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The cardiopulmonary system plays a pivotal role in athletic and rehabilitative activities
following anterior cruciate ligament reconstruction, along with serving as an important
support for the functioning of other physiologic systems including the integumentary,
musculoskeletal, and nervous systems. Many competitive sports impose high demands
upon the cardiorespiratory system, which requires careful attention and planning from
rehabilitation specialists to ensure athletes are adequately prepared to return to sport.
Cardiopulmonary function following anterior cruciate ligament reconstruction (ACLR)
can be assessed using a variety of methods, depending on stage of healing, training of the
clinician, and equipment availability. Reductions in cardiovascular function may
influence the selection and dosage of interventions that are not only aimed to address
cardiopulmonary impairments, but also deficits experienced in other systems that
ultimately work together to achieve goal-directed movement. The purpose of this clinical
commentary is to present cardiopulmonary system considerations within a
multi-physiologic systems approach to human movement after ACLR, including a
clinically relevant review of the cardiopulmonary system, assessment strategies, and
modes of cardiopulmonary training to promote effective, efficient movement.

Level of Evidence
5

INTRODUCTION

Systems with multiple levels cannot be fully understood by
examining their component parts, as the outcome of their
interactions is different from the sum of the parts. Since
2013, the American Physical Therapy Association (APTA)
has promoted the movement system in physical therapist
practice, education, and research as ‘the foundation for op-
timizing movement to improve the health of society.’l
Through the integration of body systems and functions, the
movement system essentially refers to the body’s ability to
produce and sustain movement.2 Barriers to implementa-
tion and validation have arisen since the adoption of the
term movement system with efforts ongoing to promote its

use.3* A framework that has been more readily accepted for
describing motor control, movement dysfunction, and skill
acquisition is a dynamical systems theory approach.> Dy-
namical systems theory aims to explain variability in goal-
directed human movement and enhance the understanding
of a complex system through its component parts.5 Simi-
larly, the APTA movement system and dynamical systems
theory place importance upon the functions and interac-
tions of component systems in support of the entire system
as a whole. A physiologic system, individually, can be repre-
sentative of a component system that is needed for achiev-
ing purposeful, goal-oriented human movement. With this
understanding, a multi-physiologic systems approach may
offer a useful perspective for clinicians during rehabilita-
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tion after anterior cruciate ligament reconstruction (ACLR).
The purpose of this clinical commentary is to present car-
diopulmonary system considerations within a multi-physi-
ologic systems approach to human movement after ACLR,
including a clinically relevant review of the cardiopul-
monary system, assessment strategies, and modes of car-
diopulmonary training to promote effective, efficient move-
ment.

CARDIOPULMONARY SYSTEM CONSIDERATIONS
AFTER ANTERIOR CRUCIATE LIGAMENT
RECONSTRUCTION (ACLR)

The cardiopulmonary system has important roles when in-
teracting with other systems such as thermoregulation
when performing cardiovascular training,® providing blood
flow to working muscles during strength training,” and sup-
porting a highly metabolically active nervous system. This
is not to mention the association between aerobic activity
and improved cognition in older populations8 and enhanced
executive function in younger individuals (ages 20-67).%
The cardiopulmonary system, along with other body sys-
tems, experiences change after ACLR. Anterior cruciate lig-
ament (ACL) injuries typically occur while landing from a
jump or with change of direction, which is common in sev-
eral team sports such as basketball, soccer, and football.10
These sports require high-intensity intermittent actions in-
terspersed with sustained low-intensity activities. Since
most of these sports are predominantly running based these
efforts fall under “repeated-sprint ability” (RSA) which is
defined as brief sprints (<10s) followed by incomplete (<60s)
recovery.!1,12 These activity requirements place unique de-
mands on both the anaerobic and aerobic energy sys-
tems.!314 Ultimately all three energy systems (phospho-
creatine, glycolytic, aerobic) will be involved during
intermittent cycles of sprint-recovery, but the degree to
which each energy system is utilized depends on factors in-
cluding but not limited to the particular sport, the posi-
tion(s) played, and game/match situation or phase.

For example, a recent systematic review examining the
activity demands during basketball reported guards per-
formed more high-intensity movements throughout the
course of a basketball game compared to forwards and cen-
ters.15 Although the demands for each sport and individual
may be unique, the general energy system demands seen
across field and court sports (which also tend to be where
most ACL injuries occur) are broadly similar.16 After an ACL
injury, these energy systems become detrained secondary
to the reduction in stimulus in accordance with the specific
adaptation to imposed demands (SAID) principle. This shift
in ability can be viewed as the envelope moving “to the
left” if viewed within the “envelope of function” model.!7
This model, initially proposed by Scott Dye for the muscu-
loskeletal system, contrasts the individual’s physiological
capacity with the task demands on an intensity/duration
spectrum and has been adapted for this commentary to ap-
ply to the cardiopulmonary system, as depicted in Figure 1.
The goal of rehabilitation is to shift the envelope of func-
tion to the right so that the task demands fall below the
maximum tolerated line. Unfortunately, rehabilitation of-
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Figure 1. Physiological Response to Task Demands

Used with permission from PhysioPraxis PLLC. Cited in Morrison S, Sloptimal
Loading:ExRx for Rehabilitation Professionals Course Manual, 2020.

ten fails to fully address this shift, resulting in athletes
returning to play without the energy system development
needed for their sport.18

Since clinical tests of the cardiopulmonary system pre-
dominantly measure change in performance as a proxy for
cardiopulmonary system changes, it is important to under-
stand that performance can improve due to a combination
of underlying factors and may not reflect the adaptations
desired. For example, cardiac output is the product of heart
rate (HR) and stroke volume (SV) which is further deter-
mined by ventricular volume and ejection fraction. An in-
crease in performance after an intervention to address cen-
tral factors such as SV could be seen due to an increase
in HR alone which would indicate a failed intervention but
still show an increase in performance. As such, the clinician
must interpret test results with caution and rely on sound
exercise prescription principles that maximize the probabil-
ity of seeing the desired adaptations being addressed. The
impacts of undergoing ACLR on the cardiopulmonary sys-
tem are under-represented in the scientific literature com-
pared to other areas of the rehabilitation and recovery
process. Most of the available literature addressing detrain-
ing of the cardiopulmonary system focuses on issues sec-
ondary to cessation of activity in an uninjured population.
In turn, much of the available literature on detraining and
re-training post-ACLR focuses on neuromusculoskeletal
impairments and return to sport.1?

CARDIOPULMONARY SYSTEM REVIEW

Competitive athletics impose high demand upon the car-
diorespiratory system. For example, during a 90-minute
soccer game, players have been reported to run ~10km at in-
tensities as high as 75% of their peak oxygen uptake (VO2
peak) as well as covering 215 +/- 100 meters at sprint
speeds.!320.21 Sjgnificant demands on the cardiopul-
monary system?2 are seen across a wide variety of sports in-
cluding those viewed as anaerobic such as American foot-
ball23 which requires wide receivers to cover 5,530.6 +/-
685.6 yards in a game that includes 22 +/- 8 max acceler-
ation efforts.1321 Human physiology relies on the energy
stored in one of the phosphate bonds in adenosine triphos-
phate (ATP) to power all activities. Breaking this bond
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Table 1. Sport Specific Demands22-26

Total Locomotor

Work:Rest Distance
Sport Ratio (mean + SD) Intensity Movement Demands
Basketball 6sec:22sec 7,558 £ 575 meters Sprint Efforts=55+ 11 -COD
COD/Lateral Movement = - Lateral movement
94+ 16 - Jumping
Jumps=44+7 - Acceleration/
Deceleration
American Football 5.23sec: 36 sec 5,530.6 + 685.6 Sprints=13+6 - Sprint
(WR) yards Max Accel Efforts=22+8 - Acceleration/
Max Decel Efforts=16+5 Deceleration
- Collision/Contact
Soccer 8.5:44 11,393+ 1,016 Sprint Distance = 215 + 100 - Sprint
purposeful meters meters - Acceleration/
movements Deceleration

-COD

COD= change of direction

Used with permission from Patrick Ward, from “Building a Better Athlete” presented at the American Academy of Sports Physical Therapy’s Annual Meeting and Scientific Conference

2021.

changes ATP to adenosine diphosphate (ADP) which must
then be converted back to ATP by one of the three main
energy systems: phosphocreatine (ATP-Pcr), glycolytic, and
aerobic.18 The cardiopulmonary system plays a key role in
supplying the required energy resources and shuttling off
by-products such as carbon dioxide, lactate and H+ ions.
The following section briefly outlines some of the key con-
siderations for the various energy systems.

PHOSPHOCREATINE (ATP-PCR) SYSTEM

An important component of the ATP-Pcr system, creatine-
phosphate (CP), assists with anaerobic production of ATP
for quick bursts of activity and muscle contractions in re-
sponse to the demands of the sport as outlined in Table
1.22-26 These CP levels fall significantly during brief intense
activity, such as during high-speed efforts in soccer where
they can drop below 75% of resting levels due to the ener-
getic demands.2%28 In fact, it has been estimated that the
actual drop in CP may be closer to 60% of the resting lev-
els.2%28 It has been reported that CP levels in individual
muscle fibers experience near depletion when fatigue oc-
curs as a result of repeated intense activities showcasing the
importance of the energy system’s ability to rapidly replen-
ish.2%29 This system is limited by the storage of ATP and
phosphocreatine, relies on the aerobic system for recovery,
and is limited in trainability.18-30 Due to its nature and the
limited adaptative potential of this system it tends to both
train and detrain rather quickly (<2-3 weeks) which means
that it is best trained and maintained via brief and frequent
exposures when needed to supplement practice and game
demands.!8

GLYCOLYTIC SYSTEM

Lactate is a key byproduct of the glycolytic system due to
cellular metabolism in muscles working to meet the de-
mands of exercise.31,32 This process occurs when pyruvate
production exceeds the uptake ability of the glycolytic mus-

cle fiber resulting in its reduction to lactate.31,32 This mol-
ecule has had an interesting history and was viewed as a
waste product and cause of fatigue for most of the 20th cen-
tury. The reality is that it acts a buffer against fatigue due
to its use of 70-75% of the released H+ ions for transporta-
tion out of the working muscle and becomes an important
energy source during high intensity exercise when it is aer-
obically metabolized by an oxidative muscle fiber.3! It can
also be used by the heart, liver, or brain as an energy source
and functions as a pseudo-hormone where it interacts as
a signaling molecule with multiple anabolic pathways and
plays a role in norepinephrine release and brain plasticity.3!
Multiple studies have described the average blood lactate
threshold ([BLa]) among athletes during soccer games to be
2-10 mmol with muscle lactate concentrations ([MLa]) in-
creasing to approximately 4 mmol/kg after periods of in-
tense activity, which is an increase of 400% from resting
values.28:33-37 Lactate can be converted to pyruvate and
subsequently glucose through the process of gluconeogen-
esis where it functions as a fuel source for the aerobic sys-
tem.

Glycogen is a “readily mobilized storage form of glucose”
which is an important energy source during prolonged ath-
letic activity.38 Studies have reported inconsistent levels to
which glycogen is reduced during the course of a soccer
game, with some noting decreases of 90% (from 100 mmol/
kg to 10 mmol/kg) while others report decreases of only
35-60% (from 100 mmol/kg to 40-65 mmol/kg).27 Much like
with CP levels, muscle glycogen levels have been found to
decrease dramatically in individual muscle fibers in direct
relation to the duration of activity over the anaerobic
threshold regardless of muscle fiber type.2%28 The glycolytic
energy system is fairly trainable but produces energy at a
slower rate (50% of AT-Pcr) and also adapts at a faster rate
compared to the aerobic system (~3-4 weeks).18
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AEROBIC SYSTEM

The aerobic system produces ATP at the lowest rate per
unit time but is limited by oxygen supply and uptake as
well as the availability of various substrates and enzymes.
It also plays a significant role in recovery between intense
bouts and contributes a significant portion of the ATP used
during repeated sprints.3? This system is highly trainable
due to its high ceiling for adaptation but also takes much
longer to train (four to eight weeks for initial changes and
three to four months for significant adaptations) compared
to the previous two systems. 18,3040 After cessation of train-
ing, the athlete’s aerobic performance can be maintained
for ~1 month with increases in HR at similar intensities
compensating for early detraining effects such as blood vol-
ume changes and loss of ventricular size.18:3040 A5 detrain-
ing continues, all adaptations will reverse at a rate similar
to the initial adaptation and by 3-4 months the majority of
previous adaptations will have been lost.18,30,40

Of primary concern following ACLR is the effect of de-
training “partial or complete loss of training-induced
anatomical, physiological and performance adapta-
tions”40(P80) on cardiovascular fitness. Reductions in car-
diovascular function may influence the selection and
dosage of interventions that are not only aimed to address
cardiopulmonary impairments, but deficits experienced in
other systems as well. In an athlete who has undergone
ACLR, long term (>4 weeks) changes in cardiovascular fit-
ness are generally the most relevant. Studies on detraining
show a longer term drop of maximum rate of oxygen con-
sumption (VO2max) in highly trained individuals of up to
20% after cessation of exercise.4142 In trained individuals,
this decrease in VO2max was much more significant with
some studies showing a complete regression to untrained
levels in a similar timeframe after cessation of exercise.40
When examined in a ACLR population, VO2max was 20%
lower pre- and 15% lower six months post-ACLR in profes-
sional soccer athletes when compared to controls.!3 How-
ever, while VO2max is a metric that is often used it suffers
from lack of ability to predict performance, especially in
RSA type settings, and changes in VO2max do not always
accurately reflect underlying adaptations to training and
detraining.4243 In the same study on soccer players, ath-
letes post ACLR had significantly slower running speeds
compared to controls pre- and six months post-ACLR at
both anaerobic threshold (VTI), which is the point at which
lactate begins to accumulate within the blood and venti-
lation rate increases in an attempt to clear the increased
production of carbon dioxide (CO2), and lactate threshold
(VT2) which occurs when the buffer system is no longer able
to clear lactate at the rate it is produced.!3

The acute deconditioning following an ACL injury results
in a reduction in peak VO2 (VO2peak) due to changes oc-
curring both in the peripheral muscle and due to myocardial
remodeling.#4 Even after completing a full ACLR rehabilita-
tion program many athletes may still demonstrate reduced
VO2peak and ventilatory threshold (VT).1344 This reduc-
tion in aerobic conditioning is of concern, as certain field
tests have been shown to be valid assessments of estimating
aerobic endurance performance4> while also holding pre-
dictive value for lower extremity musculoskeletal injuries.46

Attaining adequate sport-specific fitness levels may be im-
portant to better prepare for the demands of the sporting
tasks. Participating in a preseason seven-week conditioning
program that included cardiovascular conditioning was as-
sociated with reduced lower extremity injury rates com-
pared to those who were untrained, and should be included
as part of a comprehensive conditioning program.4” By ade-
quately training cardiopulmonary fitness, this may have an
impact on musculoskeletal health and should be considered
when taking a multi-physiologic systems approach to reha-
bilitation after ACLR.

RESULTS OF DETRAINING
CARDIOVASCULAR

Complete cessation of exercise training (detraining) results
in a multitude of physiological changes in the cardiovascu-
lar system which are initiated primarily by reductions in cir-
culating plasma volume.*8 Significant reductions in plasma
volumes have generally been reported following four weeks
of detraining but may occur after only two days.4° This re-
duction in circulating plasma volume reduces cardiac pre-
load which induces a concomitant remodeling to the
heart.#8 This cardiac remodeling appears to follow a struc-
ture-specific pattern. Pedlar et al reported that four weeks
of detraining caused significant reductions in left ventric-
ular (LV) wall thickness, LV mass, and right atrial area.43
However, after eight weeks of detraining a significant re-
duction in right ventricle chamber size was observed but
without any additional changes to the LV wall thickness.43
Along with these structural changes to the heart, many
functional changes occur. Following two to four weeks of
detraining, a 12% reduction in exercise SV, and an 11%
increase in submaximal HR have been reported.’® These
changes to HR responses following detraining have been
attributed to multiple mechanisms including reduced
parasympathetic outflow to the sinoatrial node, altered
baroreceptor sensitivity, and beta-adrenergic hypersensi-
tivity.51 Additionally, total heart volume (THV) and ventric-
ular end diastolic volume decreases following ACLR, how-
ever, it appears as though only THV spontaneously
improves upon reinitiating exercise training.13:4452,53 Ad-
ditionally, reductions in end diastolic volume, SV, cardiac
output (CO), ejection fraction, hemoglobin concentration,
and hematocrit and increase resting heart rate have been
observed in soccer players after ACLR.54 Altogether these
physiological adaptations to the heart following detraining
impair CO and reduce peak exercise capacity, which in turn
may impact other interventions that target other body sys-
tems that ultimately work together to create efficient, goal-
directed movement.

In addition to changes in the heart, detraining may aug-
ment circulatory and ventilatory responses to exercise. Af-
ter two to four weeks of detraining has been shown increase
total peripheral resistance,>0 reduce skeletal muscle capil-
larization,>> and reduce conduit artery diameter and blood
flow.56 These vascular changes impair perfusion and oxygen
delivery to working muscles and also increase cardiac after-
load.5% The changes in blood flow to working muscles may
be an important physiologic system integration especially
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after ACLR, as recovery of quadriceps strength is a key facet
of rehabilitation and impacts patient outcomes.5>%58

PULMONARY/VENTILATORY

The effects of detraining on ventilatory responses are in-
consistent in the literature. Attenuated initial ventilatory
responses have been reported following 20 days of inactiv-
ity.59 Detraining has also been shown to reduce maximal
ventilatory volume and oxygen pulse during exercise.40
However, these effects on the respiratory system appear to
be more pronounced in highly trained athletes.4? No signif-
icant changes in ventilatory responses or markers of venti-
latory efficiency (VE/VCO2 slope) were found following six
weeks of detraining in young soccer players.®0

CARDIOPULMONARY SYSTEM ASSESSMENT
AFTER ACL RECONSTRUCTION

Cardiopulmonary function following ACLR can be assessed
using a variety of methods, depending on stage of healing,
training of the clinician, and equipment availability. It is
important to consider what is being measured when a test
is chosen. Broadly speaking, the workload and the individ-
ual’s response can be divided into external (the workload
imposed on the organism), internal (the physiological re-
sponse to the external workload), and psychophysiological
(the perception of effort by the individual).®! Heart rate is
one of the most common methods used to evaluate and pre-
dict overall cardiorespiratory fitness for team-based athlet-
ics; however, other assessments have been utilized includ-
ing blood lactate concentration ([BLa]), estimated VO2max,
rating of perceived exertion (RPE), metabolic equivalent
testing (MET), respiratory exchange ratio (RER), and
VT.13,14,62 A method for determining overall fitness that
has become more accessible due to advances in technology
is energy expenditure (EE).63-64 EE is a useful metric as it
can be expressed as the amount of energy an individual ex-
pends across several conditions, which may include rest,
submaximal/maximal exercise, or recovery after exercise.6>
EE can be assessed in a variety of ways including wearable
options like accelerometry, pedometry, and more intensive
options such as indirect calorimetry (IC) or the doubly-la-
beled water (DLW) method.4

HEART RATE

HR assessment is a measure of internal workload and has
many options of implementation such as a manual or au-
tomated measure of pulse rate, electrocardiogram (ECG),
and Holter machine monitoring. These methods have been
utilized since at least the 1970’s to quickly assess HR with
varying degrees of accuracy.66:67 However, starting in the
1980’s, access to HR monitoring via ECG chest straps and
wrist-worn electronic devices have been the preferred op-
tion. HR monitoring with chest-worn ECGs as well as wrist-
worn optical blood flow monitors have provided accurate
HR readings when compared to ECG, though it is believed
that chest-worn devices provide greater accuracy.66:68-70
As with any measurement, the proper use of the device is
key for determining an accurate HR regardless of the model.

Speed is another factor that can influence readings with
some data showing the accuracy of HR monitoring devices
may decrease with increased speed, particularly when run-
ning.67-70 While there is a large amount of data on HR in
team sport athletes at various levels of play, most of this re-
search has been conducted on male subjects.

RATING OF PERCEIVED EXERTION (RPE)

The use of RPE is based on the subject’s perception of effort
to the external load and is therefore a measure of psy-
chophysiological load. However, it has been shown to cor-
relate well with other measures such as HR and blood lac-
tate levels.”! Gunnar Borg developed the Borg Scale in 1982
to quantify perceived exertion during activity and modeled
it on measures of heart rate.”? In the Borg Scale, the par-
ticipant typically rates their perceived level of exertion on a
scale of 6 to 20, with higher numbers representing a greater
effort. A modified version of the Borg Scale (CR-10) has
also been developed with perceived exertion rated on a 1 to
10 scale.”374 The Borg Scale is highly correlated with HR
as well as [BLa] and has been found to be a valid method
for estimating session workloads.”! While both the original
or modified Borg Scale can be utilized at various stages
throughout the course of rehabilitation following ACLR, the
modified scale tends to be easier to implement. This is es-
pecially true if using session RPE which gives a rating of to-
tal session workload (sRPE). The sRPE is calculated by tak-
ing the total duration of the session and multiplying it by
the RPE obtained after the session ends. In general, it is ad-
vised that the sRPE be taken a short period after the session
has ended but there is no need to wait the original 30 min-
utes.18 For reliability, it is important to use both the verbal
and visual anchors and perform the collection the same way
every time.

CARDIOPULMONARY EXERCISE TESTING (CPET)

While various field tests can provide an assessment of aer-
obic fitness which may estimate VO2peak, the most accu-
rate method is the use of Cardiopulmonary Exercise Test-
ing (CPET) with analysis of expired ventilatory gases.”>:76
Guidelines on standardized testing parameters have been
provided by various professional organizations.”® Most pro-
tocols utilize either a stationary cycle ergometer or tread-
mill.”® There have also been protocols adopted using motor
driven skate treadmills for hockey players’” and treadmill
skiing. Additional measures obtained from CPET such as VT
are also indicators of training status and physical condition
across sports.21,78 There is some data to suggest the imple-
mentation of CPET such as in pre-season where VO2peak
was shown to be an independent predictor of injury at any
point during the competitive season in collegiate soccer
players.”?

Despite the well-established relationship between the
data obtained from CPET, notably VO2peak and VT, its use
in return to sport decision making following ACLR is lim-
ited, likely due to equipment availability and time con-
straints. Most of the available literature investigating the
role of CPET for return to sport following ACLR has been in
soccer players.13 De Almeida et al reported that even after
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six months of rehabilitation following ACLR in professional
soccer players both VO2peak and VT were still reduced com-
pared to non-injured athletes.!3 It is worth noting that
VO2peak typically remains stable within season and be-
tween seasons in elite soccer players.80 Therefore, the dif-
ferences in the study by De Almeida essentially reflects re-
ductions compared to population-based norms. These
results suggest that CPET can be used to accurately identify
persistent impairments in VO2peak and other markers of
aerobic fitness following ACLR. These measurements ob-
tained by CPET can be compared to sport specific measures
to accurately and objectively determine if an athlete has at-
tained the requisite aerobic fitness for their sport. The use
of preseason CPET may also permit athlete-specific com-
parisons following ACLR and assist in screening and injury
risk reduction processes.

MAXIMUM AEROBIC SPEED (MAS)

Much like RPE, maximum aerobic speed (MAS) is one of
the most clinically friendly ways to both assess an individ-
ual’s fitness and obtain a metric that can be used for pro-
gramming. This combined with the fact that it only takes
five minutes makes it a very easily implemented option.
This test is designed to give the maximum speed at which
the task can be performed while relying on the aerobic sys-
tem.18.81,82 The test can be performed on any piece of
equipment that allows for a measurement of total work
done but traditionally is used with running, biking, or row-
ing. To perform the test, the individual is encouraged to go
as far/hard as they can for a 5-minute period after which
the total distance is divided by time. For a detailed review of
prescription in rehabilitation based on MAS see Morrison et
al.18

WINGATE TEST

The Wingate Test is one of the most frequently utilized
tools for assessing anaerobic conditioning and muscle
power production. The test involves cycling with 100% ef-
fort on a stationary bike ergometer for 30 seconds with
a resistance, sometimes referred to as breaking force, of
7.5-8.9% of the participant’s body mass, though some au-
thors advocate for the resistance to be as high as 11%83,84
The Wingate Test has been researched significantly and has
been determined to be a reliable assessment.3485 Norma-
tive values have been established for men’s soccer3¢ and
highly-trained women participating in various sports.87

While the Wingate Test primarily assesses anaerobic per-
formance, it has been estimated 18-30% of the participant’s
performance can be tied to their aerobic conditioning.84 Be-
cause the Wingate Test does not require a change in mo-
tion and is largely non-weight-bearing, it can be conducted
earlier in rehabilitation compared to other tests that place
higher demands on the musculoskeletal system. It can be
completed once the athlete has obtained sufficient quadri-
ceps control and has been cleared to exercise on a station-
ary bike. Specific timeframes will vary, but it is feasible the
Wingate Test may be implemented as early as one to three
months post-ACLR depending on surgical and patient fac-
tors.

YO-YO INTERMITTENT RECOVERY TEST

The Yo-Yo intermittent recovery test comes in three differ-
ent variations and assesses both aerobic and aerobic con-
ditioning. It involves the participant running from one
marker to another placed 20-m away and then back to the
first followed by a 10 second recovery interval where they
walk/jog to a third cone five meters back from the starting
cone. This test progressively increases the velocity in stages
until the subject fails to arrive at the designated cone in
the allotted time for the second time.!3-88 The participant’s
speed is dictated by electronic beeps that sound more
rapidly as the test progresses. The full Yo-Yo intermittent
recovery test can be completed on two levels, with level one
having a starting speed of 10-13 kph and level two starting
at 13-15 kph. There is also a rehabilitation specific variation
that has been proposed using time as a cutoff and tracking
HR at that point. The assessment has been found to have
high reproducibility, sensitivity, and is a valid aerobic con-
ditioning test for male athletes, however, it’s validity among
female athletes has been questioned.88,89 Reference values
have been established for males and females across multi-
ple sports and various levels of play.88

The Yo-Yo intermittent recovery test requires running at
fast speed as well as multiple changes of direction. There-
fore, the rehabilitation specialist should be confident that
the athlete has reached the appropriate rehabilitation mile-
stones prior to administering the assessment. It is the per-
spective of the authors that the Yo-Yo intermittent recovery
test is usually conducted beginning six months following
ACLR depending on clinical status.

MODES OF CARDIOPULMONARY SYSTEM
TRAINING

The mode and progression of cardiopulmonary training is
typically determined by several factors such as postoper-
ative timeframe, clinical status, and training goal(s). The
reader is referred to Buckthorpe et al 2020% for a ten task-
based progression following ACLR. The tasks in the progres-
sion include walking, bilateral foundational movements,
unilateral foundational movements, bilateral landing, run-
ning, bilateral plyometrics, unilateral jumping/landing,
unilateral plyometrics, pre-planned multidirectional move-
ments, and sport-specific movements. Although many op-
tions for cardiopulmonary training exist, several common
applications for post-ACLR will be discussed.

The primary focus of cardiopulmonary training during
the first few months after ACLR is to maintain and (re)de-
velop a baseline level of aerobic conditioning as the surgical
graft heals and impairments in other physiologic systems
(musculoskeletal, integumentary, nervous) are addressed.
For example, interventions that target the musculoskeletal
system typically aim to address deficits in range of motion
and strength during the early postoperative timeframe,
which impacts the mode and dosage options available for
cardiopulmonary training. Many modes of exercise exist
that address aerobic deconditioning while subjecting the
healing ACL to minimal amounts of force. More traditional
activities such as some aquatic exercise (considerations for
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graft strain with kicking motion are discussed below), upper
extremity ergometry, cycling, or elliptical running may be
viable options.?! Additional modalities such as battling
ropes, kettlebell swings, and sled drags are less commonly
discussed but allow for the same goal to be accomplished.
Stationary biking can be used to address aerobic decondi-
tioning during the early rehabilitation phase partly due to
the minimal stresses placed on the healing graft. Fleming
et al%2 reported that stationary biking using toe clips placed
a mean 1.7% peak strain on the ACL and did not differ be-
tween three power levels (75, 125, and 175 Watts), but peak
ACL strain values were highly variable between subjects.
This amount of strain during stationary biking is compared
to 3.6% ACL strain observed during squatting and 4.4% dur-
ing a 30 Newton-meter (NM) isometric quadriceps contrac-
tion at 15° knee flexion.?3,94

Various types of aquatic exercise (walking, deep water
cycling, swimming) can be effective methods to improve
aerobic conditioning early in the rehabilitation process as
weight-bearing status can be more closely controlled in a
buoyant aquatic environment. With swimming, careful at-
tention needs to be given to the type of kick utilized.%> For
example, the breaststroke kick, also known as the whip-
kick, combines hip extension, knee extension, tibial exter-
nal rotation, and ankle dorsiflexion, which places a rela-
tively high load through the knee.%5 For this reason, the
breaststroke kick should be avoided in athletes until a com-
plete recovery from ACLR has been achieved. Alternatively,
the flutter kick, which is used in both the freestyle and
backstroke, should be utilized as load is directed primarily
to the quadriceps and patellofemoral interface. Underwater
treadmill training is another option when clinically appro-
priate, as similar cardiorespiratory training effects for VO2,
RPE, and respiratory exchange ratio were observed during
underwater treadmill versus land-based running when per-
formed at maximal exertion levels; however, HR was greater
during land-based training comparatively.?¢ Further, a less
rigorous training stimulus may occur (VO2) with underwa-
ter versus land-based training at submaximal workloads.%®
Some types of underwater treadmills contain cameras to
better visualize movement patterns, provide resistance jets,
and allow for water depth adjustment via a movable deck.
Exercising in water offers a unique environment with the
added property of viscosity, where the amount of resistance
experienced from viscosity is proportional to the velocity of
a movement.?” From a multi-physiologic systems approach,
one must consider the type of movements performed due to
potential implications from water resistance on the muscu-
loskeletal system.

Elliptical running can challenge the cardiopulmonary
system to a similar extent to that of running on a treadmill
and stair climbing while inducing a greater RPE of the lower
extremities, despite similar overall RPEs.?8-100 However,
while elliptical training reduces reaction force during the
early stance phase and loading rates during heel strike com-
pared to walking, medial and posterior shear forces placed
on the knee as well as peak hip flexor and knee extensor mo-
ment were greater; additionally, hip, knee, and ankle flex-
ion angles were greater.100

Overground treadmill running is a commonly utilized
cardiopulmonary training method post-ACLR, however, the

vertical ground reaction forces applied to the lower extrem-
ity are typically much greater!9! when compared to walk-
ing,192 but less than exercises such as unilateral or bilateral
drop landing.103 However, recent technologies including
the use of an unweighted treadmill, such as an AlterG®
treadmill (AlterG, Inc., Fremont, CA), may provide a means
to reduce loads to the lower extremities during running.104
A recent scoping review of 201 studies identified and ex-
amined 205 time-based criteria for return to running after
ACLR, and found that the median time to allow return to
running was 12 weeks, although it is unclear whether this
timeframe is safe.105 Less than one in five studies reported
clinical, strength, or performance-based criteria for deci-
sion making regarding return to running after ACLR, which
is problematic. Rambaud et al'%5 recommended a combined
goal- and time-based criteria to determine return to run-
ning after ACLR. Debate exists regarding whether an ath-
lete’s kinematics and kinetics are altered when running on
a treadmill versus flat ground, however, most research ap-
pears to suggest that any alterations are mild, including
flight phase time, stride length, cadence, stride frequency,
step length, support phase time, foot position, and lumbo-
pelvic-hip kinematics.106:107 The mild gait alterations re-
ported with treadmill running suggests that treadmill run-
ning is an appropriate step in returning to on-field/court
running that may have a carryover effect; however, clini-
cians will need to determine whether their patient is appro-
priate for running based on several factors including surgi-
cal procedure, clinical status, and activity demands of the
athlete. Progression to sport-specific or higher demand car-
diopulmonary training is determined on an individual basis,
but typically is begun once the athlete has demonstrated
the ability to tolerate submaximal loads and built a founda-
tion of cardiopulmonary fitness, not to mention the resolu-
tion of necessary impairments in other physiologic systems.

High-intensity interval training (HIIT) has become a
popular aerobic conditioning method and involves short
bouts (0.5 — 8 min) of moderate to high intensity activity,
performed in the “severe” intensity domain near the anaer-
obic threshold, which are alternated with bouts of partial
recovery performed at low-intensity or complete rest. This
should not be confused with sprint interval training (SIT)
which is performed at maximal effort for short bouts (<30s)
followed by complete recovery.l08 HIIT is often completed
via running or biking, however, functional exercises utiliz-
ing one’s own body weight have also been explored.108,109
Previous research has found HIIT to be effective at improv-
ing lower extremity power, sprint speed, HR, VO2max, and
muscular endurance as effectively or to a greater extent
than traditional aerobic training and in a shorter amount of
time,109-112

Research on HIIT training among healthy soccer and bas-
ketball athletes has produced similar findings. Wong et
all13 found that vertical jump height, 10-m and 30-m sprint
times, laps completed in the Yo-Yo intermittent recovery
test, and maximal aerobic speed increased in professional
soccer players after completing HIIT training compared to
controls. In another study, VO2max, 1,000-m run time, and
sprint performance improved after 5-weeks of HIIT training
in adolescent soccer players.114 Aschendorf et alll5 found
that Yo-Yo intermittent recovery test as well as sprint and
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agility test performance without a basketball improved sig-
nificantly in adolescent female athletes after undergoing a
5-week, basketball-specific HIIT program compared to con-
trols. Specific application of HIIT training with patients
post-ACLR has yet to be explored, so clinicians need to de-
termine whether their patient is appropriate for the de-
mands of HIIT training.

CONCLUSION

Cardiopulmonary system adaptations post-ACLR require
careful assessment and intervention planning by the re-
habilitation specialist. The integration of the cardiopul-
monary system with other physiologic systems supports the
aim of attaining efficient, goal-directed human movement
after ACLR. Training the cardiopulmonary system after
ACLR will in turn impact the health of the integumentary,
musculoskeletal, and nervous systems. Selective cardiopul-
monary testing and intervention should be integrated along
the continuum of rehabilitation. By addressing cardiovas-
cular deficits after ACLR within a multi-physiologic systems

approach to resolve movement limitations, clinicians can
help to optimize recovery and readiness for sport.
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