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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Achieving anatomical reduction in tibial plateau fractures 

is essential to restore joint congruity and minimize long-term 
complications. Intraoperative assessment remains challenging, 
especially in complex fracture patterns, prompting the evolution 
of various imaging and adjunctive techniques. This narrative 
review summarizes advancements in intraoperative tools used 
for evaluating reduction in tibial plateau fractures. Techniques 
discussed include 2D fluoroscopy, intraoperative 3D imaging, 
arthroscopy, and emerging adjuncts such as 3D printing and 
cone-beam CT. We conducted a targeted literature search across 
PubMed, Embase, and Scopus (2000-2025) to identify studies 
reporting on the clinical application, diagnostic utility, and 
limitations of intraoperative imaging modalities in tibial plateau 
fracture management. 2D fluoroscopy remains widely used 
but is limited in detecting subtle incongruities. Intraoperative 
3D imaging enhances accuracy and may reduce reoperations. 
Arthroscopy offers direct joint visualization, especially useful 
for assessing depression and posterior injuries. Emerging tools 
like 3D printing and cone-beam CT present novel intraoperative 
aids but require further validation. This review provides a 
consolidated overview of intraoperative strategies described 
in the literature. By highlighting the current capabilities and 
limitations of available technologies, we aim to inform ongoing 
clinical practice and future directions in fracture management.

Key words. 3d imaging, intra-operative fluoroscopy, 
orthopaedic trauma surgery, surgical reduction assessment, 
tibial plateau fractures.
Introduction.

Tibial plateau fractures represent a challenging subset of 
periarticular injuries, often resulting from high-energy trauma in 
younger patients or low-energy mechanisms in the elderly. These 
fractures can lead to significant long-term morbidity, including 
joint stiffness, instability, and post-traumatic osteoarthritis, 
particularly if anatomical reduction is not achieved and 
maintained [1]. Given the complexity of the proximal tibia’s 
articular surface and its proximity to neurovascular structures, 
accurate reduction and fixation are paramount [2].

Historically, intraoperative assessment of reduction has 
relied primarily on 2D fluoroscopy. While widely accessible 
and familiar to surgeons, its limitations in assessing articular 
congruity and posterior slope have prompted the integration of 
advanced imaging and visualization modalities. These include 
intraoperative 3D fluoroscopy or CT, arthroscopy-assisted 
reduction, and more recently, adjunctive innovations such as 
3D printing and cone-beam CT [3].

Despite the growing array of intraoperative tools, there 
remains variability in practice patterns and limited consensus 
on their comparative effectiveness. In this narrative review, we 
synthesize current evidence from the literature to describe the 
evolution of imaging and adjunctive techniques in tibial plateau 
fracture reduction. Our aim is to present an integrated overview 
of intraoperative strategies and technological advancements 
to support clinical understanding and future innovation in 
operative fracture care.
Materials and Methods.

This narrative review was conducted to evaluate intra-
operative techniques used to assess reduction quality in tibial 
plateau fractures. A comprehensive literature search was 
conducted using PubMed, Embase, and Scopus databases to 
identify studies published from January 2000 to June 2025. 
The following Boolean search string was used: ("tibial plateau 
fracture*" OR "tibial plateau" OR "tibial condyle fracture*" 
OR "proximal tibia fracture*") AND ("reduction" OR "fracture 
reduction" OR "articular reduction") AND ("intraoperative" OR 
"intra-operative" OR "during surgery" OR "intra-op") AND 
("assessment" OR "evaluation" OR "quality" OR "accuracy") 
AND ("fluoroscopy" OR "arthroscopy" OR "CT" OR 
"computed tomography" OR "navigation" OR "3D imaging" OR 
"intraoperative imaging"). Language was restricted to English.

Articles were selected based on relevance, study design, and 
availability of intraoperative assessment details. Case reports, 
review articles, prospective and retrospective studies were 
included. Emphasis was placed on clinical applicability, imaging 
modality accuracy, invasiveness, and practical limitations. 
Exclusion criteria were non-clinical studies (e.g., cadaveric, 
animal), non-operative management, and studies not directly 
assessing reduction.

No formal systematic review protocol or meta-analysis was 
undertaken due to the heterogeneity of study designs and 
endpoints. Where applicable, data on reduction accuracy, patient 
outcomes, and intraoperative efficiency were extracted. All 
included studies were reviewed independently by two authors, 
and discrepancies were resolved through discussion.

The search yielded a total of 19 studies. After screening titles 
and abstracts, 5 studies were excluded as irrelevant. Of the 
remaining 14 articles, 3 were excluded during full-text review 
because they were cadaveric studies. Ultimately, 11 clinical 
studies were included in the data extraction and synthesis, 
see table 1 for details. Data points included study design, 
sample size, imaging/assessment method, comparator, and key 
outcomes.
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Based on the studies included in this review, several distinct 
intra-operative techniques for assessing reduction quality in 
tibial plateau fractures have been described. Below, we provide 
a narrative summary of each technique identified across the 
included papers, outlining their clinical application, supporting 
evidence, and relevant advantages or limitations as reported in 
the literature.

Together, these studies demonstrate a progression from 
reliance on fluoroscopy alone to the incorporation of advanced 
imaging, arthroscopy, and adjunctive techniques, which are 
outlined in detail below.
Intra-operative Techniques Identified.

Several studies in this review highlighted the insufficiency of 
fluoroscopy alone in evaluating articular congruity. Beisemann 
et al. reported that intra-operative 3D imaging led to revision 
in 26.5% of cases after reduction had appeared satisfactory on 
fluoroscopy. Similarly, Krause et al. found that “fracturoscopy” 
identified residual articular depressions measuring ≥2 mm 
in fractures initially deemed acceptable by fluoroscopic 
assessment. These findings emphasize the potential for false 
reassurance when relying solely on conventional fluoroscopy 
in complex fracture scenarios. The following intra-operative 
techniques were identified across the included studies, grouped 
for clarity and listed approximately in order of common clinical 
usage based on the literature reviewed:
1. Conventional 2D Fluoroscopy:

Conventional 2D fluoroscopy remains the baseline intra-
operative imaging modality for reduction assessment and implant 
positioning in tibial plateau fracture surgery. It is universally 
available, allows rapid real-time evaluation, and was employed as 
the primary or initial assessment tool in the majority of included 
studies [4-11]. However, its limitations are well-documented: 
conventional fluoroscopy provides only planar images and is 
prone to missing subtle articular step-off, gaps, or malpositioned 
hardware, especially in posterior or centrally located fragments 
and in complex fracture configurations. Several studies in 
this review [4,9,12-14] highlighted that reductions appearing 
satisfactory on fluoroscopy were later found to be inadequate 
on multiplanar imaging, leading to intra-operative revisions. 
As such, while 2D fluoroscopy is foundational, reliance on this 
modality alone may result in false reassurance, particularly in 
complex cases.
2. Intraoperative 3D C-arm Imaging (including Cone Beam 
CT):

The development of intraoperative 3D C-arm systems has 
significantly advanced the ability to assess fracture reduction 
and implant placement in tibial plateau surgery. These devices 
allow multiplanar reconstruction and CT-like visualization 
directly within the operating theatre, providing surgeons 
with axial, coronal, and sagittal views that overcome the 
limitations of conventional fluoroscopy. Clinical series have 
demonstrated that 3D C-arm imaging frequently identifies 
articular incongruities and hardware malpositions that appear 
satisfactory on 2D fluoroscopy, prompting intraoperative 
revision in 7–26% of cases [4,6,7,13]. Importantly, Beisemann 
et al. (2022) reported that patients with residual incongruity <2 

mm on intraoperative 3D imaging experienced significantly 
better long-term functional outcomes, highlighting the clinical 
relevance of this modality.

Cone beam CT (CBCT) represents a technical variant of 3D 
C-arm imaging. While based on the same principle of rotational 
image acquisition, CBCT employs a cone-shaped X-ray beam 
and a flat-panel detector, producing volumetric datasets with 
higher spatial resolution and potentially lower radiation dose 
compared to standard 3D C-arm reconstructions. In the large 
series reported by Beisemann et al. (2019), intraoperative 
CBCT revealed insufficient reduction or implant malposition in 
over a quarter of cases, most commonly due to residual articular 
step-off or incorrect screw length. These findings underscore its 
value as a safeguard against leaving the operating room with 
suboptimal fixation. The limitations of 3D imaging, whether 
standard or cone beam, include equipment cost, operating room 
integration, a learning curve, and occasional issues with scan 
volume or image quality. Nevertheless, both technologies have 
been widely adopted in specialist centers and are now considered 
key adjuncts when treating complex or high-risk tibial plateau 
fractures.
3. 3D Printing-Assisted Surgical Planning:

Three-dimensional (3D) printing-assisted surgical planning 
is an emerging adjunct in the management of complex tibial 
plateau fractures. This technique involves generating a physical, 
patient-specific 3D model from preoperative CT data, which 
enables the surgical team to rehearse the reduction, plan 
implant position and size, and select the optimal approach 
before entering the operating theatre. Surgeons can use these 
models to template screw and plate positions, anticipate 
technical challenges, and even fabricate custom guides for use 
during the procedure. In the largest meta-analysis to date [5], 
3D printing-assisted surgery was associated with reductions in 
operative time, blood loss, intra-operative fluoroscopy use, and 
complication rates, alongside improved accuracy of reduction 
compared to conventional planning.

However, it is important to note that 3D printing serves 
primarily as a preoperative planning tool rather than a real-
time intra-operative assessment modality. During surgery, 
the actual assessment of reduction and implant position still 
relies on conventional methods, such as 2D fluoroscopy and 
direct visualization. While the evidence suggests 3D printing 
can facilitate more efficient and accurate surgery-especially in 
complex or comminuted fractures-its utility is dependent on 
access to advanced imaging and 3D printing technology, which 
may not be available in all centers. As such, 3D printing should 
be viewed as an adjunct to, rather than a replacement for, intra-
operative reduction assessment.
4. Arthroscopy-assisted Techniques:

Arthroscopy-assisted reduction and fixation has become an 
established adjunct in the surgical management of tibial plateau 
fractures, particularly for unicondylar and selected bicondylar 
patterns. By allowing direct visualization of the joint surface, 
arthroscopy enables precise elevation and reduction of depressed 
articular fragments while simultaneously diagnosing and 
treating associated intra-articular pathology, such as meniscal 
or ligamentous injuries. In the retrospective series by Asik et 
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al., arthroscopy was used for all fracture types, resulting in high 
rates of satisfactory reduction and functional recovery with 
low morbidity [8]. Further variants of this technique include 
arthroscopically assisted percutaneous screw fixation [9], 
which combines the benefits of minimal soft tissue disruption 
with accurate articular reduction and is particularly suitable for 
Schatzker I-III fractures.

Another important evolution is the “fracturoscopy” technique, 
in which an arthroscope is introduced through the open surgical 
field after provisional fixation to directly inspect the articular 
surface. Krause et al. [10] showed that fracturoscopy identified 
clinically significant step-offs (>2 mm) in more than half of 
complex fractures that had appeared acceptable on fluoroscopy, 
prompting immediate intra-operative correction. Hybrid 
and minimally invasive approaches, such as bidirectional 
traction devices combined with adjunct arthroscopy [11], 
have demonstrated reduced blood loss and hospital stay while 
improving radiological reduction compared to conventional 
open reduction. While arthroscopy-assisted techniques offer 
significant advantages in select fracture patterns and facilitate 
early rehabilitation, they require specialized equipment and 
technical expertise and may not be feasible in all clinical 
scenarios.
5. Osteotomy Approaches:

Osteotomy-based exposures have been developed for the 
management of tibial plateau fractures with complex posterior 
or posterolateral involvement, where direct visualization 
and reduction through standard approaches is challenging. 
The fibular neck osteotomy technique [14] involves careful 
osteotomy and reattachment of the fibular neck, allowing 
full exposure of the posterolateral articular surface and safe 
reduction of difficult-to-access fragments. In their retrospective 
series, Chen et al. achieved high rates of anatomical reduction 
and excellent functional outcomes, with no cases of nerve injury 
or osteotomy nonunion, provided that the peroneal nerve was 
meticulously protected.

Similarly, Gerdy’s tubercle osteotomy [11] utilises an anterior 
lateral approach with an L-shaped osteotomy and outward 
flipping of Gerdy’s tubercle to expose the posterior lateral 
condyle. This technique enabled direct reduction and fixation of 
complex posterior fragments, leading to excellent or good healing 
rates and functional outcomes without major complications. 
While osteotomy-based approaches offer superior access for 
reduction and fixation in selected cases, they are technically 
demanding and carry specific risks-including peroneal nerve 
injury and potential osteotomy healing problems-necessitating 
careful patient selection and meticulous surgical technique.
Results and Discussion.

In practice, the selection of intra-operative reduction 
assessment depends less on the formal Schatzker classification 
itself and more on the complexity, displacement, and location 
of the fracture fragments. For relatively simple, minimally 
displaced unicondylar fractures, conventional fluoroscopy is 
often sufficient, though adjunctive arthroscopy may add value 
in confirming articular congruity and detecting associated soft 
tissue injury. As fracture patterns become more complex—

particularly bicondylar injuries, medial condylar involvement, 
or fractures extending into the posterior plateau—fluoroscopy 
alone is less reliable. In such cases, intra-operative 3D C-arm 
imaging or cone beam CT provides greater accuracy in detecting 
incongruity and malpositioned implants. In environments 
where advanced imaging is not available, direct visualization 
techniques such as submeniscal arthrotomy or osteotomy can 
provide access to otherwise hidden fracture zones. Preoperative 
3D printing, while not a real-time tool, may further assist in 
surgical planning for highly comminuted or atypical fracture 
morphologies. Ultimately, the choice of modality should be 
guided by a combination of fracture characteristics, surgeon 
expertise, and institutional resources, rather than by fracture 
classification alone.

As intraoperative imaging continues to advance, several areas 
merit further exploration. Integrating multimodal tools-like 
combining fluoroscopy with 3D imaging or arthroscopy-may 
improve reduction accuracy, especially in complex cases [15]. 
Artificial intelligence also holds promise for real-time decision-
making but remains underexplored in orthopaedic trauma. 
Future research should focus on the cost-effectiveness and 
workflow impact of technologies like cone-beam CT and 3D 
printing and should include multicenter trials evaluating long-
term outcomes. Additionally, establishing learning curves for 
new modalities such as fracturoscopy or AR, and incorporating 
patient-reported outcomes, will be vital for broader clinical 
adoption [16].

While this review offers a consolidated synthesis of 
intraoperative techniques for tibial plateau fracture reduction, it 
is not without limitations. As a narrative rather than systematic 
review, it lacks formal risk-of-bias assessment or quantitative 
comparison. The included studies vary widely in design, 
patient populations, and outcome definitions, making direct 
comparisons difficult. Additionally, emerging modalities such 
as artificial intelligence and augmented reality remain in early 
stages, with limited clinical validation data available. As such, 
some conclusions are speculative and based on preliminary 
findings. Finally, most current literature originates from high-
resource settings, limiting generalizability to lower-resource 
or rural surgical environments. inherent to the narrative review 
format, there is also the potential for selection bias in how 
evidence is synthesized. Moreover, as much of the published 
work originates from prestigious academic and high-resource 
institutions, the reported outcomes may not fully reflect the 
realities of general hospitals or low-resource environments.
Conclusion.

A wide array of intra-operative techniques exists for assessing 
the quality of reduction in tibial plateau fractures, each with 
its own strengths and limitations. Conventional fluoroscopy 
remains the standard in most operating rooms, but it frequently 
underestimates malreduction, particularly in complex fracture 
patterns. Advanced imaging techniques such as intra-operative 
3D fluoroscopy and CT provide improved accuracy, while 
arthroscopy offers direct articular visualisation and can guide 
precise reduction in selected cases.

Less frequently used methods, including navigation-assisted 
surgery, 3D printing, and osteotomy, may enhance outcomes 
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in specific situations but require greater resources or expertise. 
Ultimately, a tailored, case-by-case approach that considers 
fracture complexity, surgeon experience, and available 
technology is essential to optimise reduction and functional 
outcomes.
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