P < 0.00001), F= 98% _210 10 S 190 2?0
Test for overall effect: Z= 2.04 (P=0.04) Eavors PSI Favors Control
b PSI Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
Bulleretal., 2013 1:4:-1.2 14 104 9 14 -9.00[-13.76,-4.24)
Hananouchi et al., 2010 32923 N 53 37 38 -1.90[-3.33,-0.47) -
Smalletal, 2014 186 7.3 18 1.28 91 18 068 [-4.71,6.07) =
Xiao etal, 2020 42 05 24 95 1.4 24 -530[5.89,-471) =
Zhang etal., 2011 16 04 1" 58 29 11 -4.20[-5.93,-2.47) —-
Total (95% Cl) 98 105 -4.00[-6.07,-1.92] <G
Heterogeneity. Tau®= 3.83; Chi*= 25.94, df= 4 (P < 0.0001), F=85% 230 10 } 10 20

Test for overall effect: Z=3.78 (P = 0.0002) Favors PSl Favors Control

Fig. 2. a. Forest plot of the mean difference in acetabular cup anteversion error (in degrees) for PSI versus SI (control). Mean difference favored PSI (MD = —6.25,
p = 0.04). There was considerable heterogeneity among studies (1% = 98%; p < 0.00001). b. Forest plot of the mean difference in acetabular cup inclination error (in
degrees) for PSI versus SI (control). Mean difference favored PSI (MD = —4.00, p = 0.0002). There was considerable heterogeneity among studies
(I = 85%; p < 0.0001).

a

PSI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total M-H, Random, 95% ClI M-H, Random, 95% CI
Bulleretal,, 2013 3 14 6 14 0.50[0.15,1.61] —
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Hananouchi et al., 2010 0 k| 4 38 0.14([0.01,2.42)
Wang et al.,, 2021 0 52 2 52 0.20([0.01, 4.07) -
Xiaoetal, 2020 0 24 10 24 0.05([0.00,0.77)
Total (95% Cl) 153 168 0.23[0.08, 0.64] <=
Total events 3 30
Heterogeneity: Tau®= 0.19; Chi*= 4.52, df= 4 (P=0.34); F=12% 0 IJ=05 0=1 ; 130 260

Testfor overall effect: Z= 2.81 (P = 0.005) Favors PSI Favors Control

b PSI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total M-H, Random, 95% ClI M-H, Random, 95% CI
Bulleretal., 2013 0 14 6 14 0.08[0.00,1.25] " |
Caoetal, 2019 0 32 1 40 0.05[0.00, 0.88] -
Hananouchi etal,, 2010 0 N 5 38 0.11[0.01,1.93)
Wang et al., 2021 0 52 9 52 0.05[0.00,0.88] -
Xiaoetal, 2020 2 24 10 24 0.20[0.05,0.82) —a—
Total (95% Cl) 153 168 0.12[0.04, 0.32] <
Total events 2 41
Heterogeneity: Tau*= 0.00; Chi*=1.36, df=4 (P = 0.85); F= 0% 5 0505 0*1 150 260

Testfor overall effect: Z= 4.21 (P < 0.0001) Favors PS| Favors Control

Fig. 3. a. Forest plot of the relative risk (RR) of acetabular cup malposition with regard to anteversion for PSI versus SI (control). Malposition was defined as cup
placement outside Lewinnek safe zone for anteversion (15° £ 10°). PSI was associated with lower relative risk of malposition (RR = 0.23, p = 0.005). b. Forest plot of
the relative risk (RR) of acetabular cup malposition with regard to inclination for PSI versus SI (control). Malposition was defined as cup placement outside Lewinnek
safe zone for inclination (40° + 10°). PSI was associated with lower relative risk of malposition (RR = 0.12, p < 0.0001).

There was substantial heterogeneity among studies (12 = 71%; p = 0.0002) (Fig. 5).
p = 0.002).

3.6. Accuracy of PSI for femoral stem position
3.5. Clinical outcomes
Two studies (112 THASs: 48 controls, 64 PSI) could be included in the
Three studies (214 THAs: 107 controls, 107 PSI) could be included in analysis of the comparison of absolute mean deviation from the preop-
the analysis of the postoperative Harris Hip Score at 3 months follow- erative plan of femoral stem position with regard to anteversion and
up.20’23’25 The mean difference favored PSI (1.30 [95% CI, 0.61 to 1.99]; varus/valgus in PSI and SI (control) groups.zo’22 No significant
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Hananouchi etal., 2010 6559 33382 31 683.9 33382 38 -28.00[-186.35, 130.35]
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Xing etal., 2020 470 1347 15 4533 147 15 16.70 [-84.20,117.60]
Zhang et al., 2011 4098 4403 11 4806 44.03 11 -70.80[-107.60,-34.00] T
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Test for overall effect: Z=0.49 (P = 0.62)
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Fig. 4. a. Forest plot of the mean difference in intraoperative time (in minutes) for PSI versus SI (control). No significant difference was found (MD = 2.03, p = 0.55).
There was considerable heterogeneity among studies (12 = 86%, p < 0.00001). b. Forest plot of the mean difference in intraoperative blood loss (in mL) for PSI versus
SI (control). No significant difference was found (MD = —8.25, p = 0.62). There was substantial heterogeneity among studies (I> = 71%, p = 0.002).

PSsI Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total IV, Random, 95% Cl IV, Random, 95% CI
Jdinetal, 2022 93.9 1.66 40 8273 1.75 40 1.17[0.42,1.92]
Wang et al., 2021 825 T 52 BOTE T2 52 1.74 [-1.07, 4.55]
Hing etal., 2020 81.7 25 15 795 38 158 2.20[-0.10, 4.50] 1
Total (95% Cl) 107 107 1.30 [0.61, 1.99] <
Heterogeneity, Tau?= 0.00; Chi*= 0.80, df= 2 (P=0.67); F=0% 54 52 é j‘
Test for averall effect. Z2= 3.69 (P = 0.0002) Favars Conirol  Favors P&

Fig. 5. Forest plot of the mean difference in Harris Hip Score at 3-month follow-up for PSI versus SI (control). Mean difference favored PSI (MD = 1.30, p = 0.0002).

a PSI Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total IV, Random, 95% CI IV, Random, 95% CI
Jinetal, 2022 353 113 40 686 227 40 -333[4.12,-254) =]
Sakaietal., 2017 7.7 e 24 5.4 k] 8 2.30-1.92,6.592)
Total (95% CI) 64 48 -0.91[-6.37,4.55]
Heterogeneity: Tau*= 13.45; Chi*=6.62, df=1 (P=0.01); F=85% -2”0 -1=U 0 1:0 2:0
Testfor overall effect Z=0.33 (P=0.74) Favors PSI Favors Control
b PSI Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total IV, Random, 95% Cl IV, Random, 95% CI
Jinetal, 2022 084 038 40 236 1.34 40 -1.52[-1.95,-1.09] =]
Sakaietal, 2017 1.07 08 24 13 11 g -0.23[1.06, 0.60]
Total (95% Cl) 64 48 -0.93[-2.19,0.34]
Heterogeneity: Tau®= 0.72; Chi*= 7.35, df =1 (P = 0.007); "= 86% o + ) £ T
Test for averall effect: Z=1.44 (P=0.15) Favors PS|. Favors Control

Fig. 6. a. Forest plot of the mean difference in femoral stem anteversion error (in degrees) for PSI versus SI (control). No significant difference was found
(MD = —0.91, p = 0.74). There was considerable heterogeneity among studies (I> = 85%, p = 0.01). b. Forest plot of the mean difference in femoral stem varus/
valgus error (in degrees) for PSI versus SI (control). No significant difference was found (MD = —0.93, p = 0.15). There was considerable heterogeneity among
studies (I2 = 86%, p = 0.007).
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difference was found for anteversion (mean difference, —0.91° [95% CI,
—6.37°-4.55°]; p = 0.74) (Fig. 6a) or varus/valgus (mean difference,
—0.93° [95% CI, —2.19°-0.34°]; p = 0.15) (Fig. 6b). There was
considerable heterogeneity among studies for both anteversion
(12 = 85%; p = 0.01) and varus/valgus (IZ = 86%; p = 0.007).

3.7. Sensitivity analysis

The statistical analyses were repeated with fixed-effect models (not
shown). PSI was favored for femoral stem anteversion (mean difference,
—3.14° [95% CI, —3.91° to —2.37°]; p < 0.00001) and varus/valgus
(mean difference, —1.24° [95% CI, —1.63° to —0.86°]; p < 0.00001).
The findings for all other outcomes analyzed with fixed-effects models
were not substantially altered. Analysis with the exclusion of imputed
data did not substantially alter the findings of the study (not shown).

3.8. Risk of bias

Regarding risk of bias, for the 7 RCTs, 3 studies were deemed “low”
and 4 scored “some concerns” according to the RoB 2 methodology. All
non-randomized studies scored “moderate” according to the ROBINS-I
methodology. Risk of bias scores for each study are shown in Appen-
dix B.1.

3.9. Quality of evidence

Quality of evidence was assessed using GRADE for RCTs and non-
randomized studies. Evidence from this study suggests that PSI used in
THA may hold benefits when compared to standard procedures, though
the quality of evidence was deemed low quality. The main reasons for
downgrading the quality of evidence across outcomes were risk of bias,
heterogeneity, low number of events or low sample size, and imprecise
95% confidence intervals. Appendix C summarizes the GRADE and
quality of evidence for outcomes assessed in the study.

4. Discussion

This systematic review and meta-analysis analyzed the effect of PSI
on the accuracy of implant positioning in THA. Previous literature
suggested that in THA, component positioning improves with the use of
PSL,'>15:192427 byt large-scale analysis had yet to be done in a quanti-
tative manner. This study demonstrated a significant increase in implant
positioning accuracy with regard to both anteversion (Fig. 2a) and
inclination (Fig. 2b) of the acetabular component with the use of PSI
when compared to standard non-PSI controls. Increases in Harris Hip
Score were also shown to be of significance (Fig. 5) indicating improved
short-term clinical outcomes with use of PSI in THA.

This analysis demonstrated that overall, there was an improvement
in surgical and functional outcomes across a wide variety of surgical
indications; however, patients with more severe injury might especially
benefit from PSL In one included study®® adult patients with develop-
mental dysplasia of the hip were separated into four groups based on
Crowe classification (I, IL, III, or IV), with the higher number indicating a
more severe diagnosis.>**> When compared to standard instrumentation
in Crowe groups I and II, PSI showed no significant difference. Inter-
estingly, when compared to standard instrumentation in Crowe groups
III and 1V, PSI did show a significant benefit. As previously noted, this
suggests that the use of PSI could be especially useful in more difficult
and complex patient cases.”>

The Lewinnek safe zone of 15° + 10° of anteversion and 40° + 10° of
inclination has been used as a target for THA, as hips located within this
zone have significantly less dislocations.>® The findings from this anal-
ysis suggest that the use of PSI lowers the risk of acetabular cup place-
ment outside of the Lewinnek safe zone when compared to standard
instrumentation. Although the Lewinnek safe zone has been used his-

torically, it has come under question in recent years>°>° and some have
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proposed a slightly different zone.>” With the current study’s findings
that PSI significantly reduces the mean absolute error in acetabular cup
positioning for both anteversion and inclination when compared to
standard instrumentation, even if these suggested changes to the safe
zone are warranted, PSI is still superior to standard instrumentation in
THA in this regard.

Intraoperative blood loss is an important consideration with regard
to the use of PSI compared to standard instrumentation in THA.*>*° An
increase in intraoperative blood loss could lead to a substantial increase
in costs, as one unit of red blood cells has been reported to cost hospitals
$210 and patients $343.*! Additionally, although relatively low, in any
transfusion there is a risk of transmission of an infectious process,
transfusion-related acute lung injury (TRALI), or other complica-
tions.*>** It is relevant then, that this quantitative analysis did not show
any significant differences in intraoperative blood loss between PSI and
standard instrumentation in THA.

Operating room time is often scarce and extremely expensive,** with
estimates placing the cost per minute at $37.%° As a result, even small
increases in intraoperative time could add up to significant cost in-
creases.*® Importantly, this analysis showed no significant difference
between PSI and standard instrumentation with regard to intraoperative
time in THA. Thus, concerns regarding increases in intraoperative cost
from increased intraoperative time are not warranted.

Factors which the authors were not able to quantitatively analyze
due to differences in methodology and reporting included the added cost
associated with the creation of the PSI, as well as the time necessary to
do so. Qualitative cost analysis revealed a wide range of cost for PSI
among included studies, with reports ranging from $4 — $500.2?%%”
There remains a great degree of ambiguity with respect to what was
included in these reported costs. Further research is needed to effec-
tively address whether there is a significant increase in cost, and, if so,
whether improvements in implant positioning are worth the cost.
Similar to the cost of PSIin THA, the details regarding the time needed to
manufacture and obtain PSI were limited. One included study suggested
that design of PSI takes 60-120 min, with another 90-120 min for
manufacturing.'? Another included study suggested that manufacturing
by a service provider could take 16 h, not including design or other
logistics.”” Although there is preoperative planning associated with
production of the PSI, this is not reflected by any increased time in the
operating room.

Regarding the possible role of surgeon experience in the efficacy of
PSIin THA, there have been studies demonstrating the efficacy of the use
of PSI in THA for both inexperienced”* and experienced surgeons.'>*’
One study directly compared the effect of surgeon experience on the
efficacy of PSI and found no significant differences.'® These results
suggest that PSI can be an important addition for surgeons of any
experience level looking to increase the accuracy of their acetabular
component positioning in THA.

Clinically, these results suggest that surgeons can rely on the use of
PSI to yield more accurate component positioning which could be
especially useful in cases with challenging anatomy. PSI may serve as an
effective tool to allow surgeons to perform cases which they would
otherwise be uncomfortable undertaking. As PSI serves as a tailored
guide for surgeons which is unique to each patient, the authors speculate
that the improvements in component positions are due to the reduction
in anatomical ambiguity present. The findings of this study are impor-
tant for surgeons and policymakers alike, as PSI is a lower cost solution
relative to others, such as robotic-assisted surgery,”"*® to improve
implant component positioning and should be considered as a viable
option for those seeking to provide advancements in patient care.

4.1. Limitations
Even after a comprehensive literature review only 13 studies were

identified which directly compared PSI to SI in total hip arthroplasty.
While 7 of the studies included were randomized controlled trials, there
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were also studies with lower levels of evidence as there were 3 non-
randomized controlled trials and 3 cohort studies included. The
studies which did include relevant data and a direct comparison
included differences in methodology, including the characteristics of the
PSI, surgical approach used in the THA, and specimen type (patient,
cadaveric, or sawbones model). The lack of data regarding the long-term
clinical outcomes of patients and the long-term implant survival rates
are also limitations of this study. In addition, several of the included
studies had small sample sizes, reducing the statistical power of the
analysis of outcomes. Studies which were not available in English were
also excluded from this study, potentially creating a selection bias. Since
all of the analyzed outcomes included fewer than 10 studies, tests for
funnel plot asymmetry were not performed to assess publication bias.
The small number of included studies for each outcome would have
decreased the power of these tests to differentiate real asymmetry from
chance, thus reducing their reliability.?>*>°° Although action, like the
inclusion of a “gray” literature search, was taken to reduce publication
bias, this bias cannot be ruled out entirely. Finally, there was consid-
erable heterogeneity between studies for some of the outcomes. Thus,
conclusions from this study should be made with caution.

4.2. Future research

The overall quality of evidence defined by the GRADE methodology
was low. Future studies to corroborate the effects of patient-specific
instrumentation in THA are warranted, as further research is very
likely to have an important impact on and change the estimate of effect.
Future research may also further explore the true cost of PSI, considering
all preoperative time spent in the planning and development phases for
each patient. Studies may additionally examine whether PSI is particu-
larly effective in certain patient populations such as men versus women
or patients with a particular BMI, as well as in certain surgical ap-
proaches. Finally, research is warranted into any potential long-term
effects on functional outcomes and implant survival.

Appendix A. Supplementary data

Journal of Orthopaedics 34 (2022) 404-413

5. Conclusion

The use of patient-specific instrumentation in total hip arthroplasty
is effective in improving acetabular component positioning and post-
operative functional outcomes, without increasing intraoperative time
or blood loss, when compared to standard instrumentation.
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APPENDICES.

Appendix A. Detailed Search Criteria for Each Electronic Database

PubMed

((“Arthroplasty, Replacement, Hip” [Mesh]) OR (“arthroplast®*” [All Fields] AND “replace*" [All Fields] AND “hip"” [All Fields]) OR (“total hip
arthroplast*” [All Fields]) OR (“total” [All Fields] AND “hip” [All Fields] AND “arthroplast®*” [All Fields]) OR (“total hip replace*” [All Fields]) OR
(“hip replacement arthroplast*” [All Fields]) OR (“hip arthroplast*” [All Fields]) OR (“hip replace*” [All Fields])) AND ((“Patient-Specific Modeling”
[Mesh]) OR (“patient-specific instrument*" [All Fields]) OR (“patient specific instrument*" [All Fields]) OR (“guide" [All Fields]) OR (“implant*" [All
Fields]) OR (“3D” [All Fields]) OR (“3-D” [All Fields]) OR (“three-dimension*” [All Fields]) OR (“three dimension*” [All Fields]) OR (“position*” [AlL
Fields])) AND ((patient-specific [Title/Abstract]) OR (patient specific [Title/Abstract]) OR (custom-fit [Title/Abstract]) OR (custom fit [Title/Ab-
stract]) OR (custom-made [Title/Abstract]) OR (custom made [Title/Abstract]) OR (patient-matched [Title/Abstract]) OR (patient matched [Title/
Abstract]))

Embase

(‘arthroplast*> AND ‘replace*” AND ‘hip’ OR ‘total hip arthroplast*” OR (‘total’ AND ‘hip’ AND ‘arthroplast*’) OR ‘total hip replace*” OR
‘replacement arthroplas*’ OR ‘hip arthroplast*” OR ‘hip replace*’) AND (‘patient-specific model*” OR ‘guide*’ OR ‘implant*’ OR ‘3d’ OR ‘3-d” OR
‘three-dimension*’ OR ‘three dimension*’ OR ‘position*” OR ‘patient-specific instrument*’ OR ‘patient specific instrument*’) AND (‘patient-specific’:
ti,ab OR ‘patient specific’:ti,ab OR ‘custom-fit’:ti,ab OR ‘custom fit’:ti,ab OR ‘custom made’:ti,ab OR ‘patient matched’:ti,ab).

Scopus

ALL (({total hip arthroplasty}) OR ({total hip replacement}) OR ({hip replacement arthroplasty}) OR ({hip arthroplasty}) OR {hip replacement})
AND ALL (({patient-specific modeling}) OR ({guide}) OR ({implant}) OR ({3D}) OR ({3-D}) OR ({three-dimension}) OR ({three-dimensional}) OR
({three dimension}) OR ({three dimensional}) OR ({position}) OR ({positioning}) OR ({patient-specific instrument}) OR ({patient specific
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instrument})) AND TITLE-ABS ((patient-specific) OR ({patient specific}) OR (custom-fit) OR ({custom fit}) OR (custom-made) OR ({custom made})
OR (patient-matched) OR ({patient matched})).
Google Scholar

TI (“ (“total hip arthroplasty” OR “total hip replacement” OR “hip replacement arthroplasty” OR “hip arthroplasty” OR “hip replacement) AND
(“patient-specific” OR “patient specific’ OR “custom” OR ‘“custom-made” OR ‘“custom made” OR “custom fit” OR “custom-fit” OR “guide” OR
“implant” OR “3D” OR “3-D” OR “three-dimension”)”)

ClinicalTrials.gov
(“total hip arthroplasty” OR “total hip replacement” OR “hip replacement arthroplasty” OR “hip arthroplasty” OR “hip replacement”) AND
(“patient-specific” OR “patient specific” OR “custom” OR ‘“custom-made” OR ‘“custom made” OR “custom fit” OR “custom-fit” OR “guide” OR

“implant” OR “3D” OR “3-D” OR “three-dimension” OR “three-dimensional” OR “three dimension” OR “three dimensional")

Appendix B.1. Study Characteristics and Risk of Bias Assessment

Study Study Design # # PSI Patient, Surgical RoB 2 Score ROBINS-1
Control Cadaver or Approach Score
Model
Small et al. (2014) ¢Qv Randomized Controlled 18 18 Patient Direct Lateral or Low n/a
Trial Posterior
Xiao et al. (2020) <X Randomized Controlled 24 24 Model Posterolateral Some Concerns n/a
Trial
Zhang et al. (2011) #Qv  Randomized Controlled 11 11 Patient Posterior Low n/a
Trial
Wang et al. (2021) Randomized Controlled 52 52 Patient Direct Some Concerns n/a
X@NV Trial Posterolateral
Jin et al. (2022) @Qv- Randomized Controlled 40 40 Patient Posterolateral Low n/a
Trial
Yang et al. (2015) & Randomized Controlled 24 24 Patient Posterolateral Some Concerns n/a
Trial
Mishra et al. (2020) A\ Randomized Controlled 18 18 Patient Posterolateral Some Concerns n/a
Trial
Sakai et al. (2017) < Non-randomized 8 24 Cadaver Anterolateral n/a Moderate
Controlled Trial
Buller et al. (2013) %X Non-randomized 14 14 Model Not Reported n/a Moderate
Controlled Trial
Cao et al. (2019) XQv Cohort 40 32 Patient Direct Lateral n/a Moderate
Hananouchi et al. (2010) Non-randomized 38 31 Patient Modified n/a Moderate
SXQV Controlled Trial Posterolateral
Ferretti et al. (2021) Cohort 36 36 Patient Direct Lateral n/a Moderate
Xing et al. (2020) @V Cohort 15 15 Patient Posterolateral n/a Moderate

« = included in
acetabular cup analysis

X = included in risk of
cup malposition
analysis

@ = included in Harris
Hip Score analysis

+ = included in
femoral stem analysis

8 = included in
intraoperative time
analysis

v = included in
intraoperative blood loss
analysis

/\ = included only in
qualitative analysis

Includes characteristics of all papers that were included in the analysis. Characteristics include study design, number of hips in each cohort, source of hips, surgical

approach, and risk of bias associated with each study.

Appendix B.2. Hip Demographics

Control (n = 338)

PSI (n = 339)

Patient Hips (n, %)
Model Hips (n, %)
Cadaveric Hips (n, %)

Sex (n, %)

Male 76 (31.93%) 92 (35.52%)
Female 162 (68.07%) 167 (64.47%)
Control (n = 238) PSI (n = 259)
Age (mean years) 56.93 59.87
Control (n = 136) PSI (n = 121)
BMI (mean) 25.08 25.32

292 (86.39%)
38 (11.24%)
8 (2.37%)

Control (n = 238)

277 (81.71%)
38 (11.21%)
24 (7.08%)

PSI (n = 259)

Appendix C. GRADE Summary of Findings (SoF) Table
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Demographic data of the hips analyzed, including hip type, sex, mean age, and BMI of
patients.
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Summary of findings:

The Efficacy of Patient-Specific Instrumentation (PSI) in Total Hip Arthroplasty (THA): a Systematic Review and Meta-Analysis

Patient or population: Primary total hip arthroplasty patients
Setting: Orthopaedic surgery

Intervention: PSI

Comparison: Standard instrumentation

Outcomes Anticipated absolute effects* (95% CI) Relative N of Certainty of the Comments
Risk with standard Risk with PSI effect (95% participants evidence (GRADE)
instrumentation CI) (studies)

Acetabular Cup The mean acetabular Cup MD 6.25° lower (12.25 - 203 (5 studies) SPOO 3 RCTs, 2 non-
Anteversion Error Anteversion Error ranged from lower to 0.25 lower) Low®P randomized studies

3.9-15.2 degrees

Acetabular Cup Inclination ~ The mean acetabular Cup MD 4° lower (6.07 - 203 (5 studies) DPOO 3 RCTs, 2 non-
Error Inclination Error ranged from lower to 1.92 lower) Low>® randomized studies

1.28-10.4 degrees

Risk of Acetabular Cup 179 per 1,000 41 per 1,000 (14 to RR 0.23 321 (5 studies) SPOO 2 RCTs, 3 non-
Malposition for 114) (0.08 to Low®e randomized studies
Anteversion 0.64)

Risk of Acetabular Cup 244 per 1,000 29 per 1,000 (10 to 78) RR 0.12 321 (5 studies) DDO 2 RCTs, 3 non-
Malposition for (0.04 to Low®f randomized studies
Inclination 0.32)

Intraoperative Time The mean intraoperative Time MD 2.03 min higher - 533 (9 studies) DO0O0O 5 RCTs, 4 non-

ranged from 39.3-132.2 min (4.63 lower to 8.68 Very lowbs" randomized studies
higher)

Intraoperative Blood Loss The mean intraoperative Blood Loss ~ MD 8.25 mL lower - 413 (7 studies) DO00O 4 RCTs, 3 non-

ranged from 150-683.9 mL (41.27 lower to 24.78 Very low™" randomized studies
higher)

Postoperative Harris Hip The mean postoperative Harris Hip MD 1.3 higher (0.61 - 214 (3 studies) DPDO 2 RCTs, 1 non-
Score Score ranged from 79.5-92.73 higher to 1.99 higher) Moderate® randomized study

Femoral Stem Anteversion ~ The mean femoral Stem Anteversion ~ MD 0.91° lower (6.37 - 112 (2 studies) SPOO 1 RCT, 1 non-
Error Error ranged from 5.4-6.86 degrees  lower to 4.55 higher) Low"™ randomized study

Femoral Stem Varus/ The mean femoral Stem Varus/ MD 0.93° lower (2.19 - 112 (2 studies) PPOO 1 RCT, 1 non-
Valgus Error Valgus Error ranged from 1.3-2.36 lower to 0.34 higher) Low™" randomized study

degrees

*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention
(and its 95% CI).

CI: confidence interval; MD: mean difference; RR: risk ratio.

GRADE Working Group grades of evidenceHigh certainty: we are very confident that the true effect lies close to that of the estimate of the effect. Moderate
certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different.Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.Very
low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.

Explanations.

a. Downgraded one level for inconsistency: I? = 98%; this inconsistency is not related to the direction of effect but rather to the magnitude of the effect favoring PSI.
b. Downgraded one level for imprecision: There is a wide 95% CI with wide range of benefit of PSI and low sample size.

¢. Downgraded one level for inconsistency: 1> = 85%; Small et al. contributes to this inconsistency, but mostly it is not related to the direction of effect but rather to the
magnitude of the effect favoring PSI.

d. Downgraded one level for risk of bias: Non-randomized studies contributed to the majority of pooled estimates. Most information is from studies with “moderate” or
“some concerns” risk of bias, and limitations are likely to lower confidence in effect.

e. Downgraded one level for imprecision: Optimal information size (OIS) criteria not met.

f. Downgraded one level for risk of bias: Most information is from studies with “moderate” or “some concerns” risk of bias, and limitations are likely to lower confidence
in effect.

g. Downgraded one level for inconsistency: I? = 86%; Xing et al. is an outlier that contributed to this inconsistency. The inconsistency is related to the direction of the
effect.

h. Downgraded one level for imprecision: There is a wide 95% CI that overlaps no effect.

i. Downgraded one level for risk of bias: Most information is from studies with “low” or “moderate” risk of bias, and limitations are likely to lower confidence in effect.
j. Downgraded one level for inconsistency: I? = 71%; the inconsistency is related to the direction of the effect.

k. Downgraded one level for imprecision: Low sample size.

1. Downgraded one level for inconsistency: P= 85%; this is related to the direction of effect.

m. Downgraded one level for imprecision: There is a wide 95% CI that overlaps no effect and low sample size.

n. Downgraded one level for inconsistency: I> = 86%; this is related to the magnitude of effect rather than the direction of effect.
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