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The Arthritis Barrier: Long-Term
Effects of ACL Trauma on Knee

Joint Health

Emily Eichner and Bruce Beynnon

3.1 Epidemiology of Post-
Traumatic Osteoarthritis

Following ACL Trauma

The knee joint is a common location of osteo-
arthritis (OA). As Lohmander et al. explain,
“Osteoarthritis describes a common, age-related,
heterogeneous group of disorders characterized
by focal areas of loss of articular cartilage in
synovial joints associated with varying degrees of
osteophyte formation, subchondral bone change,
and synovitis” [1]. In OA, cartilage undergoes
gradual proteolytic degradation of matrix, with
increased synthesis of matrix components by
chondrocytes. Early in the disease process, car-
tilage swelling, surface fibrillation, and cleft
formation occur, and in later stages, cartilage vol-
ume loss appears [1]. In advanced stages, plain
radiographs can detect structural changes such as
joint space loss, osteophytes, subchondral scle-
rosis, and bone cysts [1]. Since OA is an insidi-
ous disease, early radiographic-based structural
changes are often evident long before any clini-
cal symptoms are present and are not necessarily
associated with symptoms or functional abilities
[1, 2]. Recent advancements in magnetic reso-
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nance imaging (MRI) technologies have enabled
the assessment of cartilage, meniscus, synovium,
and bone in detail and feature earlier detection of
the disease process than the use of radiographs
alone. For example, MRI can be used to mea-
sure the change in articular cartilage thickness,
progression of bone marrow lesions, synovial
changes, capsule thickening, meniscus macera-
tion, and extrusion [1]. MRI-based T1p and T2
relaxation times can be applied to study early
cartilage degeneration in advance of radiographic
changes [3]. T1p relaxation time correlates with
the articular cartilage proteoglycan content and
T2 relaxation time correlates with the collagen
structure and water content such that higher
relaxation times indicate worse cartilage matrix
health [4—6]. Delayed gadolinium-enhanced MRI
of cartilage (dAGEMRIC) is another MRI-based
measurement technique that detects cartilage
degeneration by estimating the glycosamino-
glycans (GAGs) content, which are negatively
charged molecules that attach to the matrix pro-
tein aggrecan and regulate the Donian osmotic
gradient that attracts water into the articular car-
tilage, the primary cartilage matrix component
that provides efficient transmission of contact
stress across the knee joint [6, 7]. Shorter T1Gd
correlates with lower cartilage GAG content,
indicating decreased cartilage health [7]. Of note,
radiographic measurement of tibiofemoral joint
space loss and MRI-based measurement of tib-
iofemoral cartilage thickness are not correlated,
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and these two methods of examining changes
associated with the onset and early progression
of OA should not be used interchangeably [8].
Symptomatic post-traumatic osteoarthritis
(PTOA) represents a subset of OA and is a sub-
stantial burden to society, as it is estimated that
PTOA accounts for 12% of OA cases (12.7 mil-
lion people), costing the healthcare system an
estimated 3 billion dollars annually [9]. Trauma
to the anterior cruciate ligament (ACL), menisci,
or dislocation of the patella are the most com-
mon injuries that place individuals at increased
risk of developing PTOA about the knee. The
reported prevalence of knee PTOA following
ACL trauma varies widely between studies due
to many significant variables affecting its devel-
opment, including the time from injury to fol-
low-up, concomitant injuries, the delay between
injury and treatment, the type of treatment, activ-
ity level at the time of return to sport (RTS) and
preinjury activities, and heterogeneous diagnos-
tic criteria used to characterize the disease. For
example, Lohmander et al. reported that 10-90%
of ACL-injured subjects have evidence of PTOA
at follow-up intervals that ranged between 10
and 20 years after the index injury [1]. A meta-
analysis by Ajuied et al. reported ACL injury to
be associated with a 3.89 relative risk (RR) of
developing any PTOA and a 3.64 RR of develop-
ing moderate or severe PTOA (assessed using
Kellgren and Lawrence classification or radio-
graphs) at a mean follow-up interval of 10 years
[10]. The factors associated with the increased
risk of developing PTOA after ACL injury
include increased body mass index (BMI) [11-
14], female sex [12, 15], increased age [15],
smoking [12, 13], and lower education level
[12]. Another potential risk factor may be genetic
predisposition to the early onset of PTOA. For
example, two studies have linked hand OA with
increased frequency and severity of knee OA
after meniscectomy [16, 17] suggesting that
there may be genetic factors involved with the
onset and progression of disease following
meniscus surgery. In contrast, a more recent
study that focused on ACL-injured patients did
not find a relationship between the hand OA and
knee OA rates [18]. At the current point in time,

it is unclear if and how genetics are involved
with the development of PTOA following ACL
injury.

3.2  Effect of Sport on PTOA

Following ACL Trauma

Because the knees of athletes that compete at
high levels are exposed to elevated contact stress
levels in comparison to the general population’s,
many studies have attempted to understand the
PTOA rates in an athlete or sport-specific man-
ner. One systematic review revealed OA rates,
irrespective of the cause, to be 30% of former
athletes [19]. Another systematic review by
Driban et al. reported between three and seven
times higher prevalence of OA in athletes that
participate in soccer, elite long-distance running,
weightlifting, and wrestling (prevalence ranging
4.2-8.5%) compared with nonsports participants
(prevalence ranging 1.3-2.3%). Elite-level bas-
ketball, boxing, shooting, and track and field did
not have a higher prevalence of OA compared
with nonsports participants; however, these find-
ings do not consider joint injury history [20].
Driban et al.’s review also found that joint injury
may be the main cause of the high rates of OA
in athletes that take part in soccer and ice hockey
[20]. A study of elite football athletes partici-
pating in the National Football League (NFL)
Combine (age range, 20-26 years) reported a
15% prevalence of OA based on MRI or radio-
graphic imaging, and this correlated with prior
ACL injury, knee surgery, and increased BMI
[21]. The high ACL injury rates in these sports,
along with the high stress demands placed on
the knee could combine to increase the risk
of OA in athletes. Two landmark studies dem-
onstrated 51% of female soccer players (mean
age, 31 years) and 41% of male soccer players
(mean age, 38 years) had radiographic PTOA
12—14 years after ACL injury, with 80% show-
ing radiographic features of OA in both groups
[22, 23]. Simon et al. revealed PTOA rates to be
76.7% in former Division I collegiate athletes
(age range, 40—65 years) who had a knee injury
requiring surgery during their collegiate career
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[24]. In comparison, Losina et al. reported the
overall prevalence of symptomatic OA in the
general population aged 45-54 years old to be
3.61% for nonobese men and 4.26% for non-
obese women [25]. In addition to increased joint
stresses and injuries that athletes experience,
there are other risk factors that may be linked to
high OA rates. For example, Madaleno et al. sug-
gest that the high prevalence of former athletes
becoming overweight after retiring could raise
OA risk because increased BMI is the risk fac-
tor for PTOA [19]. The increased prevalence of
OA in the athlete population, especially PTOA,
is significant as the studies discussed show that
these athletes with OA are often young. The esti-
mated mean age at diagnosis of OA for the gen-
eral population is 53.5 years [25]. Since athletes
may be at risk of experiencing OA at younger
ages than the general population, this may have
important economic, medical, and quality-of-life
implications to consider.

3.3  Effect of ACL Injury
and Concomitant Articular

Cartilage Injury on PTOA

It is relatively rare that ACL trauma occurs in
isolation as it is often accompanied by injury to
other structures about the knee such as articular
cartilage lesions (46% prevalence), traumatic
bone marrow lesions (80% prevalence), meniscus
tears (60-75% prevalence), and other ligament
tears (5-24% prevalence) [26-33]. This creates
a considerable clinical concern because ACL
injury combined with trauma to the other struc-
tures about the knee significantly increases the
risk of developing PTOA in comparison to ACL
injury in isolation [1, 34]. Indeed, Risberg et al.
revealed that subjects who have suffered ACL
injury and undergone reconstruction should not
be considered as a homogeneous group because
those suffering ACL trauma in combination with
injury to other articular and meniscal cartilage
structures undergo progression to radiographic
and symptomatic PTOA at a much faster rate
than those without concomitant injury [34]. This
is an important concern because at the time of

ACL reconstruction, the patient age, surgical
delay, and sex are independently associated with
the frequency and location of articular cartilage
injury, an early harbinger of PTOA [34, 35]. For
example, Keays et al. reported that chondral dam-
age is a strong predictor of future development of
tibiofemoral PTOA following ACL reconstruc-
tion [36], and articular cartilage abnormalities at
the time of ACL injury are associated with worse
results and patient-reported outcomes at 2- and
6-year follow-up intervals [12, 13]. Slauterbeck
et al. reported patients that are >25 years of age
at the time of ACL reconstructions are more
likely to have multiple articular cartilage lesions
throughout the knee (7.7% compared with 1.3%
for those <25 years of age) and present with more
isolated medial femoral condyle lesions (24.2%
compared with 13.3%) [35]. Further, at the time
of ACL reconstruction, female patients have a
greater proportion of grade 1 articular cartilage
lesions of the medial femoral condyle (29%
compared with 16% for the males), while male
patients have a greater proportion of grade 3 and
4 cartilage lesions of the medial femoral condyle
(49% compared with 35% for the females) [35].
Patients that are >35 years of age at the time of
ACL reconstruction have femoral articular car-
tilage lesions located more frequently on the
medial side in comparison to those <35 years of
age [35].

It is important to appreciate that ACL trauma
not only has an immediate effect on the knee
regarding PTBMLs, but it also affects articular
cartilage structure in terms of thickening and
thinning of the articular cartilage [37]. Argentieri
et al. reported that ACL-injured females had
significant changes in articular cartilage thickness
in the injured knee compared to the uninjured
knee at a median of 15 days post injury, with an
increased thickness in the central region of the
medial tibial cartilage and thinning of the medial
posterior cartilage region (Fig. 3.1) [37]. The
medial central areas of increased thickness may
indicate acute loss of proteoglycans from the
cartilage caused by blunt impact forces, resulting
in a shift in water content [37]. The medial
posterior areas of cartilage thinning may be the
result of injury causing increased contact stress
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Fig. 3.1 Significant injured-to-uninjured side differences
in articular cartilage thickness found in the medial
compartment within ACL-injured females. Articular
cartilage was thicker in the central region and thinner in
the posterior region of ACL-injured knees (From
Argentieri et al. [37])

in this region that does not have the material and
structural properties of the cartilage normally
suited to support such contact stress [37].

3.4  Effect of ACL Injury and Post-
Traumatic Bone Marrow

Lesions on PTOA

Another common concomitant injury seen with
ACL disruption is post-traumatic bone marrow
lesions (PTBMLs). These occur at the locations
of high-impact forces between the tibial and
femoral articular surfaces at the time of an ACL
tear [38] and are thought to be associated with
edema, hemorrhage, and trabecular microfrac-
tures [39—41]. Sievanen et al. used dual-energy
X-ray absorptiometry to study the change in peri-
articular bone about the knee and revealed rapid
decreases of bone mineral density soon after an
ACL disruption, followed by a phase of partial
recovery [42]. Although the independent effects

of ACL disruption and ACL reconstruction
on bone mineral density and mass are not well
understood, reduced bone mass in the injured
knee following ACL tears has been shown to
exist up to 8 years after the index ACL injury
[43—46]. Frobell et al. reported a high preva-
lence of cortical depression fractures associated
with larger PTBMLs and hypothesized this may
have been produced by the articular cartilage
and subchondral bone experiencing high magni-
tudes of compressive and shear stress at the time
of ACL disruption [47]. These larger PTBMLs
are primarily located in the lateral compartment
[47, 48]. The presence of PTBML can help indi-
cate the overall mechanism of injury, showing
where the joint surface experienced significant
compressive and shear forces from the impact
of loading at the time of ACL disruption [1, 38].
The large magnitudes of compressive and shear
forces transmitted across the tibiofemoral joint
at the time of ACL injury have the potential to
harm the articular and meniscal cartilage lead-
ing to cartilage matrix disruption, accelerated
chondrocyte senescence, chondrocyte death, and
cell metabolism changes [1, 49, 50]. In addition,
Coughlin et al. proposed that bone—cartilage
crosstalk, via molecular signaling, changes after
a PTBML with subsequent increases in bone
remodeling [51]. Changes in the bone—cartilage
crosstalk may result in damage to the cartilage
and is a potential mechanism for progression to
PTOA [51].

A series of studies have found evidence link-
ing PTBMLs with longitudinal cartilage damage.
For example, Koster et al. reported bone marrow
edema after knee trauma was a strong predictor
of PTOA changes to the tibiofemoral joint at
1 year follow-up [52]. Theologis et al. reported
the cartilage overlying bone marrow edema-like
lesions in the lateral tibia had elevated T1p times
at 1 year follow-up [53]. Similarly, Gong et al.
reported that bone marrow edema-like lesions
following ACL injury were associated with
higher T1p and T2 relaxation times at 2 year fol-
low-up, indicating worse cartilage health [54].
These cartilage changes remained present even
after the bone marrow edema-like lesions had
resolved, suggesting that damage to cartilage
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overlying PTBMLs may be irreversible [53, 54].
Although most PTBMLs resolve within 2 years
after ACL injury, Frobell et al. theorized the high
magnitudes of compressive and shear forces
sustained by the bone and cartilage at the time of
ACL injury, as indicated by a PTBML, could
initiate biological developments that lead to
PTOA in the long term [55]. Evidence suggests
that PTBMLs may have a significant role in the
mechanism of onset and progression of PTOA
following ACL injury. As such, efforts to diagnose
and study them in conjunction with ACL injuries
and PTOA will be important in future research.

3.5 Effect of ACL Disruption
and Concomitant Meniscal

Injury on PTOA

Concomitant meniscal damage at the time of
ACL injury significantly increases the risk of
developing PTOA in the future, particularly in
patients that undergo meniscectomy [11, 14, 21,
36, 56-59]. Oiestad et al. reported the prevalence
of PTOA ranged from 21 to 48% in those with
meniscal injuries compared with 0-13% in those
with isolated ACL injuries without meniscal
injuries 10 years after the index trauma [58]. In
a subsequent study, Oiestad et al. reported 80%
of subjects with PTOA had combined meniscal
and ACL injuries compared with 62% of subjects
with isolated ACL injuries at 10—15 years follow-
up; however, there was no significant difference
between the groups in terms of their functions
and symptoms [60]. Further, after 20 years,
PTOA was found in 81% of patients who under-
went meniscectomy combined with ACL injury
compared with 54% of those who only had iso-
lated ACL injury [18].

Spindler et al. and Jones et al. have revealed
that meniscal damage at the time of ACL injury is
a risk factor for the development of PTOA and is
also associated with worse results and patient-
reported outcomes at 2- and 6-year follow-up
intervals [12, 13]. This is a concern because the
frequency and location of meniscus injury seen at
the time of ACL reconstruction are associated
with the patient sex, age, and surgical delay [35].

Slauterbeck et al. reported that at the time of ACL
reconstruction, females are less likely to have a
meniscus injury (56% compared with 71% for
males), while males are more likely to have
combined medial and lateral meniscus injuries
(20% compared with 11% for females) [35].
Subjects with a delay between injury and ACL
reconstructive surgery <3 months are least likely
to have medial meniscus injury in comparison to
those with a delay >3 months, and for subjects
that are >35 years of age at the time of ACL
reconstruction, meniscus injuries are more
frequent and are more likely to occur in the
medial compartment of the knee [35].

Many mechanisms are hypothesized to be
associated with the increased rates of PTOA
experienced by subjects that suffer an ACL injury
with concomitant meniscal injury. An ACL-
injured knee that has altered meniscus function
has different gait patterns, increased magnitude
of shear and compressive contact stresses during
weight-bearing activity, cartilage proteoglycan
changes, and increased fatigue, which combine
to lead to progressive destruction of the collagen
network [7]. At 10-15 year follow-up, greater
deficits in quadriceps muscle strength were found
in those with combined ACL and meniscal injury
and/or chondral lesion compared with those with
isolated ACL injuries [60]. Inferior cartilage
proteoglycan content indicated by lower T1Gd
was found with concomitant meniscectomy in
the chronic phase after ACL injury [7]. Because
meniscus damage is associated with higher risk
of PTOA, many researchers have suggested
repairing or preserving the meniscus as much as
possible could be beneficial to the long-term
health of the knee [2, 14, 34, 36, 57, 59].

Overall, concomitant meniscal injury
increases the risk of inferior cartilage health;
however, there is conflicting evidence in
outcomes between ACL injury with concomitant
medial versus lateral meniscus damage. Studies
have reported that ACL injury in combination
with lateral meniscus injury is associated with
worse outcomes [1, 13], while other reports have
linked ACL injury in combination with medial
meniscus injury to worse outcomes [12, 61]. In
addition, Jones et al. reported that a lateral



42

E. Eichner and B. Beynnon

meniscus tear and/or partial lateral meniscectomy
were associated with better outcomes [12]. They
hypothesized that this finding may be associated
with the mechanism of injury, such that when the
impact force is transmitted across the lateral
compartment at the time of ACL causing lateral
meniscus injury, the joint fares better than that if
the force is transmitted elsewhere [12]. Jones
et al. also reported that medial meniscus injury
correlated with the medial compartment joint
space narrowing 2-3 years after injury [12]. A
systematic review of this area of inquiry reported
a small increase in PTOA rates for ACL injury
with concomitant medial meniscus injury, no
increases for the same ligament trauma with
concomitant lateral meniscus injury, but, overall,
determined the current literature was based on a
low level of evidence [61].

3.6 Effect of Surgical Versus
Nonsurgical Treatment

of ACL Injury on PTOA

Despite the availability of many different sur-
gical treatment options for a disrupted ACL, a
long-term protective effect of ACL reconstruc-
tion against the onset and progression of PTOA
has not been established. Numerous studies have
demonstrated that surgical reconstruction does
not change the long-term outcomes, between
2 years and up to 20 years postoperatively, in
PTOA symptoms, or function when compared to
rehabilitation without reconstruction [1, 11, 18,
22, 56, 58, 62-64]. The knee anterior cruciate
ligament, nonsurgical versus surgical treatment
(KANON) randomized controlled trial dem-
onstrated that the treatment of ACL injury with
reconstruction compared to rehabilitation with
optional delayed surgical reconstruction had no
significant differences in patient-reported out-
comes at 2 years and no significant differences in
patient-reported outcomes and radiographic evi-
dence of PTOA at 5-year follow-up [62, 63]. An
important limitation of the KANON trial is the
transfer bias at 5-year follow-up, where 51% of
those in the rehabilitation with optional delayed
surgery treatment arm of the study chose to

undergo ACL reconstruction surgery as time post
injury progressed [63]. This high transfer rate may
have introduced bias into the study. However, the
study by Frobell et al. [62, 63] is the only clinical
trail the authors could identify that has the capac-
ity to provide insight into the efficacy of surgi-
cal versus nonsurgical treatment of ACL injury.
In contrast to the findings of numerous studies,
one meta-analysis reported that ACL reconstruc-
tion had a lower RR of PTOA than nonoperative
treatment at a mean follow-up of 10 years; how-
ever, they also found that ACL reconstruction had
a higher proportion of moderate/severe PTOA
than the nonoperative group [10]. One possible
explanation the authors provided for this finding
was the differences in patient expectations and
activity modifications between the reconstruction
versus nonsurgical treatment groups [10]. Also,
this meta-analysis only included studies that used
radiographic-based Kellgren and Lawrence clas-
sification of PTOA, potentially excluding the
findings from studies that used more sensitive
MRI-based PTOA classification systems [10].

Even though the choice to undergo ACL recon-
struction or nonsurgical treatment does not appear
to impact long-term outcomes, reconstruction ver-
sus rehabilitation with nonsurgical treatment
appears to undergo different biomechanical and
biological responses. Surgical reconstruction cre-
ates additional trauma to the joint with a prolonged
elevation of the inflammatory response after the
initial injury [1, 65]. For example, treatment of
ACL injury with reconstruction results in higher
cytokine levels compared with nonsurgical treat-
ment with rehabilitation, with enduring elevations
of synovial fluid IL-6 and TNF that activate MMPs
and aggrecanases, increase proteolytic degrada-
tion, and decrease the synthesis of aggrecan and
type II collagen [65]. In addition, structural
changes associated with reconstruction have been
noted, with increased radiographic changes in the
patellofemoral joint and subchondral bone surface
curvature [22, 66]. ACL reconstruction has also
been associated with larger BMLs at 6 months
compared with the treatment with rehabilitation
alone; however, at 12 months, no differences in
BMLs between surgical versus nonsurgical treat-
ments were present [67].
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Although ACL reconstruction has a significant
impact on the knee, treatment with rehabilitation
alone has an important impact that should be
appreciated. ACL-deficient knees undergo biome-
chanical changes that have the potential to impact
other knee structures including the menisci and
cartilage. For example, the rate of meniscal inju-
ries increases in ACL-deficient knees over time
[1,2, 11, 57, 68]. In addition, studies have exam-
ined how the biochemical environment of the
knee changes following an ACL injury. Chinzei
et al. reported that untreated ACL tears leave rem-
nants of the torn ACL in the joint that may release
mediators which affect cartilage metabolism,
leading them to suggest that unreconstructed tears
are not completely benign and may influence car-
tilage homeostasis [69].

3.7  Effect of Timing of ACL
Reconstruction Surgery

on PTOA

Risk for meniscal injury could be an indication
for ACL reconstruction and the time frame for
the surgery, because the longer the knee is ACL-
deficient, the risk of developing meniscal injuries
increases. Early reconstruction, <3—6 months after
injury, appears to be associated with a decreased
rate of meniscal injuries and meniscal surgeries
including meniscectomies [1, 2, 11, 35]. These
findings suggest that the timing of reconstruction
is important. Barenius et al. reported that patients
undergoing early reconstruction (<6 months after
the ACL injury) had higher health-related quality
of life at 8 years [11]. In addition, Slauterbeck
et al. reported patients undergoing ACL recon-
struction with a surgical delay of >1 year were
more likely to have an articular cartilage lesion
(60% compared with 47% with a delay <1 year),
and a surgical delay of ACL reconstruction
>1 year resulted in a greater proportion of large
and grade 3 lesions of the lateral femoral con-
dyle [35]. However, early ACL reconstruction
also produced higher inflammatory cytokines for
a longer period than rehabilitation plus optional
delayed reconstruction, suggesting that delaying
reconstruction could have beneficial effects on

the temporal inflammatory process of the injured
knee [65]. Another study reported a shorter surgi-
cal delay was correlated with a slower cartilage
recovery after running, which may be an impor-
tant factor to consider in high-demand athletes
[70]. In contrast, other studies present evidence
that early versus delayed reconstruction does not
have a significant effect on patient outcomes.
Studies have not found a difference between
partial or full meniscectomy and meniscal repair
surgery rates from 5 to 20 years between early
reconstruction versus rehabilitation alone with
optional delayed reconstruction [18, 63]. These
findings challenge the premise that ACL-deficient
knees are at increased risk for meniscal injuries.
Hunter et al. found that time from injury to sur-
gery had no effect on bone curvature change
seen after reconstruction, an outcome thought
to reflect bone remodeling and early onset of
PTOA [66]. In addition, other evidence suggests
the time between injury and reconstruction is not
a risk factor for OA and does not influence its
development [11, 61]. Frobell et al. suggest there
is no difference in PTOA rates between early
reconstruction compared to delayed reconstruc-
tion 5 years following an ACL tear; however, it is
important to note this study was not designed to
directly assess the timing of surgery [63]. Overall,
the literature remains unclear on whether the tim-
ing of reconstruction surgery has an impact on
the risk of developing PTOA.

Effect of ACL Graft Material
on PTOA

3.8

The graft material used to reconstruct the ACL
is an important concern that impacts knee health
and long-term outcomes; however, the effect of
the graft material used to reconstruct the ACL on
the risk of developing PTOA is unclear. A series of
studies have reported that ACL reconstruction with
a bone—patellar tendon—bone (BPTB) autograft
results in a higher prevalence of PTOA in com-
parison to reconstruction with hamstring tendon
autografts over an average of 2-10 and 18-20 year
follow-up intervals [71-73]. Keays et al. reported
that BPTB grafts had higher rates of tibiofemoral
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OA than hamstring tendon grafts; however, the
authors did not indicate if autografts were used
[36]. BPTB autografts are often associated with
patellofemoral issues such as pain when walking
on hard ground, kneeling, and numbness of skin,
usually due to donor site morbidity [2, 11, 74].
Despite the high levels of OA with BPTB auto-
grafts, they have demonstrated satisfactory out-
comes at long-term follow-up with improvement
in function compared to preinjury levels [2, 72].
However, these studies investigating BPTB auto-
grafts versus hamstring tendon autografts were
only able to establish associations and not cause-
and-effect relationships. In contrast, a few studies
with a higher level of evidence found no differ-
ence in outcomes between BPTB or hamstring
grafts. Two randomized controlled trials found
no differences in PTOA rates after 10—14 years
between BPTB or hamstring tendon autografts
[11, 75]. Similarly, a cohort study, while finding
higher rates of PTOA in patients reconstructed
with BPTB autografts compared with hamstring
tendon autografts, found equivalent long-term
clinical outcomes between the graft types 20 years
postoperatively [73]. Likewise, a meta-analysis by
Xie et al. reported a slight increase in OA rates for
BPTB autografts compared with hamstring tendon
autografts at a minimum of 5 years, although they
cautioned the significance of this result due to the
overall heterogeneity of findings and differences
in classifications of PTOA used between the stud-
ies included in the analysis [74].

Another area of inquiry is whether the use of
autografts versus allografts to reconstruct the
ACL has an impact on knee health, as allografts
would theoretically avoid problems with donor
site morbidity. Jones et al. found the reconstruc-
tion of the ACL with allografts to be a risk factor
for worse patient-reported outcomes 2-6 years
postoperatively, and Amano et al. reported the use
of allograft was associated with elevated T1p and
T2 times, indicating worse cartilage health 3 years
postoperatively [12, 15]. In contrast, one case—
control study of BPTB grafts found no significant
differences in PTOA between auto and allografts
at 3—-13 years follow-up in high-activity level
patients; however, this study had a small sample
size, it used a retrospective study design, and did

provide an a priori power analysis [76]. Overall,
there does not appear to be a consensus in the lit-
erature on the effect of the type of graft material
on long-term development of PTOA.

Effect of ACL Trauma
on Patellofemoral
and Tibiofemoral PTOA

3.9

Following ACL trauma, it is unclear if the pathoeti-
ology of the PTOA disease process is different
between the tibiofemoral and patellofemoral joints.
For example, 5 years following an index ACL
injury, Frobell et al. revealed that 12% of ACL-
injured knees had tibiofemoral OA and 20% had
patellofemoral OA, irrespective of the surgical or
nonsurgical treatment of the torn ligament [63]. In
addition, they observed that patellofemoral OA was
more common with BPTB autografts than ham-
string tendon autografts [63]. The authors hypoth-
esized this may have been produced by the surgical
trauma associated with harvesting the BPTB graft,
altered biomechanics of the patellofemoral joint
caused by postoperative change of the patella
and patellar tendon geometry, bony remodeling
response of the patella, or some combination of
these mechanisms [63]. In contrast, Risberg et al.
studied subjects that underwent ACL reconstruc-
tion with either BPTB or hamstring tendon auto-
grafts and revealed the prevalence of radiographic
tibiofemoral and patellofemoral PTOA rates were
42% and 21%, correspondingly, 20 years postop-
eratively [34]. However, 25% and 14% had symp-
tomatic tibiofemoral and patellofemoral PTOA,
respectively [34]. Culvenor et al. conducted a sys-
tematic review and reported that the prevalence of
PTOA was similar between patellofemoral and
tibiofemoral joints at 0-5, 5-10, and 10-15 years
following ACL reconstruction [77].

3.10 Return to Sport
Considerations for Athletes

The heterogeneity of findings on the efficacy of
having reconstruction with early or delayed sur-
gery poses a challenge, especially for high-level
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athletes. Overall, regardless of the treatment
courses in athletes, ACL injury increases the risk
of OA in the long term [18]. However, high-level
athletes have significant demands placed on their
knees that often differ remarkably from the gen-
eral population. As such, the findings from stud-
ies whose subject population is not from elite
athletics may not be generalizable to active indi-
viduals. The KANON trial by Frobell et al. dem-
onstrated no difference in outcomes following
ACL injury between treatment with reconstruc-
tion or rehabilitation alone and explicitly stated
that their results do not apply to professional ath-
letes [63]. Research that directly studies athletes
may have more relevant findings. One study of
19 Olympic-level athletes from the 1960s with
ACL injuries that did not undergo reconstruc-
tion reported that when these athletes returned to
high-level activity, there was a 95% prevalence
of meniscal and cartilage damage, osteoarthritis,
instability, and severe symptoms after 20 years
[78]. In addition, there was a 95% meniscectomy
rate after 20 years and a 50% rate of total knee
replacement after 35 years [78]. In elite soccer
and alpine skiing athletes returning to their pre-
injury sport, Hoffelner et al. found reconstruction
did not increase the risk of PTOA, leading them
to recommend that athletes returning to high-
level sport undergo reconstruction [79]. Another
study of high-level athletes found the treatment
course did not affect PTOA rates, meniscectomy
rates, and functional outcomes after 20 years and
that the rates of PTOA in operatively treated ath-
letes were 80% at 20 years [18]; however, these
authors did report the reconstruction group had
better knee stability [18].

To minimize risk from reconstruction due to
the significant amount of acute changes it causes,
it may be advisable to have extended recovery
time after reconstruction and not rush back into
sport [6, 67]. Van Ginckel et al. found cartilage
showed decreased resiliency 6 months after sur-
gery, with slower recovery of cartilage morpho-
logical characteristics after a running test [70].
This delayed cartilage recovery might cause main-
tained deformation and increased permeability of
the articular cartilage [70]. As a result, the high-
impact loading associated with participation in

sports may lead to degeneration in these delayed
recovery states [70]. These findings led Van
Ginckel et al. to recommend that it may be impor-
tant to consider a delayed RTS while cartilage is
more fragile in the early phases after injury [70].
Culvenor et al. studied the impact of accelerated
RTS after ACL reconstruction and found signifi-
cantly greater odds of BMLs in those who returned
to sport <10 months after reconstruction compared
with those who did not return before 10 months
[80]. These authors were unable to determine if
these BMLs were new or persisted from the injury/
surgery, but they theorized this may be a potential
marker of early PTOA and an important factor to
consider in RTS decisions [80].

It is important to note that athletes can RTS
without the fear of guaranteeing worse outcomes
in the long term. Oiestad et al. found patients
who returned to planting, cutting, and pivoting
sports had lower risk of symptomatic and
radiographic PTOA at 15 years than those who
did not return [81]. Keays et al. also found
returning to sport did not increase the risk of
PTOA [36]. These studies [36, 81] were not
designed to establish the cause-and-effect
relationships and can only show associations.
Even though it is unclear whether RTS is due to
confounding factors such as higher baseline knee
function, results suggest for those with adequate
knee function in the early phase, return to pivoting
sport may not harm long-term knee health [81].

Limitations of the Current
Literature

3.11

The complexity and insidious nature of PTOA
has posed serious challenges for research. Very
few RCTs have been designed to establish
the mechanistic cause-and-effect relationship
between severe knee trauma that involves dis-
ruption of the ACL to the onset and progres-
sion of PTOA. As such, very few conclusions
on the cause-and-effect relationships can be
made. There are many classification systems for
PTOA, making it hard to compare the findings
of studies that used different classifications.
Also, because of the long-term nature associ-
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ated with the development of PTOA, studies
often take years if not decades to complete. As a
result, the surgical and rehabilitation techniques
used in studies may often become outdated, lim-
iting the generalizability of the findings to cur-
rent clinical practice. In addition, many studies
have had heterogeneous results and relatively
small sample sizes, making it hard to make
overall inferences and limiting their applicabil-
ity. Studies usually have an over-representation
of males [10], and findings from these samples
may not be suitable to the disease processes that
occur in females. Similarly, samples often do
not adequately represent elite athlete popula-
tions. Because athletes have significant differ-
ences in strengths and demands placed on their
lower extremities compared with the general
population, findings from studies that focus on
the general population may not apply to elite
athletes. More research is needed to assess the
unique factors that affect the PTOA process in
athletes.
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