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Abstract

Background: Orthopaedic surgery has seen a revolution with the use of customized three-dimensional (3D)
printed implants, particularly for handling anatomically complex reconstructions where traditional implants

are inadequate.

Objective: The aim of this study was to assess the clinical outcomes, cost-effectiveness, and future utility

of personalized 3D-printed implants across various orthopaedic indications at a tertiary care center

Methods: From January 2023 to June 2024, a prospective observational study was carried out at Katihar
Medical College in Katihar. Included were 42 patients undergoing intricate orthopaedic reconstructions
due to congenital deformities, trauma, tumor resection, or revision arthroplasty. CT images were used to
design patient-specific implants, which were then modeled using CAD software and made using Ti6Al4V
alloy electron beam melting. Surgical metrics, radiological integration, complications, cost-effectiveness
over a 12-month follow-up, and functional recovery (Harris Hip Score, Oswestry Disability Index) were

among the outcomes evaluated.

Results: The application of personalized implants has shown good anatomical consistency and early
functional recovery. Mobility scores were significantly improved with few implant-related complications. At

3 months post-operatively radiographic follow-up revealed steady osteointegration. While the average

price of implants was greater than that of the traditional systems, the benefit to cost ratio was high
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time.

of orthopaedic innovation.

because of reduced convalescent periods, less frequent postoperative complications and briefer surgical

Conclusion: Custom 3D printed implants offer a safe, accurate and reliable solution for challenging Ortho
biologic reconstructions. Cost and regulatory obstacles currently block the way, but the promise for better

surgical outcomes and a more efficient health-care system has put this technology on the leading edge

Keywords: 3D Printing, Personalized Implants, Orthopaedic Reconstruction, Additive Manufacturing,

Titanium Alloy, Cost-Effectiveness

INTRODUCTION
Background

In orthopaedic surgery, complex reconstructions are

frequently performed to correct bone loss,
deformities, or injuries, especially in challenging
anatomical regions as the pelvis, spine and large
joints. Conventional implants including dental
implants are successful to a large extend; however,
they suffer from their off-the-shelve nature, lack of
patient specific adaptation, and are less
biocompatible [1]. With an increasing need for
personalized, high-precision solutions, three-
dimensional (3D) printing/ additive manufacturing
(AM) has been established to play a disruptive role in
orthopaedics. Personalized 3D-printed implants are
generated by utilizing patient-specific imaging data
(e.g., computed tomography [CT] or magnetic
resonance imaging [MRI]) to create a digital 3D
model through digital high-precision computer-aided
design (CAD) software. These models are
subsequently employed for constructing implants
layer by layer, in most of cases with materials such as

titanium alloys, polyetheretherketone (PEEK), or

bioresorbable polymers [2]. Customization of
implants specifically to the individual anatomy of the
patient has several clinical benefits such as better
reduced

stability, better load distribution and

operation time [3].
Rationale for the Study

Given the initial clinical pragmatics of custom 3D-
printed orthopedic implants, consideration has not
been provided to quality, region-specific data from
LMIC like India where

countries surgical

infrastructure and access to sophisticated
manufacturing technologies differ greatly. Katihar
Medical College, Katihar lies in a sustaining area for
more intricate trauma and musculoskeletal pathology
and enables the assessment of the actual value of
these implants in surgical outcomes and cost analysis.
The objective of the study is to derive actionable
clinical and economic data aimed at devising
appropriate adaptive approaches to Multi-Level
Healthcare System configurations in analogous

healthcare settings.
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Review of Literature

From being a tool for prototyping, 3D printing has
developed into a fully functional manufacturing
process for medical devices. The need for high-
precision implants that fit intricate anatomical
geometries has sped up its adoption in orthopaedics.
In their systematic review of 3D-printing applications
in medicine, Tack et al. found that the critical need
for customization in orthopaedics made it one of the
fastest-growing industries [4]. In addition to implants,
3D printing has made it possible to produce
prosthetics, scaffolds for tissue engineering, and
surgical guides. With applications already authorized
by regulatory bodies like the FDA for spinal, cranial,
and mandibular implants, Ventola underlined that 3D
printing in medicine is progressing from experimental

to clinical phases [5].

Better printer resolution, more biocompatible
materials, and regulatory adaptation have made it
possible to move from concept to clinical translation.
In complicated orthopaedic situations, 3D-printed
implants have shown better results in a number of
clinical studies. In extremity bone tumor resections,
Wong and Kumta documented the use of patient-
specific implants and guides, which increased
surgical accuracy and decreased recurrence rates [6].
According to Zekry et al., patients who received 3D-
printed implants for large bone defects after tumor
resection experienced shorter operating times and
better functional and cosmetic results [7]. Compared
to traditional PEEK cages, customized titanium cages

and interbody fusion devices have been linked to
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better osseointegration and decreased implant
subsidence in spine surgery [8]. After reviewing the
effectiveness of patient-specific spinal implants, Cho
and Shin came to the conclusion that they provide
improved alignment in complex deformities,
decreased stress-shielding, and better load transfer
[9]. Excellent osseointegration and biocompatibility
are features of the materials used in 3D-printed
implants, particularly Ti6Al4V  alloys. The
microporous structures made possible by additive
manufacturing, according to Bose et al.,, not only
resemble cancellous bone but also promote bone in-
growth [10]. In order to improve osteogenesis and
infection control, Wang et al. showed that 3D-printed
scaffolds could be loaded with growth factors or

antimicrobial agents [11].

By altering the internal lattice geometry, these
customized implants also enable the modulation of
mechanical properties, which is essential for avoiding
stress shielding and fostering long-term fixation [12].
Although the cost of producing customized implants
is frequently higher than that of their commercially
available counterparts, a number of studies have
assessed the overall economic impact and indicated
possible long-term cost savings. According to Hoang
et al, the higher manufacturing cost can be
compensated for by shorter surgical times, fewer
revision

intraoperative adjustments, and fewer

surgeries [13]. In their study on acetabular
reconstruction, Yang et al. supported these findings
by demonstrating a 20-30% decrease in overall

treatment costs when long-term outcomes were
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taken into account [14]. Additionally, compared to
large trays of conventional implants, these implants
eliminate the need for inventory management and the

associated sterilization expenses [15].

In order to automate implant design, forecast clinical
outcomes, and maximize fit, 3D printing is being
investigated in conjunction with artificial intelligence
(AI) and machine learning [16]. Al-assisted design
pipelines have the potential to drastically cut down on
design-to-implant time while maintaining accuracy,

MATERIALS AND METHODS

The Department of Orthopaedics at Katihar Medical

College, Katihar, conducted this prospective
observational study over the course of 18 months,
from January 2023 to June 2024. Assessing the
clinical effectiveness, functional results, and financial
effects of customized three-dimensional (3D) printed
implants in patients undergoing intricate orthopaedic
reconstructions was the goal. The Institutional Ethics
Committee granted ethical clearance prior to the
study's start, and all patients who would be involved

provided written informed consent.

Adult patients who presented with complex

orthopaedic defects involving anatomical regions
where standard off-the-shelf implants were
insufficient made up the study population. Patients
with severe bone loss after trauma, musculoskeletal
tumor segmental resections, congenital
abnormalities with abnormal bone morphology, and
revision arthroplasty cases with failed implants and

distorted anatomy were among them. Patients had to
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as demonstrated by Kamal et al. [17]. The possibility
of integrating sensors into 3D-printed implants for
infection detection and real-time biomechanical
monitoring was covered by Xu et al. [18]. There are
still difficulties in spite of these developments. These
include the need for multidisciplinary cooperation
between engineers, surgeons, and materials
scientists; the high initial investment; the lack of long-
and the

term outcome data; complexity of

regulations.

be between the ages of 18 and 70, have clinically and
radiologically verified defects that needed to be
repaired, and be considered suitable for major
elective orthopaedic surgery under spinal or general
anesthesia in order to meet the eligibility
requirements. Patients who were unable to undergo
the required imaging tests, had severe
cardiopulmonary compromise, local osteomyelitis, or

active systemic infections were not included.

Forty-two patients were enrolled after meeting the
inclusion criteria. A thin slice thickness (1 mm) high-
resolution computed tomography (CT) scan of the
afflicted anatomical region was performed on each
patient. After importing the DICOM files from the
scans into 3D modeling software (Mimics Innovation
Suite, Materialise NV, Belgium), a biomedical
engineering team worked with the orthopaedic
surgical team to segment and reconstruct the bony
anatomy. Advanced CAD tools (SolidWorks, Dassault

Systémes) were used for virtual surgical planning,
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which enabled surgeons to evaluate each implant's
anatomical fit, fixation plan, and surgical technique

prior to surgery.

After fulfilling the requirements for inclusion, 42
patients were enrolled. Each patient underwent a
high-resolution computed tomography (CT) scan of
the affected anatomical region with a thin slice
thickness of 1 mm. A biomedical engineering team
collaborated with the orthopaedic surgical team to
segment and reconstruct the bony anatomy after
importing the DICOM files from the scans into 3D
modeling software (Mimics Innovation Suite,
Materialise NV, Belgium). Surgeons were able to
assess each implant's anatomical fit, fixation strategy,
and surgical technique before surgery by using
(SolidWorks,

sophisticated CAD tools Dassault

Systémes) for virtual surgical planning.

Every surgical procedure was carried out in an
operating room with laminar airflow under strict
aseptic  conditions.  Prophylactic  antibiotics
(intravenous cefuroxime 1.5 g before and for 48 hours
after surgery) and thromboprophylaxis as necessary
were administered in accordance with standard
perioperative protocols. Surgical techniques differed
according to the pathology and anatomical location.
Prior to final fixation, the custom implants were trial-
fitted intraoperatively to evaluate anatomical
congruence. Depending on the quality of the bone,
the need to support weight, and site-specific factors,
fixation methods included the use of cement
augmentation, press-fit anchorage, or cortical locking

screws. To guarantee the best possible orientation
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and alignment of the implant, intraoperative
navigation and fluoroscopy were used when required,

especially in pelvic and spinal reconstructions.

Postoperative  rehabilitation  protocols, = which

prioritized early mobilization and muscle
strengthening under physiotherapy supervision, were
customized for each patient and started within 48
hours. At two weeks, six weeks, three months, six
months, and twelve months after surgery, patients
were monitored, and functional evaluations were
noted at every appointment. Clinical outcome
measures included range of motion, time to full
weight-bearing, wound healing status, pain
(measured with the Visual Analog Scale), and
functional scores like the Oswestry Disability Index
(for spinal cases), the Harris Hip Score (for hip cases),
or the AOFAS Score (for foot and ankle
reconstructions), depending on the reconstruction

site.

Postoperative rehabilitation protocols were tailored to
each patient and began within 48 hours, with an
emphasis on early mobilization and muscle
strengthening under physiotherapy supervision.
Patients were observed at two weeks, six weeks, three
months, six months, and twelve months following
surgery, and functional assessments were recorded at
each visit. Range of motion, time to full weight-
bearing, wound healing status, pain (as measured by
the Visual Analog Scale), and functional scores such
as the Oswestry Disability Index (for spinal cases),
the Harris Hip Score (for hip cases), or the AOFAS

Score (for foot and ankle reconstructions), depending
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on the reconstruction site, were among the clinical

outcome measures.
RESULTS
Patient Demographics and Clinical Profile

Using customized 3D-printed implants, 42 patients
who satisfied the study's inclusion requirements
underwent intricate orthopaedic reconstruction. The
cohort's ages ranged from 19 to 69 years old, with a
mean age of 47.3. With 26 male and 16 female
ratio was 1.6:1,

patients, the male-to-female
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indicating a male predominance. Table 1 shows that
post-traumatic segmental bone loss was the most
common presentation (n=26; 61.9%), followed by
tumor resection defects (n=10; 23.8%), unsuccessful
revision arthroplasty (n=4; 9.5%), and congenital

deformity correction (n=2; 4.8%).

Table no.1: Clinical Profile and Patient Demographics (n = 42)

Variable

Value

Age (years)

Mean: 47.3 (Range: 19-69)

Gender Distribution

Male: 26 (61.9%)
Female: 16 (38.1%)

Indication for Reconstruction

— Post-traumatic bone loss

26 (61.9%)

— Tumor resection defects

10 (23.8%)

— Failed revision arthroplasty

4(9.5%)

— Congenital deformity

2 (4.8%)

Anatomical Site Reconstructed

— Pelvis 12 (28.6%)

— Femur 10 (23.8%)

— Tibia 7 (16.7%)

— Spine 6 (14.3%)
— Distal radius 4 (9.5%)
— Scapula 3(7.1%)
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The anatomical regions requiring reconstruction
were distributed across the pelvis (n=12; 28.6%),

femur (n=10; 23.8%), tibia (n=7; 16.7%), spine (n=6;

121

10r

Number of Cases
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14.3%), distal radius (n=4; 9.5%), and scapula (n=3;

7.1%). Figure 1 graphically illustrates the anatomical

distribution of implants deployed in this cohort.

Pelvis Femur Tibia

Spine Distal Radius  Scapula

Anatomical Site

Figure 1: Anatomical Distribution of Reconstructed Sites

Surgical Metrics

Surgery took an average of 142 minutes, and
reconstructions of the pelvis and spine took longer to
complete than reconstructions of the extremities. 390
mL was the average intraoperative blood loss (range:
120-850 mL). There were no reported intraoperative
implant-related complications. The prefabricated

implants themselves showed exact anatomical

conformance in every patient, although in 4 cases

(9.5%) intraoperative modifications to the fixation
hardware were required to account for surrounding
native bone constraints. Six cases were found to
require additional bone grafting, especially in defects
related to tumor resection. According to Table 2,
patients were discharged with partial weight-bearing
assistance an average of 3.2 days after surgery, and
their average hospital stay was 6.8 days (range: 4-14

days).

Table no.2: Perioperative and Early Postoperative Metrics (n = 42)

Parameter

Value

Mean operative time (minutes)

142 (Range:
95-220)
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Mean intraoperative blood loss

(mL)

390 (Range:
120-850)

Intraoperative implant fit issues

0 cases

Additional bone grafting required

6 cases (14.3%)

Intraoperative hardware adjustment

4 cases (9.5%)

Mean duration of hospitalization 6.8 (Range: 4—
(days) 14)

Time to partial weight-bearing 3.2 (Range: 2—
(days) 6)

Time to independent ambulation 5.6 (Range: 4—
(weeks) 8)

Functional and Radiological Outcomes

Standardized intervals were wused to conduct
functional assessments. 88% of patients showed a
significant improvement in their mobility and pain
levels at the 6-month follow-up. The Harris Hip Score
increased from a preoperative mean of 41.5 to 81.2 at
6 months and then to 87.6 at 12 months among
patients (n=12) wundergoing hip and pelvic
reconstruction. The Oswestry Disability Index
improved in cases involving spine reconstruction,
going from a baseline of 54.7% to 23.2% after a year.
95.2% of cases had satisfactory implant positioning
confirmed by radiological follow-up using CT scans
and plain radiographs. For the majority of patients,
osseointegration and bone growth were evident as
early as three months. In two spinal cases, mild
implant subsidence was observed; however, this did

not require re-intervention. No instances of implant

loosening or mechanical failure were observed over

the follow-up period.
Complications

The overall rate of postoperative complications was
11.9%. Intravenous antibiotics and local wound care
were effective in treating superficial surgical site
infections in three patients, all of whom did not
require implant removal. A secondary plastic surgery
procedure was necessary for one patient who had a
femoral reconstruction because of delayed wound
healing brought on by inadequate soft tissue
coverage. There were no reported cases of
neurovascular injury, implant rejection, fracture, or
deep infection. Table 3 summarizes the specifics of
the complications, such as their type, timing, and
management. During the 12-month follow-up period,
there were no mechanical failures or implant-related

revisions.
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Table no.3: Postoperative Complications and Management (n = 42)

Complication No. of Cases | Percentage Management Approach
Superficial surgical site infection 3 7.1% IV antibiotics and local wound care
Delayed wound healing 1 2.4% Secondary coverage by plastic
surgery
Mild implant subsidence (non- 2 4.8% Obsewathn ansi activity
modification
progressive)

Deep infection 0 0% a
Mechanical failure or implant fracture 0 0% -
Neurovascular injury 0 0% -

Economic Analysis

Depending on the size and complexity of the implant,
the average cost of each patient's customized 3D-
printed implant was 382,000, or roughly $985 USD.
Even though this is more expensive than typical
implants, the overall cost of treatment was decreased
by the shorter hospital stay, less operative time, and
the need for intraoperative improvisation.
Additionally, there were indirect savings in the form

of a quicker return to regular activities, fewer

physiotherapy sessions, and earlier mobilization,
especially for people of working age. As shown in
Figure 2, the estimated cost-benefit ratio at 12
months supported the use of customized implants in
85.7% of cases. When compared to historical data of
patients treated with conventional implants for
comparable conditions, a notable decrease in indirect
costs was noted, especially in trauma and tumor

reconstruction cases.
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85.7%

Favorable (Net Saving)

Figure 2: Cost-Benefit Outcome Distribution at 12 Months

DISCUSSION

The clinical and financial feasibility of customized

3D-printed implants in intricate orthopaedic
reconstructions is demonstrated by this prospective
study. Our results support the idea that custom
implants greatly improve surgical accuracy and
patient outcomes in anatomically challenging
situations by showing a high degree of anatomical
and few

conformity, early functional recovery,

postoperative complications.
Key Findings and Clinical Interpretation

Superior biomechanics and mobility restoration in
patients treated with patient-specific implants is
reflected in the observed improvements in functional
scores, especially the Oswestry Disability Index and
In most cases,

Harris Hip Score. radiological

evaluations verified precise implant placement and

early osseointegration. Significantly, there were no
cases of mechanical failure and a low rate of implant-
related complications, indicating that these implants'
design fidelity maintains structural integrity even
under dynamic physiological loads. Using a patient-
specific approach seems to eliminate the need for
improvisation  during surgery and reduce
intraoperative uncertainty, as observed in other
clinical series [19]. In addition, our economic analysis
indicates that, in line with previous evaluations of
health technology, the indirect savings from shorter
hospital stays, shorter operative times, and faster
mobilization significantly contribute to cost-
effectiveness, even in the face of higher upfront costs
[20]. These findings are especially important for

tertiary care facilities that must closely optimize
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clinical outcomes and surgical efficiency in

environments with limited resources.
Strengths and Limitations

This study's prospective design, standardized
surgical and follow-up procedures, and inclusion of a
variety of anatomical sites and indications are among
its main advantages, as they improve the findings'
external validity. Additionally, a more comprehensive
assessment of the intervention is made possible by
the inclusion of both clinical and economic outcome
measures. But it's important to recognize some
limitations. Although the sample size is appropriate
for a single-center study, it reduces the statistical
power to identify long-term failures or uncommon
complications. Furthermore, a 12-month follow-up
period may not account for late-onset issues like
loosening or implant degradation, even though it is
adequate to evaluate short-term functional recovery
and early implant behavior. There is also an inherent
selection bias, as patients with access to advanced
imaging and funding for custom implants may

represent a subset with relatively higher health

literacy and compliance.

Context Within the Literature and Mechanistic

Insights

Our results are consistent with mounting evidence
around the world regarding the advantages of 3D-
printed orthopaedic solutions. Prior research has
demonstrated that, especially in pelvic and spinal
surgeries, customized implants provide superior

anatomical fit and load distribution compared to
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generic alternatives [21]. In titanium 3D-printed
implants, the lattice structures mimic the trabecular
architecture of bone, promoting osseointegration and
lowering the possibility of stress shielding [22].
Additionally, by using modularization in 3D printing
design, surgeons can alter the implant's mechanical
characteristics, like its stiffness and elasticity, in order
to better replicate natural bone [23]. From a
mechanistic standpoint, printed implants' porosity
and surface roughness seem to promote cellular
growth and osteoconduction. Histological studies in
animal models have confirmed enhanced bone-

implant contact in additively manufactured implants

compared to traditional machined surfaces [24].
Controversies and Debates in the Field

Due to financial, logistical, and regulatory barriers,
the use of 3D-printed implants is still restricted in
many regions of the world, despite encouraging data.
Additionally, questions have been raised about the
quality assurance and reproducibility of implants
made to order, especially when fabrication is
contracted out to non-clinical third parties [25].
Moreover, cross-study comparisons and meta-
analyses are made more difficult by the continued
lack of agreement on the best metrics for assessing
success in such highly customized procedures [26].
The scalability of 3D printing in orthopaedics is
another topic of discussion. Cost and time constraints
may make its use in routine cases, like primary joint
arthroplasty, unjustifiable, even though it is
economically feasible for complex reconstructions.

More data are needed to evaluate thresholds at which
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customization confers clear clinical advantage over

conventional techniques [27].
Future Directions and Research Implications

Multicentric, randomized controlled trials comparing
3D-printed implants with traditional systems across
comparable anatomical sites and indications should
be the goal of future research. It will be crucial to
conduct long-term follow-up studies that assess
implant survival, patient-reported quality-of-life
metrics, and cost-effectiveness over a period of five
to ten years. Furthermore, there is growing interest in
turning 3D-printed implants from passive to active
therapeutic devices by incorporating smart
technologies like biosensors, real-time feedback
modules, and drug-delivery systems into the implants
themselves [28]. Furthermore, the field could
undergo a revolution if artificial intelligence and
machine learning are applied to surgical simulation,
outcome prediction, and implant design optimization.
The integration of viable cells and growth factors into
scaffolds through bioprinting investments holds
promise for bridging the gap between genuine

regenerative solutions and prosthetics.

In order to confirm the microbial markers identified
by this study and improve generalizability across
different populations, more research must aim for
larger, multicenter trials. Better functional
interpretation of microbial signatures will be possible
with the integration of multi-omics structures,
metatranscriptomics, metabolomics, and proteomics.
Furthermore, should be

priority given to
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interventional studies investigating preoperative
microbial modulation (for example, using customized
probiotics or synbiotics) [32]. Ultimately, the creation
of clinically available threat scores that incorporate
microbiome data along with conventional clinical
parameters may help to tailor postoperative care
plans and surgical risk assessment. In the end, this
study lends credence to the broader trend toward
precision medicine in surgical exercise that is

informed by microbiomes.
CONCLUSION

In terms of accuracy, safety, and functional recovery,
the incorporation of customized 3D-printed implants
into intricate orthopaedic reconstructions has shown
significant clinical promise. Anatomically accurate
reconstructions for a variety of indications, such as
post-traumatic defects, tumor resections, and
revision surgeries, were made possible in this
prospective study by patient-specific implants. The
results show the practical benefits of customization
over traditional implant systems, with notable

improvements in mobility scores, radiological
evidence of early osseointegration, and low rates of
complications. Additionally, it has been demonstrated
that the use of 3D-printed implants offers significant
long-term economic value by lowering surgical time,
hospital stay, and rehabilitation requirements, even
though the initial costs of design and fabrication are
higher. These results lend credence to the increasing
agreement that additive manufacturing in
orthopaedic surgery signifies a paradigm shift toward

precision medicine as well as a technological
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advancement. However, wider adoption will require

addressing issues with regulatory frameworks, cost

scalability, and access to CAD expertise and high-

resolution imaging, especially in settings with limited

resources. Future multicentric, long-term research
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