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Abstract

Posttraumatic osteoarthritis (PTOA) occurs after traumatic injury to the joint. It is most common 

following injuries that disrupt the articular surface or lead to joint instability. The reported risk of 

PTOA following significant joint trauma is as high as 75%; articular fractures can increase the risk 

more than 20-fold. Despite recent advances in surgical management, the incidence of PTOA 

following intra-articular fractures has remained relatively unchanged over the last few decades. 

Pathogenesis of PTOA after intra-articular fracture is likely multifactorial and may be associated 

with acute cartilage injury as well as chronic joint overload secondary to instability, incongruity, 

and malalignment. Additional studies are needed to better elucidate how these factors contribute to 

the development of PTOA and to develop advanced treatment algorithms that consist of both acute 

biologic interventions targeted to decrease inflammation and cellular death in response to injury 

and improved surgical methods to restore stability, congruity, and alignment.

Posttraumatic osteoarthritis (PTOA) occurs after traumatic injury to the joint and is most 

commonly associated with fractures that disrupt the articular surface or injuries that lead to 

joint instability (Figure 1). Approximately 12% of the overall symptomatic osteoarthritis 

burden can be attributed to PTOA of the hip, knee, or ankle, and the annual healthcare costs 

associated with the disease in the United States is approximately $3 billion.1

The risk of PTOA following significant joint trauma has been reported to be as high as 75%; 

articular fractures can increase the risk by more than 20-fold2-9 (Table 1). Despite changes 

in surgical management, including improved fracture fixation and management of chondral 

injuries, the incidence of PTOA following intra-articular fractures has remained relatively 

unchanged over the last few decades.

The mechanisms of injury and factors that contribute to the development of PTOA following 

intra-articular fractures are not well understood; therefore, the ability to intervene clinically 

and delay or prevent the progression of PTOA is limited. Current data suggest that multiple 

factors contribute to the development of PTOA, including acute mechanical injury to the 

cartilage at the time of impact, biologic response (eg, bleeding, inflammation), and chronic 

cartilage overload secondary to incongruity, instability, and malalignment.2 Other factors, 

including patient age and injury severity, also may contribute to worse clinical outcomes and 

progressive degeneration following intra-articular fractures.
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Here, we describe the factors that contribute to the development of PTOA associated with 

intra-articular fracture, including articular incongruity, instability, malalignment, and the 

effect of injury on cartilage. Clinical interventions and research strategies, including 

articular reduction assessment, intraoperative imaging, and the use of biologic and tissue 

engineering strategies, have been proposed to forestall or halt the progression of PTOA in 

patients with articular injuries.

Articular Cartilage Structure, Function, and Response to Mechanical Injury

Articular cartilage is 60% to 85% water, with the solid content consisting of a dense 

extracellular matrix composed of collagens (primarily type II, but also types VI, IX, and XI), 

proteoglycans (primarily aggrecan, but also decorin, biglycan, and fibromodulin), and a cell 

population (chondrocytes). The composition, architecture, and remodeling of articular 

cartilage are uniquely adapted to enable function over a lifetime of repetitive use in a 

demanding mechanical environment, but, altogether, this results in tissue that is inherently 

limited in its response to traumatic injury. Mechanical loading of articular cartilage, such as 

during injury, generates a biologic response on a macro (tissue) and micro (cellular) level, 

activating intracellular signaling cascades through a process called mechanotransduction. 

Depending on the nature of the mechanical insult and the postinjury environment, cartilage 

may either recover or degrade, with the latter leading to PTOA.

Pathogenesis of PTOA

Acute Articular Injury

Acute articular injury is one of the proposed mechanisms of PTOA following intra-articular 

fracture. Acute insult to cartilage triggers chondrocyte death or dysfunction, resulting in 

subsequent dysfunction of cartilage metabolism that may lead to degeneration of the entire 

joint (Table 2). Tissues explanted after intra-articular calcaneal fracture have been shown to 

have significantly lower chondrocyte viability than that of control specimens (73% versus 

95%, P = 0.005).10 In a recent study, Tochigi et al11 simulated an intra-articular tibial 

plafond fracture by delivering a direct impact to fresh human cadaver ankles. The authors 

observed a reproducible pattern of plafond injury and chondrocyte death, with significantly 

more chondrocyte death adjacent to the fracture lines than distant from the fracture (25.9% 

and 8.6%, respectively). Chondrocyte death progressed over 48 hours after the initial 

injury.11 In animal models, chondrocyte death reportedly occurs at the fracture site 

following impaction injuries, with more chondrocyte death found in fractured specimens 

than in specimens with subfracture impaction injuries; this is likely attributed to the 

supraphysiologic forces associated with actual fracture of the articular surface.12

Several in vitro studies have sought to examine how chondrocytes die following cartilage 

impact, including the pattern of cell death by apoptosis (programmed cell death) or necrosis 

(premature cell death, accompanied by an inflammatory response). Mechanically induced 

cell death in vitro has been shown to depend on load duration and magnitude.13,14 Several 

studies have found early signs of necrosis13-15 in explanted specimens after cartilage impact, 

whereas others have found markers of apoptosis in explanted human cartilage specimens 
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following intra-articular fracture.16,17 How this early cell death may lead to the cascade of 

PTOA is not known.

One of the proposed mechanisms that trigger this cascade is the release of reactive oxygen 

species and/or proinflammatory mediators following injury, which may lead to progressive 

chondrocyte damage and matrix degeneration. Some in vitro studies of impact injuries on 

cartilage explants showed that injury induced the release of oxygen free radicals from 

chondrocytes, possibly secondary to mitochondrial injury,18 which led to chondrocyte death 

and matrix degeneration.18,19 Severe high-impact injuries have been shown to result in 

greater local tissue damage (as measured by a higher proportion of cells releasing reactive 

oxygen species) and a higher rate of chondrocyte death and matrix disruption than that 

associated with less severe injuries.19,20 Intra-articular fracture has also been shown to result 

in elevated synovial levels of proinflammatory cytokines and mediators, including tumor 

necrosis factor-α, interleukin (IL)-1, nitrous oxide, matrix metalloproteinases, and 

fibronectin fragments that can stimulate further cell and matrix degradation.19,21,22

Recent studies using animal models have demonstrated that cellular events related to initial 

impact injuries are associated with the progression of PTOA. Borrelli et al23 showed that a 

single impact injury in a rabbit knee decreased markers of cartilage metabolism (procollagen 

type II and bone morphogenetic protein [BMP]-2) and disrupted the extracellular matrix. 

Other studies that used this model demonstrated worsening changes in the viscoelastic 

properties of the cartilage over time and a corresponding increase in subchondral bone 

formation beneath the articular changes.24 Furman et al25 observed degenerative changes, 

including loss of bone density and increases in subchondral bone thickness, as early as 8 

weeks following untreated closed impaction injuries to the tibial plateau in mice, with severe 

cartilage loss observed by 50 weeks.12,19 In addition, joint changes were accompanied by 

rapid changes in proinflammatory cytokines and cartilage biomarkers in the serum and 

synovial fluid.25 In another animal model, the authors compared the injury patterns in 

standard mice with those in a breed of mice (MRL/MpJ) that produce a decreased 

inflammatory response to injury via decreased production of proinflammatory cytokines 

(IL-1) and increased production of anti-inflammatory cytokines (IL-4 and IL-10). This 

model demonstrated decreased joint inflammatory response to intra-articular injury, with 

relative protection from PTOA,26 suggesting that clinically decreasing the inflammatory 

response may decrease the severity of PTOA in patients with intra-articular fractures.

Chronic Joint Overload

Early surgical intervention for intra-articular fractures is recommended to achieve anatomic 

reduction of the articular surface and absolute fixation of the articular fragments. Articular 

incongruity, joint instability, and joint malalignment likely play a role in the development of 

PTOA; however, the relative contribution of these factors to the subsequent progression of 

arthritis has not been well characterized and is likely related to the joint involved (Figure 2). 

Although articular reduction within 2 mm of normal articular congruity is recommended, 

much greater incongruities are well-tolerated in some joints.27

Some experimental and finite element studies of contact stress in cadaver specimens have 

reported increased contact stresses associated with articular surface incongruity.28-30 A 
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study of contact stresses associated with articular step-offs in cadaver ankles reported 

increases in contact stresses of up to 300%.28 The combination of instability and articular 

surface incongruity has been shown to cause disproportionate increases in contact stress 

rates and magnitudes29,30 and can anatomically shift the articular surface loading pattern, 

resulting in joint contact outside the typical uniform, central location found in intact 

controls.31 This shift in loading pattern may be crucial to subsequent progression of 

osteoarthritis; the new point of contact may be maladapted for cartilage loading and may be 

unable to rapidly accommodate the transition to load bearing via remodeling, leading to 

degeneration of the whole joint.

In contrast, several experimental models of intra-articular fractures have shown relatively 

mild increases in articular surface contact stresses, even in the setting of large articular 

incongruities.27,32 In a canine cadaver model, 7-mm full-thickness osteochondral defects in 

the medial femoral condyle were statically loaded and showed mean increases in contact 

stress of only 10% to 30%.32 These results are likely affected by the fact that the specimens 

in most studies are statically loaded across a fixed joint position without motion. Results of 

these early studies on contact stresses should be interpreted cautiously because many 

biomechanical testing methods cannot detect transiently elevated contact stresses and 

cumulative stresses that occur during motion. In addition, many of these methods cannot 

account for the effects of joint instability. Methods of assessing in vitro and in vivo dynamic 

contact pressures are improving.33 Well-designed studies that assess the effects of 

postfixation articular incongruity and instability are needed to better elucidate the effect of 

these factors on the progression of PTOA and on outcomes following intra-articular fracture 

management.

Recently, Giannoudis et al27 conducted a systematic review of the literature to examine the 

connection between articular step-off and the risk of PTOA following management of intra-

articular fractures. The risk of PTOA seems to vary based on the joint involved (Table 1). In 

studies of PTOA associated with injury to the distal radius, articular step-offs and gaps have 

been associated with a higher incidence of radiographic evidence of PTOA, but no definite 

link has been found between poor articular reduction or degenerative changes on 

radiography and worse long-term clinical outcomes.6,34 In a meta-analysis of PTOA 

following surgical management of acetabular fractures, the authors reported that restoration 

of the superior weight-bearing dome of the acetabulum decreased the rate of PTOA and 

improved clinical outcomes; however, fracture of the posterior wall, a proposed marker of 

instability, was a negative prognostic factor, likely independent of articular reduction.9 

Finally, two studies on fractures of the tibial plateau reported that successful articular 

reduction of severe bicondylar injuries has been associated with better functional 

outcomes;4,35 however, compared with fractures of other anatomic locations, articular 

incongruities in the knee appear to be relatively well tolerated; other factors, including joint 

stability, retention of the meniscus, and coronal alignment, were proposed to be potentially 

more important for development of PTOA of the knee (Figure 3). No consensus has been 

reached on the maximal acceptable articular step-off. The relative tolerance of imperfect 

reduction may be related to the thickness of the tibial plateau cartilage compared with that of 

other anatomic regions.
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There is a paucity of controlled studies that systematically identify the relative contribution 

of articular step-off, joint incongruity, and joint instability to accelerated PTOA. Based on 

the previously described literature reviews, PTOA seems to be triggered by different 

“failures” in different joints (eg, the tibial plateau seems to be relatively spared from 

articular step-off incongruencies); however, the development of PTOA in the knee seems to 

be dependent on alignment and ligamentous/meniscus preservation for improved outcomes. 

Until these factors are better elucidated, the best clinical approach for management of 

articular injuries is to restore all three factors—congruity, stability, and alignment—to 

decrease the likelihood of PTOA.

Assessment of Articular Reduction

Plain radiography, CT, and fluoroscopy can be used for preoperative, intraoperative, and 

postoperative assessment of articular fracture reduction. One study evaluated the interrater 

reliability among five orthopaedic traumatologists in measuring the articular incongruity of 

56 tibial plateau fractures on plain radiographs. When the traumatologists assessed the 

maximal depression of the fracture, the agreement in quantifying articular depression was 

poor (±12 mm).36

CT is often used to improve diagnostic assessment of articular surface disruption and step-

off by aiding in surgical decision making during preoperative planning of reduction and 

fixation strategies. CT is also useful for postoperative assessment of fracture reduction and 

hardware placement. With regard to preoperative assessment, CT has been shown to have 

better sensitivity than plain radiography for measurement of articular surface gapping, 

comminution, and distal radioulnar joint involvement; in a small case series, CT findings led 

to treatment plan modifications for patients with intra-articular radius fractures.37 In a study 

of the influence of three-dimensional CT findings on management of distal radius fractures, 

four observers assessed a total of 120 fractures using radiographs and two- and three-

dimensional CTs.38 Assessment of three-dimensional CTs of the fractures resulted in 

alterations to treatment plans in 57 cases (48%), with a greater number of decisions for an 

open approach as well as combined dorsal and volar approaches.

Several studies have compared postoperative assessment of fracture reduction with plain 

radiography or CT and have found that CT offers superior detection of gap and step-off.39,40 

Moed et al39 compared the quality of fracture reduction on plain radiography and CT in 67 

patients following open reduction and internal fixation of posterior wall acetabular fractures. 

In 65 patients, the reduction was deemed “anatomic” based on standard plain postoperative 

radiographs of the pelvis; 11 of those were found to have >2 mm of articular incongruency 

and 52 had a fracture gap of >2 mm on CT. These studies found that small differences in 

articular congruity cannot be reliably assessed with plain radiography, and CT improved 

diagnostic capacity for both small and large joint articular injuries.

Similarly, the incorporation of three-dimensional fluoroscopy may improve immediate 

visualization of articular reduction and hardware placement.41 Intraoperative imaging may 

reduce the need to return to the operating room to address articular malreductions and/or 

intra-articular hardware penetration missed on standard intraoperative fluoroscopy and later 
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discovered on postoperative CT. Intraoperative imaging technology has progressed with the 

use of intraoperative CT, particularly for guided placement of pedicle screws in spine 

fusions; however, this is not standard practice for reduction of articular fractures.

Two major issues exist with regard to imaging and management of articular injuries. First, 

despite the debate about the optimal amount of articular step-off that a joint can tolerate, 

unless there is direct visualization of every part of the articular surface, we are only as good 

as our intraoperative imaging. Based on our review of the literature, assessment of articular 

step-off can be off by up to 12 mm with plain radiography. Second, many of the historical 

studies that exclusively used plain radiography to evaluate the effects of articular step-off on 

PTOA should be interpreted with caution because of high rates of interobserver variability.

Intra-articular Fracture Management and Its Impact on PTOA

The best management of intra-articular fracture focuses on optimizing articular congruity, 

stability, and alignment with the goal of decreasing the future risk of PTOA. Several studies 

have described the inclusion of biologics and proposed tissue engineering strategies to 

further diminish or halt the progression of PTOA in patients with intra-articular fractures.

Improvement of Articular Reduction

Because imaging has been shown to be inaccurate in determining the degree of articular 

step-off, investigators have searched for alternative methods of improving articular 

reduction. Several published case series have described techniques for improving joint 

reduction of intra-articular fractures with arthroscopic assistance.42-46 In a recent systematic 

review of studies on arthroscopic-assisted fracture fixation, Atesok et al42 noted that 

arthroscopic-assisted reduction and fixation have been used for fractures of the tibial 

plateau, tibial eminence, malleolus, pilon, calcaneus, femoral head, glenoid, greater 

tuberosity, distal clavicle, radial head, coronoid, distal radius, and scaphoid. Potential 

benefits of arthroscopic-assisted fixation include direct visualization of the articular surface; 

decreased invasiveness; and the ability to diagnose and treat associated osteochondral and 

ligamentous injuries, remove joint debris, and perform joint lavage. However, this technique 

is technically demanding, uses additional resources that result in higher costs, and may be 

associated with an increased risk of compartment syndrome secondary to fluid 

extravasation.

Several studies have compared functional and radiographic outcomes in patients treated with 

arthroscopic-assisted procedures versus standard open procedures. Two studies examined 

functional outcomes in patients with intra-articular distal radius fractures: one compared the 

outcomes of arthroscopic-assisted reduction and fluoroscopy-assisted reduction,43 while the 

second compared outcomes of arthroscopic-assisted techniques and traditional open 

reduction and internal fixation.44 Range of motion and radiographic alignment were 

improved in the arthroscopic-assisted groups in both studies; however, the authors found 

that a functional benefit associated with arthroscopic-assisted reduction was not 

conclusive.43,44
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In two studies that compared outcomes of arthroscopic-assisted management of tibial 

plateau fractures with those of traditional open techniques, the authors found that 

arthroscopic-assisted management was associated with a shorter hospital stay, decreased 

time to full weight bearing, and improved early range of motion and reduction; however, 

evidence of functional long-term benefit was inconclusive.45,46 Additional well-designed 

prospective studies are needed to better elucidate the effect of arthroscopic-assisted 

techniques on the long-term development of PTOA following intra-articular fractures.

Biologic Intervention and Future Research

Development of biologic interventions for treatment of osteoarthritis is a major focus of 

current basic science and clinical research. Most of this research is focused on forestalling 

osteoarthritis in the mid- to late-term. Knowledge of the phases of acute injury and biologic 

response to injury offers a unique opportunity for early biologic intervention in patients with 

intra-articular fractures to prevent or delay PTOA (Table 2). Biologic therapies for intra-

articular fractures can be directed at any of the three overlapping phases of acute joint injury 

and response to injury: early, intermediate (balance between catabolic and anabolic phases), 

and late (limited repair, remodeling, matrix formation).2

The early phase of acute joint injury involves cell death and inflammation (necrosis/

apoptosis) as well as elevation of proinflammatory cytokines, enzymes, and reactive oxygen 

species that cause further joint destruction. In an in vitro study of acute mechanical cartilage 

injury, local delivery of a known inhibitor of chondrocyte apoptosis has been shown to 

decrease mechanically induced chondrocyte death.47 Administration of P188 surfactant, a 

cell membrane stabilizer and inhibitor of stress-related p38 mitogen-activating protein, can 

limit cell necrosis after impact loading of cartilage.48 Blocking the fibronectin pathway has 

been shown to decrease progressive cell damage and matrix degeneration.49 Local 

administration of antioxidants (eg, N-acetylcysteine, superoxide dismutase, vitamin E) 

within hours of traumatic injury to cartilage has been shown to prevent progressive, 

mechanically induced chondrocyte damage and matrix degeneration in vitro.15,19 

Administration of dexamethasone also has been shown to limit injury-induced catabolism by 

preventing proteoglycan degradation and restoring biosynthesis.50 Although these studies 

offer promising trends in the laboratory, the effects of these agents in vivo and the effects of 

systemic versus local drug delivery need to be evaluated to determine possible therapeutic 

benefit.

In clinical practice, both hyaluronic acid (HA) derivatives and BMP-7 (osteogenic protein-1) 

are available for therapeutic intervention and have been proposed as biologic interventions 

to delay or prevent the progression of PTOA.51-53 HA is believed to act in the early phase of 

joint injury by attenuating the catabolic activities of fibroblast-like synoviocytes, which 

release proinflammatory cytokines and enzymes. In an in vitro study of cells derived from 

the synovium of patients with tibial plateau fractures, HA had anti-inflammatory and 

chondroprotective effects.51 However, an in vivo study of patients with PTOA of the elbow 

treated with intra-articular injections of HA reported that the treatment was not effective.52 

Finally, BMP-7 has been shown to have a chondroprotective effect in vitro and in vivo when 

administered up to 3 to 4 weeks after injury.53 The paucity of data and lack of consistent 
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clinical success indicate the need for new molecules for therapeutic care, which are most 

efficiently derived via high-throughput screening methods.

In addition to biologic interventions, tissue engineering strategies are being investigated to 

“fill the cracks” of acute articular cartilage injury and/or replace focal defects and whole 

damaged joints.54 These strategies are beyond the scope of this review, but they will be the 

focus of future research efforts for management of the posttraumatic sequelae of intra-

articular fractures.

Summary

The development of PTOA after intra-articular fracture is likely multifactorial and may be 

the combined result of initial cartilage injury and the associated chondrocyte death, matrix 

disruption, and release of proinflammatory cytokines and reactive oxygen species as well as 

chronic joint overload secondary to instability, incongruity, and malalignment. Additional 

studies are needed to better elucidate the relative contributions of these factors in the 

development of PTOA and to develop advanced treatment algorithms. Based on available 

clinical data, future treatment modalities may consist of acute biologic interventions targeted 

at decreasing inflammation and cellular death in response to injury as well as improved 

surgical methods to better restore stability, congruity, and alignment following intra-

articular fractures to reduce the individual and societal burden of PTOA.
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Figure 1. 
Radiographs of the ankle demonstrating the progression of posttraumatic osteoarthritis over 

2 years. A, AP radiograph of the ankle demonstrating a fracture-dislocation. B, 
Postoperative AP radiograph of the ankle following fracture fixation. C, Follow-up AP 

radiograph of the ankle demonstrating severe degenerative changes at 2 years 

postoperatively.
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Figure 2. 
Schematic demonstrating the balance between articular congruity, stability, and alignment 

proposed for a normal joint (top) versus an injured acetabulum (bottom left) and an injured 

tibial plateau (bottom right). Chronic cartilage injury affects the balance of joint congruity, 

stability, and alignment. The contribution of these factors to the progression of posttraumatic 

osteoarthritis is likely related to the joint involved.
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Figure 3. 
A, Preoperative AP radiograph of a knee demonstrating a lateral tibial plateau fracture. B, 
Postoperative AP radiograph of the knee obtained 6 months after fracture fixation, 

demonstrating mild lateral (and posterior, not shown) subluxation of the tibia. Posterior 

cruciate ligament reconstruction was subsequently performed. C, Postoperative AP 

radiograph of the knee following posterior cruciate ligament reconstruction (at 18 months 

postinjury), demonstrating no early degenerative changes.
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Table 1

Reported Risk of Posttraumatic Arthritis by Joint Involved

Joint Risk of Posttraumatic Arthritis (%)

Tibial plafond3 70–75

Tibial plateau4-5 23–44

Distal radius6 24–65

Distal femur7 23–35

Distal humerus8 44

Acetabulum9 11–38
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Table 2

Phases of Acute Joint Injury and Biologic Response

Early phase: Cell death and inflammation

Necrosis

Apoptosis

Matrix degradation

Elevated caspase, proinflammatory cytokines, nitric oxide, reactive oxygen species, basic fibroblast growth factor, matrix metalloproteinases, 
aggrecanases, release of matrix fragments

Intermediate phase: Balance of catabolic and anabolic phases

Late phase: Matrix formation

Initial anabolic response

Matrix synthesis

Elevated anabolic growth factors
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