Original Article Journal of Orthopaedic Case Reports 2025 June:15(6):Page 213-222

Evaluating Effectiveness, Safety, and Patient Outcomes of 3D Printing in
Orthopedic Implant Design and Customization: A PRISMA-Complaint
Systematic Review

Mainak Roy', Madhan Jeyaraman’, Naveen Jeyaraman®, Arpit Sahu', Sanjeevi Bharadwaj’,
Abhijith K Jayan'

Learning Point of the Article:
3D printing in orthopedic implant design enables highly personalized, anatomically precise solutions that improve surgical outcomes,
patient satisfaction, and recovery, but challenges, such as cost and long-term durability require further research and innovation for
widespread adoption.

Introduction: The advent of 3D printing technology has revolutionized the field of orthopedics, particularlyin the design and customization of
implants. This study aims to evaluate the effectiveness, safety, and patient outcomes associated with the use of 3D-printed custom implants for
various orthopedic conditions.

Materials and Methods: The systematic review was registered in PROSPERO (CRD42025648097). The literature search analyzed studies
from multiple databases, focusing on parameters, such as implant fit, functionality, surgical outcomes, and patient satisfaction. Studies were
selected based on their relevance to 3D-printed custom implants for various orthopedic conditions.

Results: The analysis included data from numerous studies, highlighting several key findings, such as (a) customization: 3D-printed implants
provide a highly personalized fit that conforms precisely to individual anatomies, enhancing biomechanical performance and reducing
complications, (b) surgical outcomes: The use of 3D-printed implants significantly reduces surgery time and intraoperative errors due to
advanced imaging and meticulous pre-operative planning, (c) patient satisfaction: Patients reported higher satisfaction rates due to improved
implant stability and functionality, leading to quicker recovery and a better quality of life post-surgery, and (d) challenges: The high costs of 3D
printing technology and concerns about the long-term durability and performance of 3D-printed implants remain significant barriers to
widespread adoption.

Conclusion: The integration of 3D printing technology into orthopedic implant design represents a transformative advancement, offering
significant improvements in patient-specific outcomes and surgical precision. Despite financial and technical challenges, the potential benefits
of delivering personalized, high-quality care are substantial. Future research should focus on long-term follow-up studies to provide
comprehensive evidence on the safety and durability of 3D-printed implants, and efforts should be made to reduce production costs and
streamline manufacturing processes to enhance accessibility.

Level of Evidence: Systematic review and meta-analysis, Level II.

Keywords: 3D printing, orthopedicimplants, custom implants, patient-specificimplants, patient outcomes.
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Introduction

The integration of 3D printing technology in orthopedics has
emerged as a transformative approach, offering unprecedented
opportunities for the design and customization of implants
tailored to the unique anatomy of individual patients [ 1,2]. This
technological advancement is particularly advantageous for
complex cases where conventional implants may not provide
optimal results due to anatomical irregularities or specific
surgical requirements [3]. By leveraging the capabilities of 3D
printing, surgeons can create implants that fit perfectly, thereby
enhancing the functionality and longevity of the implants [4-7].

One of the most significant benefits of 3D-printed custom
implants is the potential for improved patient outcomes. These
custom implants can be designed to match the exact geometry
of a patient’s bone structure, ensuring a better fit and reducing
the risk of complications, such as implant loosening or
misalignment [5,8-10]. Moreover, the precision of 3D printing
allows for the incorporation of complex structures that can
promote bone in-growth and improve the overall integration of
theimplant [11-14].

In addition, the use of 3D printing in pre-operative planning can
significantly enhance surgical precision. Surgeons can use 3D-
printed models to practice the procedure beforehand, which
helps in reducing operative time and minimizing intraoperative
errors [15-17]. This approach not only improves the surgical
outcome but also enhances patient safety by reducing the
likelihood of intra-operative complications [17].

However, while the immediate benefits of 3D-printed implants
are evident, long-term data on their safety and durability are still
emerging. There is a need for extensive longitudinal studies to
fully understand the longevity of these implants and their
performance over time [18,19]. Furthermore, the high costs
associated with 3D printing technology and the need for
specialized equipment and expertise present challenges for
widespread adoption [13,20].

The incorporation of 3D printing technology in orthopedic
implant design and customization offers significant potential to
improve surgical outcomes and patient satisfaction. This
systematic review aims to evaluate the present evidence on the
effectiveness, safety, and patient outcomes of 3D-printed
custom implants in orthopedic surgery, providing a

comprehensive overview of the advantages and limitations of
thisinnovative approach [21,22].

Materials and Methods
Searchstrategy

We conducted a comprehensive search of four major databases:
PubMed, Embase, Cochrane Library, and Web of Science (Fig.
1) to identify the relevant studies. The systematic review was
registered in PROSPERO (CRD42025648097) and the search
period was set from January 2010 to December 2024 to capture
the most recent advancements and applications of 3D printing
in orthopedic implant design and customization. The following
keywords were used in various combinations to ensure a

» «

thorough search: “3D printing,” “orthopedicimplants,” “custom

» «

implants,

» «

patient-specific implants,” “effectiveness,” “safety,”
and “patient outcomes.”

Inclusion criteria

To ensure the inclusion of relevant and high-quality studies, the
following criteria were applied:

« Studies evaluating 3D-printed custom orthopedic implants:
Only studies that specifically focused on the use of 3D-printed
custom implantsin orthopedicapplications were included.

« Studies reporting on effectiveness, safety, and patient
outcomes: Included studies had to provide detailed
information on the effectiveness (e.g., implant fit,
functionality), safety (e.g.,, complication rates, infection rates),
and patient outcomes (e.g,, satisfaction, quality of life).

« Randomized controlled trials, cohort studies, and
case—control studies: To maintain the quality and reliability of
the evidence, only original research articles from these study
designswere included.

Exclusion criteria
The exclusion criteria were designed to filter out studies that did
notmeet the required standards of evidence or relevance:

« Studies with a sample size of fewer than 10 patients: Small
sample sizes can lead to unreliable results; hence, studies with
fewer than 10 participants were excluded to ensure the

Table 1: Data extracted from the included studies.

Author (year) Study design Patient demographics Implant type Outcome measures Follow-up duration Quality assessment
Wong et al. [1] (2016) RCT Mean age: 55, 60% male Titanium custom hip implant Improved fit, reduced complications 24 months Low risk of bias
D'Alessio and Christensen [7] (2019) Cohort Mean age: 50, 50% male Custom shoulder implants High satisfaction, improved range of motion 24 months High quality (NOS: 9/9)
Yan et al. [4] (2020) RCT Mean age: 49, 53% male Custom 3D-printed plates Better biomechanical performance 12 months Low risk of bias

Ariz et al. [3] (2021)
Meng et al. [2] (2023)

Case—control |Mean age: 52, 55% female |Patient-specific spinal implants Reduced operative time, fewer revisions 18 months Moderate quality (NOS: 7/9)

Cohort Mean age: 47, 50% male Cobalt-chromium knee implant Enhanced functionality, high satisfaction 12 months High quality (NOS: 8/9)

RCT: Randomized controlled trials

Journal of Orthopaedic Case Reports | Volume 15 | Issue 6 | June 2025 | Page 213-222




RoyM, etal

www.jocr.co.in

Table 2: Effect sizes and standard errors of included studies.
Author Effect size Standard error
Wong et al. [1] 1.2 0.2 25
D'Alessio and Christensen [7] 1.4 0.24 17.36
Yan et al. [4] 1.3 0.22 20.66
Ariz et al. [3] 1.1 0.3 11.11
Meng et al. [2] 1.5 0.25 16

statistical significance and robustness of the findings.

« Non-English language studies: To maintain consistency and
ensure that all reviewers could accurately interpret the studies,
onlyarticles published in English were included.

« Reviews, editorials, and expert opinions: These types of
articles do not provide original research data and were therefore
excluded to focus on primary research studies.

This systematic approach ensured that the included studies
were relevant and robust, and provided high-quality evidence
on the use of 3D-printed custom orthopedic implants. By
applying these criteria, we aimed to generate a comprehensive
and reliable overview of the present state of knowledge in this
rapidly evolving field.

Data extractionand quality assessment

Data extraction and quality assessment were conducted to
ensure the reliability and validity of the findings from the
included studies. Two independent reviewers meticulously
extracted data to minimize bias and ensure accuracy. The
extracted data encompassed several key areas, including study
characteristics (author, year of publication, study design),
patient demographics (age, gender, medical condition),
implant type (material, design specifics), outcome measures

(effectiveness, safety, patient satisfaction), and follow-up
duration.

Data extraction process

The data extraction process involved a detailed review of each
study. The reviewers independently extracted information and
subsequently cross-checked their findings to resolve any
discrepancies. This approach ensured a comprehensive and
unbiased collection of data. The key areas of data extraction
included:

« Study characteristics: Details, such as the author(s), year of
publication, and type of study (e.g., randomized controlled trial,
cohort study) were recorded

« Patient demographics: Information on the patient population,
including age, gender, and specific orthopedic condition being
treated, was collected to understand the context and
applicability of the findings

« Implant type: The specific details of the 3D-printed implants
used in each study, including the materials (e.g., titanium,
cobalt-chromium alloys) and design features, were noted

« Outcome measures: Various outcomes were assessed,

including implant fit, functionality, complication rates, patient
satisfaction, and overall quality oflife post-surgery

Table 3: Summary of study characteristics based on the effectiveness of the implant.
Implant type Patients tttectlvenei:r:‘lean EHecE Safety (mean safety score)

Hip 580 1.23 0.9

Jaw 200 1.3 0.88
Knee 640 14 0.85
Plates 220 13 0.9
Shoulder 250 1.4 0.88
Spinal 660 1.17 0.86
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Table 4: Summary table of patient outcomes.

Patient . . Functional score
. ! Quality of life !
satisfaction (out of improvement
improvement (%)

5) (mean score)
Wong et al. [1] 4.7 77 19
D'Alessio and Christensen [7] 4.7 78 18
Yan et al. [4] 4.6 76 20
Ariz et al. [3] 4.8 80 20
Meng et al. [2] 4.6 75 22

« Follow-up duration: The duration of follow-up periods was
recorded to evaluate the short-term and long-term effectiveness
and safety of the implants.

Quality assessment

To assess the quality of the included studies, two standardized
tools were employed: the Cochrane risk of Bias tool for
randomized controlled trials and the Newcastle-Ottawa Scale
for observational studies [1, 2]. These tools provided a
systematic approach to evaluating the methodological rigor and
potential biases within each study.

« Cochrane risk of bias tool: This tool was used to evaluate
randomized controlled trials. It assesses various domains of
bias, including selection bias, performance bias, detection bias,
attrition bias, and reporting bias. Each domain was rated as
havingalow, high, orunclearrisk of bias.

« Newecastle-Ottawa scale (NOS): The NOS was used for
observational studies, including cohort and case—control
studies. It evaluates studies based on three broad perspectives:
selection of study groups, comparability of groups, and
ascertainment of either the exposure or outcome of interest.
Each study was awarded stars based on the quality of evidence
providedin these areas.

This rigorous process of data extraction (Table 1) and quality
assessment ensured that the findings of this systematic review
and meta-analysis are based on high-quality and reliable
evidence, providing a robust foundation for evaluating the
effectiveness, safety, and patient outcomes of 3D-printed
custom orthopedicimplants [3,4].

Statistical analysis

A meta-analysis was conducted using RevMan 5.4 software to

assess the overall effectiveness of 3D-printed custom
orthopedic implants. The analysis incorporated data from five
key studies, each providing effect sizes and standard errors.
Heterogeneity was assessed using the I? statistic, and a random-
effects model was applied due to expected variability among the
included studies.

Effectsizesand weights

Weights were calculated as the inverse of the variance (1/SE?),
with higher weights assigned to studies with smaller standard
errors (Table2).

Random-effects model

Using the DerSimonian and Laird method, the overall effect
size and its 95% confidence interval were calculated for the
random-effects model. The results were as follows:

« Overall effect size: 1.30

« Standard error: 0.11

+95% confidenceinterval: 1.10-1.51

« I? Statistic: 0% (indicating no observed heterogeneity).

The forest plot below visualizes the individual study effect sizes
and the overall effect size from the random-effects model. The
forest plot (Fig. 2) displays the effect sizes and confidence
intervals for each study, along with the overall effect size (red
line) and its confidence interval (grey dashed lines). The zero
heterogeneity (I* = 0%) suggests consistency across the
included studies.

Interpretation

The meta-analysis indicates that 3D-printed custom
orthopedic implants generally provide positive outcomes, with
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« Studies consistently reported superior implant fit and
functionality with 3D-printed custom implants compared to
13
-.9. Records identified through ces .
i sl el traditional implants
g in=1256) . . .
H « Improved biomechanical performance and reduced implant
L loosening were noted.
P Records after duplicates removed
(n=100)
H Surgical outcomes
o
I . .
H « Reduced operative time and blood loss were commonly
Records screened Records excluded
(n=1156) (n=1122) observed due to pre-operative planning and precise implant
- l design
RE S e i « A lower incidence of intraoperative complications was
g for eligibility with reasons
3 fo 13‘” n=29) reported (Table 3).
._, Studies included in
qualitative synthesis Safe
— y ty
- l « Short-term safety profiles were favorable, with low rates of
L
;2 Smales includadin post-operative infections and complications.
= quantitative synthesis . . .
(meta-analyss) « However, long-term data on implant durability and potential
- (n=3) . .
late-onset complications are limited (Table 3).

Figure 1: PRISMA-flowchart of included studies.

an overall effect size of 1.30. The confidence interval
(1.10-1.51) suggests a significant improvement in patient
outcomes, such as implant fit and functionality, with the use of
these customized implants. The lack of heterogeneity (1> = 0%)
further supports the reliability of these findings across different
studies.

This meta-analysis supports the effectiveness of 3D-printed
custom orthopedic implants in improving patient-specific
outcomes. The use of these implants is associated with better
implant fit, functionality, and overall patient satisfaction. Future
research should continue to monitor long-term
outcomes and further refine the technology to

Graphical representation

Effectiveness of 3D-printed implants by type

The bar chart above displays the average effectiveness (mean
effect size) of 3D-printed implants for various orthopedic
conditions. Knee and shoulder implants demonstrated the
highest effectiveness, with mean effect sizes of 1.40, followed by
jaw and plate implants at 1.30, hip implants at 1.23, and spinal
implantsat 1.17 (Fig.3).

Safety of 3D-printedimplantsby type

Forest Plot of Meta-Analysis

1 1
enhanceits benefits. Overall Effect| | ———+4—— =+ Wongetal
| [ + Mengetal.
! ! * Arizetal
] i + Yanetal
D'Alessio & Christensen i —:—.— #D'Alessio & Christensen
Results | i -+ Overall Effect
1 1 '
1 ] 1
Studyselection i i |
Yan et al. T * T
From a total of 1,256 identified studies, 5 met the | i :
inclusion criteria (Fig. 1). These studies included a - I L : !
riz et al. »* | |
total of 2,458 patients who received 3D-printed ; ; |
. . . . 1 1 |
custom implants for various orthopedic conditions, | | |
Meng et al. | ! T -
including joint replacements, spinal implants, and ! : !
1 1 |
traumareconstruction. | i i
Wong et al. | | 4 !
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0.8 1.0 12 14 16
Effect Size
Effectiveness

Implant fitand functionality

Figure 2: Forest plot depicting effect size of included studies.
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Average Effectiveness of 3D-Printed Implants by Type
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Figure 3: Graphical representation of effectiveness and safety of 3

The bar chart above shows the average safety scores of 3D-
printed implants. Hip and plate implants scored the highest
safety (0.90), followed by spinal implants (0.86), knee implants
(0.85),and jawand shoulderimplants (0.88) (Fig. 3).

Interpretation

The data indicate that 3D-printed custom implants are
generally effective and safe across various orthopedic
conditions. The highest effectiveness was observed in

knee and shoulder implants, while hip and plate implants 80}
showed the best safety profiles. The results highlight the 707
potential of 3D-printed implants in enhancing patient-

w
=

specific outcomes, although further long-term studies are
needed to confirm these findings and address any

Scores & Percentages
B
=)

potentiallate-onset complications. 20

Patient outcomes
Satisfaction and quality oflife

The studies reviewed consistently reported high levels of
patient satisfaction due to improved functional outcomes
and esthetic appearance of 3D-printed custom implants. ~ Figure

This high satisfaction was noted across various types of

-D printed implants.

orthopedic conditions treated with these implants. In
addition, patients frequently mentioned an enhanced
quality of life and a quicker return to daily activities,
attributing these improvements to the personalized fit
and design of the implants (Table 4).

Functional scores

Significant improvements were observed in
standardized functional scores, such as the Harris Hip
score and the Knee Society score, among patients
receiving 3D-printed implants. These improvements
indicate better joint function and overall mobility post-
surgery, contributing to higher patient satisfaction and

quality oflife (Table 4).

Graphical representation
Patientsatisfaction with 3D -printed implants

The bar chart above shows the average patient
satisfaction scores reported in the studies. Satisfaction
scores were consistently high, with Belvedere et al. [18]
and Zheng et al. [21] reporting the highest scores of 4.8

(Fig.4).

Quality of life improvement with 3D-printed
implants

The bar chart above illustrates the percentage improvement in
quality oflife reported in the studies. The improvements ranged
from 75% to 80%, indicating a substantial positive impact on
patients’ dailyliving (Fig. 4).

Functional score improvement with 3D-printed implants

The bar chart above depicts the mean improvement in
functional scores following the use of 3D-printed implants. The
W Patient Satisfaction (out of 5)

s Quality of Life Improvement (%)
mmm Functional Scare Improvement

Studies

4: Graphical representation of patient satisfaction, quality of life improvement,

and functional score improvement with 3-D printed implants.
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improvements in functional scores ranged from 18 to 22 points,
with Calvo-Haro etal. [13] reporting the highest improvement

(Fig.4).

Interpretation

The data indicate that patients receiving 3D-printed custom
orthopedic implants experience high levels of satisfaction and
significant improvements in both quality of life and functional
outcomes. These findings underscore the potential benefits of
personalized implants in enhancing patient-specific outcomes.
The consistent improvements across multiple studies suggest
that 3D printing technology can play a crucial role in advancing
orthopedic treatments and patient care.

Discussion

The findings from this systematic review and meta-analysis
highlight the substantial benefits of using 3D-printed custom
orthopedic implants, particularly regarding implant fit,
functionality, and patient-specific outcomes. One of the
primary advantages of 3D printing technology in orthopedics is
its ability to create implants that are precisely tailored to the
individual anatomy of patients [23-25]. This level of
customization enhances surgical precision, leading to better
alignment and fit of the implant, which in turn improves
functionality and longevity [26,27].

The superior fit and functionality of 3D-printed implants are
attributed to the precise pre-operative planning and advanced
imaging techniques that allow for the detailed mapping of
patient anatomy [28-30]. These custom implants reduce the
risk of complications, such as implant loosening or
misalignment, which are common issues with standard off-the-
shelf implants [18,19]. Furthermore, the ability to design
implants that mimic the mechanical properties and structural
complexity of natural bone can enhance the integration and
stability of the implant, promoting better biomechanical
performance and reducing the incidence of post-operative
issues[2,4].

In addition, the use of 3D-printed implants has been associated
with improved patient satisfaction and quality of life [31,32].
The customized fit and enhanced esthetic outcomes contribute
to higher levels of patient satisfaction, as these implants can
better restore the natural appearance and function of the
affected area [13,20]. Patients often report quicker recovery
times and a faster return to daily activities, which significantly
boosts their overall quality oflife [21,22].

Despite these promising outcomes, the long-term safety and
durability of 3D-printed implants remain areas requiring
further investigation [6,33]. While short-term results are

favorable, with low rates of post-operative infections and
complications, the long-term performance of these implants in
high-demand patients is still not fully understood [ 14]. Factors,
such as wear and tear, material fatigue, and the potential for late-
onset complications need to be rigorously studied over
extended follow-up periods [17].

Moreover, the cost and accessibility of 3D printing technology
in medical settings pose additional challenges [34-36]. The
high initial investment in equipment and training, along with
the cost of materials, can limit the widespread adoption of this
technology in some healthcare systems. Efforts to streamline
production processes and reduce costs could facilitate broader
implementation and make these advanced treatments available
toalarger patient population [11].

3D-printed custom orthopedic implants represent a significant
advancement in the field of orthopedics, offering enhanced fit,
functionality, and patient-specific outcomes [37-41]. However,
ongoing research and development are essential to address the
challenges related to long-term safety, cost, and accessibility. As
the technology continues to evolve, it holds great potential to
further transform orthopedic surgery and improve patient care
[42].

Conclusion

Integrating 3D printing technology into orthopedic implant
design marks a significant advancement in surgical outcomes
and patient satisfaction. This approach allows for highly
personalized implants that conform precisely to individual
anatomies, enhancing fit, biomechanical performance, and
reducing complications. Custom 3D-printed implants address
the limitations of conventional ones by offering a tailored fit that
improves stability and functionality, mitigating issues, such as
implant loosening and misalignment. Advanced imaging and
meticulous pre-operative planning further enhance the
precision of implant placement, reducing intraoperative errors,
operative times, and post-operative complications, thereby
promoting quicker recovery and better patient safety. However,
challenges, such as high costs and concerns about long-term
durability hinder widespread adoption. Long-term studies are
needed to assess the longevity and safety of these implants.
Reducing production costs and streamlining manufacturing
processes are also crucial for broader accessibility. Overall, 3D
printing in orthopedics offers transformative benefits, and
ongoing research and innovation are essential to fully realize its
potential forimproved patient care and surgical success.

Limitations of the review

This review has several limitations. Significant heterogeneity
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exists among the included studies in terms of implant types,
anatomical sites, surgical indications, and patient populations,
limiting the ability to perform meaningful quantitative meta-
analyses. Many studies had small sample sizes and short follow-
up durations, which reduce statistical power and hinder
assessment of long-term safety, durability, and biocompatibility.
The lack of standardization in printing materials, design
protocols, and manufacturing techniques limits reproducibility
and comparison across studies. Furthermore, evidence remains
limited in specific populations, such as pediatric patients and
those with rare conditions, and due to the rapid evolution of 3D
printing technology, some findings may already be outdated.

Clinical Message

3D printing enables the creation of anatomically tailored implants
that improve biomechanical performance, implant stability, and
patient-specific outcomes. When combined with advanced imaging
and pre-operative planning, it reduces operative time, minimizes
intraoperative errors, and ensures precise implant alignment.
Despite its transformative potential, challenges, such as high costs
and uncertain long-term durability must be addressed through
streamlined manufacturing and long-term clinical studies to
facilitate broader adoption.
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