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We have enrolled a cohort of former National Football League players (n = 3,506) who
played since 1960 to assess potential long term health consequences associated with partic-
ipating in the sport. Each participant has completed a self-administered questionnaire
including reporting of physician-diagnosed health conditions. One of the early assessments
was to evaluate whether anterior cruciate ligament (ACL) tears were associated with later
life co-morbidities, including cardiovascular effects. We used Cox proportional hazards to
estimate hazard ratios (HR) for joint replacement surgeries, myocardial infarction, sleep
apnea, arthritis, dementia, and stroke by history of ACL tear during their professional
career. For additional outcomes without date of occurrence reported we used logistic
regression to estimate odds ratios adjusted for potential confounding variables in all mod-
els. After adjusting for covariates, former National Football League players who tore their
ACL had approximately a twofold increase in muscular skeletal co-morbidities, including
knee joint replacement and arthritis, compared with those without ACL tears. In addition,
those with a history of ACL tears also had more than a 50% increased risk of myocardial
infarction (HR 1.52; 95% confidence interval 0.97 to 2.38) and a slight increase in sleep
apnea (HR 1.15; 95% confidence interval 0.96 to 1.38). ACL tears sustained by athletes
may increase the risk of co-morbidities beyond the musculoskeletal system. As there are
more than 100,000 ACL reconstructions annually in the United States, our findings could
have widespread public health importance if these findings generalize to a population
beyond professional football players. In conclusion, enhanced screening for other risk fac-
tors for these conditions in patients who have torn their ACL might identify those who
could most benefit from prevention strategies. © 2018 Published by Elsevier Inc. (Am J
Cardiol 2018;122:1879−1884)
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More than 100,000 people in the United States undergo
Anterior Cruciate Ligament (ACL) reconstructions annu-
ally.1 ACL tears are often sustained by athletes, and most
studies of the effectiveness of ACL reconstruction use
arthrometry, return-to-play, and career length as their main
outcome measures.2−7 Although these short-term successes
are important for athletes whose livelihood depends on their
ability to play, ACL tears may be associated with longer
term health consequences, despite reconstructive surgery.
One well-known long-term consequence is the subsequent
occurrence of osteoarthritis.8,9 Historically, ACL injuries
have been treated as isolated damage to the musculoskeletal
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mailto:refes@channing.harvard.edu
www.ajconline.org
https://doi.org/10.1016/j.amjcard.2018.08.030


1880 The American Journal of Cardiology (www.ajconline.org)
system. Few investigators have explored later life health
outcomes beyond the musculoskeletal system. However,
biological systems may impact one another and influence
behavior, such that an injury to 1 system could have reper-
cussions on other systems. Identification of such cross-sys-
tem effects that contribute to later life morbidity could help
develop strategies to mitigate or prevent long-term compli-
cations of ACL injuries. As part of a larger study we
assessed the associations between ACL tears and long-term
health related outcomes in former National Football League
(NFL) players, a group at risk for ACL injuries.28
Methods

Starting in January of 2015, as part of an effort to estab-
lish a cohort of former NFL players, we attempted to con-
tact all living former players who participated in the NFL
since 1960. This year was chosen as there were substantial
changes to the rules and equipment used by players that
occurred over the earlier years of the game.

Records supplied by the NFL Former Players Associa-
tion, supplemented by public online sources,10 allowed us
to identify approximately 16,000 former players who verifi-
ably participated in the NFL. Of these, approximately
1,100 played before 1960, were deceased, or were other-
wise unreachable at the time of our first contact. Potential
contact information (email or home address) was obtained
for 14,906; however, attempts to reach them failed for
2,549 (17%) as invalid or no longer correct. Of the remain-
ing 12,357 players, only 140 (1.1%) actively declined to
participate in the study. At the time of this analysis 3,506
(28.4%) had completed the survey. The study was approved
by the Human Studies Committee of the Beth Israel Dea-
coness Medical Center, an affiliate of Harvard Medical
School.

Our main predictor variable of interest was history of
ACL tear during active playing years. As there are many
knee injuries that can be sustained during athletics, involv-
ing several ligaments with similar sounding abbreviations,
we attempted to avoid conflation of injuries by asking
whether or not they had undergone reconstruction surgery,
rather than simply asking whether or not they tore their
ACL, since return to play without reconstruction is unlikely
and thus a significantly memorable event. The outcomes
explored included self-reported knee joint replacement, hip
joint replacement, and a number of long-term co-morbid-
ities, including outcomes related not only to the musculo-
skeletal system but also cardiovascular, endocrine,
neurologic, psychological, and social domains.

Although reported health conditions were not indepen-
dently validated,11 we attempted to minimize misclassifica-
tion by asking players whether or not they were ever
prescribed a medication or underwent surgery for a given
medical condition, and the year they were first diagnosed or
treated. For conditions such as myocardial infarction (MI),
stroke, players were asked, “Has a health care provider ever
told you that you have any of the following diagnoses or
health outcomes?” and if they did, the year of diagnosis.
For other treated conditions (chronic pain, depression, anxi-
ety, hypertension, and hypercholesterolemia) timing infor-
mation was not collected. We measured potential
Downloaded for Anonymous User (n/a) at President and Fellows of Harvard College on beh
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covariables that might also affect our outcomes, including
age, race, and body mass index (BMI) at the time they
stopped being an active player, seasons of professional
football played, position played, and history of cigarette
smoking. Position played was grouped by category as pre-
viously described by Baron et al12: category I included
defensive backs, punters, kickers, quarterbacks, and wide
receivers; category II included linebackers, running backs
and tight ends; and category III included defensive and
offensive linemen. For participants who neglected to fill in
their age, age was determined from a publicly available
resource.10

We screened age, race, position played, BMI at the time
of active play, number of seasons played, and ever smoking
for the potential to introduce confounding to our analyses
by examining age-adjusted differences by history of ACL
tear during active playing years. This was done using logis-
tic regression with ACL tear as the outcome in separate
models for each variable with age included in each as a pre-
dictor. Variables that predicted history of ACL tear with a p
<0.20 when adjusted for age were included in our main
analyses of later life health outcomes. For those outcomes
for which we had time of first event data, we used Cox pro-
portional hazards models to estimate hazard ratios (HR)
and 95% confidence intervals (CI). Follow-up began the
year the player last played professional football, and ended
at the time of the outcome or the date of return of the ques-
tionnaire for those who did not have a given outcome. We
used age in years as the time scale of follow-up (time-meta-
meter) to have optimal control for age in the analyses, given
the strong age-dependence of our outcomes. Additional
covariates were added to the model as separate terms. For
outcomes without time of event data, we used logistic
regression to estimate odds ratios (OR) and 95% CI
adjusted for age and other covariates. We considered statis-
tical significance at the 95% level of confidence. Analyses
were performed using STATA 14.
Results

As of March, 2017 we had 3,506 former NFL football
players who completed our initial questionnaire. The mean
age of the respondents was 53 § 14 years. Most respond-
ents (59%) were white, 37% were black, and 4% listed
themselves as “other.” Respondents played a mean of 6.8 §
3.7years in the NFL with less than 2% with 15 years or
more. Percentages in different position categories were
nearly equal ranging from 31% to 34%. Of the 3,277
respondents who answered the question regarding surgeries
they had during their playing years, 692 (21.1%) had under-
gone ACL reconstruction. Those former players who had
torn their ACL were similar in BMI, race, and had similar
smoking histories to those who had not torn their ACL.
However, former players with a history of ACL tear were
older, had slightly longer careers, and were more likely to
have played linemen (Table 1).

In our main analyses, former players who had torn their
ACL had a significant twofold elevated rate of subsequent
knee joint replacement and a 50% excess rate of arthritis.
We also found a 50% increase in the rate of MI in those
who had torn their ACL, although this did not quite reach
alf of Harvard University from ClinicalKey.com by Elsevier on November 15, 2018.
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Table 1

Characteristics of respondents (n = 3,506)

ACL reconstruction

Yes

n/N (%)

No

n/N (%)

p value*

Age (years)

<35 71/692 (10%) 354/2584 (13%) 0.001

35-54 263/692 (38%) 1085/2584 (42%)

>54 358/692 (52%) 1145/2584 (44%)

Racey

White 409/683 (60%) 1506/2562 (60%) −
Black 242/683 (35%) 940/2562 (35%) 0.78

Otherz 32/683 (5%) 116/2562 (5%) 0.58

Position categoryx

I 208/686 (30%) 908/2559 (35%) −
II 231/686 (34%) 800/2559 (32%) 0.02

III 247/686 (36%) 851/2559 (33%) 0.02

Body mass index (BMI),

mean (SD), (kg/m2){
30.5 (3.9 s.d.) 30.4(4.2 s.d.) 0.14

Number of seasons played 7.0 (3.5 s.d.) 6.7 (3.8 s.d.) 0.19

Ever smoked cigarettes** 125/684 (18%) 414/2567 (16%) 0.78

* p value for age was from a chi-square test. For other variables they are

from logistic regression models adjusting for age.
ySubjects had the option to select more than 1 category;
zOther includes American Indian/Alaskan Native, Native Hawaiian/

Pacific Islander, Asian and other;
xCategory I (defensive back, wide receiver, kicker/punter, and Quarter-

back), category II (linebacker, running back, tight end), and category III

(offensive line, defensive line);
{ kilograms/meter2;

** 110 former players reported currently smoking.

Preventive Cardiology 1881
statistical significance. The rate of sleep apnea was also
slightly elevated, but not significantly so. Hip joint replace-
ment, diagnosed dementia, and stroke were not significantly
associated with ACL tears (Table 2). We considered
whether the association between ACL tear and MI was the
result of effects of ACL tear on knee replacement or arthri-
tis that then in turn increase the risk of MI. If so, then all
players with knee replacement or arthritis should have the
same risk of MI regardless of previous ACL tear history
and we should not see an association between ACL injury
and MI in this group. However, we found a similar associa-
tion with ACL tear in analyses restricted to only those for-
mer players who were status post knee replacement or who
had arthritis (n = 1,885; 464 ACL tears; 85 MI; HR 1.56;
Table 2

Hazard ratio (HR) for later life diagnoses or surgery in NFL former players who r

who did not

Diagnoses/Surgery n* Age-adjusted only HRy

Knee joint replacement 430 2.20 (1.76 − 2.75)

Arthritis 1783 1.54 (1.34 − 1.76)

Myocardial infarction 118 1.46 (0.94 − 2.25)

Sleep apnea 777 1.18 (0.99 − 1.42)

Hip joint replacement 281 1.05 (0.77 − 1.42)

Dementia 123 1.10 (0.69 − 1.74)

Stroke 97 0.83 (0.48 − 1.42)

*Number of outcome cases out of a total of 3,506 former players.
yAdjusted for age only by including age as the time scale.
zAdditionally adjusted for position, career length, and BMI during professional
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95% CI 0.94, 2.56). Similarly, there was not much differ-
ence in the association between ACL injury and sleep apnea
in those with knee replacement or arthritis (HR 1.11; 95%
CI 0.90, 1.37) in main analysis models. ACL tears, and
knee replacement, and/or arthritis were related to reporting
of chronic pain medication use and physical activity at the
time of the questionnaire. Those who had knee replacement
surgery or arthritis were on average approximately 10 years
older than those without knee replacement or arthritis, and
reported more pain medication use, less physical activity,
and slightly higher BMI than those without, regardless of
ACL injury status (Table 3). In those with a history of knee
replacement or arthritis there was no age difference by his-
tory of ACL injury. In those without knee replacement or
arthritis, players with a previous ACL injury reported some-
what more pain medication use and less physical activity,
but no difference in BMI, compared with those without
ACL injury. Overall, former players who had torn their
ACL were significantly more likely to have chronic pain
and be treated for hypertension (Table 4). None of the other
outcomes tested were significantly associated with ACL
tears.
Discussion

We found an expected increased rate of arthritis and
knee replacement surgery after ACL injury, an expected
outcome that is consistent with previous studies.8,9,13−15

Furthermore, the diagnosis of chronic pain in former NFL
players with a history of ACL tear is not surprising and is
likely secondary, in part, to osteoarthritis. More surprising,
was the more than 50% increased rate of MI in players with
ACL tear. Although this did not quite reach statistical sig-
nificance, there were almost 4 times fewer MI cases than
knee replacement cases, and more than 10 times fewer than
arthritis cases, which results in less power to detect a signif-
icant association. Similarly, we found a slightly elevated
rate of sleep apnea in those with an ACL injury that did not
quite reach statistical significance. To our knowledge such
associations have not been previously reported.

Other investigators have found significant associations
between osteoarthritis and hypertension, diabetes, and
depression.8 Thus, the association between ACL injuries
and MI could relate to effects of ACL on subsequent knee
replacement or arthritis. However, we saw a similar,
uptured their ACL during their active playing careers compared with those

(95% CI) Main analysis HRz (95% CI) p value

2.07 (1.64 − 2.60) <0.01

1.53 (1.33 − 1.76) <0.01

1.52 (0.97 − 2.38) 0.07

1.15 (0.96 − 1.38) 0.13

0.99 (0.73 − 1.36) 0.99

1.08 (0.69 − 1.74) 0.76

0.78 (0.44 − 1.38) 0.40

play.

alf of Harvard University from ClinicalKey.com by Elsevier on November 15, 2018.
opyright ©2018. Elsevier Inc. All rights reserved.



Table 3

Current pain, exercise, BMI, and age for categories of ACL and knee joint replacement/arthritis

History of injury

and surgery

n Currently taking

pain medications* n (%)

Current exercise (met-hrs/wk)

median (25th, 75th %)

Current BMI mean (s.d.) Age mean

(s.d.)

Without knee replacement or arthritis

No ACL injury 1,259 158/1231 (13%) 36 (16.8, 58.6) 30.7 (4.6) 47.7 (13.8)

ACL injury 217 36/205 (18%) 30.8 (11.5, 51.0) 30.8 (4.4) 47.1 (13.3)

With knee replacement or arthritis

No ACL injury 1,278 516/1244 (41%) 25.8 (10.5, 43.8) 31.6 (5.2) 56.2 (13.3)

ACL injury 464 191/436 (44%) 25 (8.8, 40.3) 31.4 (5.0) 57.5 (12.9)

* Row percent compared with those not on pain medications for that category. Those not reporting medication use were excluded.

1882 The American Journal of Cardiology (www.ajconline.org)
association between ACL and MI when analyzing only the
group of players with knee replacement or arthritis
(although with a wider confidence interval because of
smaller numbers), which implies that there is an effect of
ACL injury on MI that is independent of ACL injury effects
on knee replacement or arthritis. Decreased exercise habits
in players who tore their ACL could plausibly increase the
risk of MI.8,16 Exercise is associated with a reduced risk of
depression and cardiovascular disease,17,18 and a previous
study in Swedish soccer players found decreased activity
after ACL tears.15 A true longitudinal follow-up study with
physical activity collected over the course of follow-up will
be needed to more completely address this issue. As there
were no significant differences in current BMI by ACL tear
history, it is unlikely that weight gain explains the increased
risk of MI in those who tore their ACL. The increased prev-
alence of chronic pain, potentially resulting in increased
inflammation, may contribute to the increase in nonmuscu-
loskeletal co-morbidity. Former players with a history of
ACL tears and resulting osteoarthritis and pain, may have a
higher consumption of nonsteroidal anti-inflammatory
drugs (NSAIDs). One NSAID in particular, rofecoxib, was
reported to have been associated with increased risk of
MI.19,20 However, most of our respondents tore their ACLs
well before rofecoxib was introduced in 1999. Furthermore,
the drug was discontinued 10 years before our question-
naire being administered. In addition, other NSAIDs may
in fact reduce the risk of MI particularly in patients with
arthritis and inflammatory pain.19,20 Therefore, while possi-
ble, the discovered association between past ACL tears and
MI is unlikely accounted for solely by the use of NSAIDs.
The association with arthritis, despite ACL reconstruction,
may be due to several factors. While satisfactory bio-
mechanical outcomes can be achieved through reconstruc-
tive surgery, there are likely differences between
postoperative knee function and preinjury function.
Table 4

Odds Ratios (OR) of being prescribed or recommended medications in athletes wh

Medications (prescribed or recommended) n* Age adjust

Chronic pain 1973 1.66 (1.39

Hypertension 1325 1.23 (1.03

Depression 720 1.17 (0.93

Diabetes mellitus 313 1.14 (0.86

Anxiety 742 1.08 (0.88

Hypercholesterolemia 1214 1.01 (0.95

*Number of outcome cases out of a total of 3,506 former players.
yAdjusted for age, position, career length, and BMI during professional play.
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In addition, decreases in activity after injury may lead to
physical deconditioning and weight gain, resulting in
increased joint loading with weight bearing, 2 factors
that are also associated with the development of
osteoarthritis.15,16 However, we did not see a significant
difference in current BMI status in those with or without
previous knee replacement or arthritis.

Our findings should be considered in light of their limita-
tions. Former NFL players are a highly select group of elite
athletes. Thus, while these findings could be of importance
to anyone with an ACL injury, it will be important to con-
firm them in a more general population sample. In addition,
although our cohort of former professional football players
is large, at the time of this analysis it represented only about
30% of potentially contactable former players. As a result,
the prevalence of medical conditions in our respondents
may differ from the entire population of former NFL play-
ers; our findings should not be considered accurate repre-
sentations of the prevalence of these medical conditions in
all former NFL players. However, it is unlikely that this
would have accounted for our findings of associations
between ACL injury and health outcomes, as that would
only occur if participation in our study was driven by a
combination of ACL injury and the health outcomes. It is
possible that some players tore their ACLs, but elected not
to undergo surgery. This seems unlikely, however, as one
could not resume football or other sports activities without
an intact ACL mechanism.

In addition, all of the data thus far obtained is self-
reported by questionnaire. ACL tears have such an impact
on playing career that we believe players are more likely to
accurate recall them. With regard to outcomes, data from
both general populations and in football players on report-
ing of chronic illnesses suggest reasonably accurate report-
ing for our conditions of interest.21,22 Additional evidence
to this point is that the total number of ACL repairs reported
o ruptured their ACL compared with those who did not

ed OR (95% CI) Main analysis ORy (95%CI) p value

− 1.99) 1.70 (1.41 − 2.04) <0.01

− 1.48) 1.20 (0.99 − 1.44) 0.06

− 1.42) 1.16 (0.94 − 1.44) 0.16

− 1.52) 1.11 (0.83 − 1.49) 0.48

− 1.32) 1.03 (0.83 − 1.28) 0.77

− 1.21) 0.97 (0.80 − 1.17) 0.75

alf of Harvard University from ClinicalKey.com by Elsevier on November 15, 2018.
opyright ©2018. Elsevier Inc. All rights reserved.

www.ajconline.org


Preventive Cardiology 1883
compares favorably with the estimates of such injuries,
accounting for the number of our respondents and years
included, reported by NFL team doctors over the period
1985 to 2013.27−29 If our findings hold true in further stud-
ies, interventions to prevent the risk of MI, and sleep apnea
might be considered for people who have torn their ACLs.
For example, introducing nonimpact, nonweight bearing
aerobic activity, such as swimming or bicycling, might
allow those with post-traumatic osteoarthritis to obtain the
health benefits associated with regular exercise while mini-
mizing the impact to the knee joint and the pain associated
with arthritis. In addition, enhanced screening for other risk
factors for MI and sleep apnea could potentially identify
those at highest risk, leading to interventions to prevent
these outcomes.

In conclusion, our findings suggest that ACL injuries are
associated with negative long-term health outcomes that
may go beyond the musculoskeletal system, including MI.
Efforts to prevent the increased risk of these outcomes in
athletes who tear their ACLs should be considered and pro-
spectively studied. For American football players specifi-
cally, successful efforts to reduce the incidence of ACL
tears sustained during play would not only reduce the num-
ber of surgeries and time away from sport, but might also
reduce the risk of longer term medical conditions associated
with ACL tears.23 As it is unlikely 100% of ACL injuries
will be prevented in the foreseeable future, improving the
surgical techniques available might decrease the risk of
long-term outcomes, including osteoarthritis, that are asso-
ciated with ACL tears.24 Better methods for the treatment
of post-traumatic osteoarthritis might also improve the
health outcomes of patients who have already developed
this condition after sustaining an ACL tear.25 Finally, if
these findings prove generalizable beyond professional
football players, the public health and clinical implications
would be substantial. There are currently more than a mil-
lion football players in the US high schools alone. And
ACL tears are common in soccer, basketball, gymnastics,
lacrosse, and many other sports, with an increased inci-
dence observed in female athletes.26,27 Thus, future studies
in such other populations are of great importance.
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