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Background and Purpose

Poor outcomes after anterior cruciate ligament reconstruction (ACLr), including the
relatively high risk of suffering a subsequent ACL injury, suggest the need to optimize
rehabilitation and return-to-sport testing. The purpose of this commentary is to
introduce clinicians to the concept of monitoring training load during rehabilitation, to
review methods of quantifying internal and external loads, and to suggest ways that these
technologies can be incorporated into rehabilitation progressions and return-to-sport
decisions after anterior ACLr.

Description of Topic with Related Evidence

Quantifying and identifying the effects of training load variables, external (distance,
impacts, decelerations) and internal (heart rate, heart rate variability) workload, during
rehabilitation can indicate both positive (improved physical, physiological, or
psychological capacity) or negative (heightened risk for injury or illness) adaptations and
allow for the ideal progression of exercise prescription. When used during return-to-sport
testing, wearable technology can provide robust measures of movement quality,
readiness, and asymmetry not identified during performance-based testing.

Discussion / Relation to Clinical Practice

Researchers have reported the actual in-game demands of men and women of various
ages and competition levels during multi-directional sport. Wearable technology can
provide similar variables during rehabilitation, home exercise programs, and during
on-field transition back to sport to ensure patients have met the expected fitness capacity
of their sport. Additionally, clinicians can use internal load measures to objectively
monitor patient’s physiological responses to rehabilitation progressions and recovery
rather than relying on subjective patient-reported data.

Level of Evidence
5

BACKGROUND AND PURPOSE in cutting and jumping sports that lead to subsequent psy-
chological and physical ramifications, including an in-

Anterior cruciate ligament (ACL) tears are common injuries creased risk of early onset knee osteoarthritis.! After injury,

a Corresponding Author:
Jeffrey B. Taylor, PT, PhD, DPT, SCS, CSCS
High Point University
One University Parkway
High Point, NC 27268
Phone: 1-336-841-9728
Fax: 1-336-888-5020

Email: jtaylor@highpoint.edu


https://doi.org/10.26603/001c.21152
mailto:jtaylor@highpoint.edu
https://doi.org/10.26603/001c.21152

Incorporating Internal and External Training Load Measurements in Clinical Decision Making After ACL Reconstruction: A...

up to one-quarter of athletes that return to sport suffer a
second ACL injury, 30% of which occur within the first 20
athletic exposures after their return.? These alarming sta-
tistics highlight the need to optimize rehabilitation prac-
tices and return to sport decision making.

Recovery from ACL injury involves 6-18 months of pro-
gressive rehabilitation before clearance from the medical
team (i.e. surgeon, physical therapist) to return to sport.
As athletes advance through rehabilitation, their progress is
often tracked by the increases of repetitions, duration, in-
tensity and the complexity of exercise. At a time when neu-
romuscular function (i.e. strength, coordination, functional
performance) has returned to near pre-injury levels and the
time since surgery ensures optimal physiologic healing of
tissue, the sports medicine team (i.e. surgeon, physiother-
apist, etc.) performs return-to-sport testing procedures to
gauge an athlete’s readiness to perform and risk of sub-
sequent injury.3 Tests and measures that are included in
these return-to-sport decisions are controversial and incon-
sistent, but generally include clinically-based procedures
that identify residual asymmetry in strength, function, and
power through isometric or isokinetic strength and single-
leg hopping tests.3 Many of the current return to sport pro-
cedures are performed in controlled, clinical environments
and may not elucidate an athlete’s true performance or in-
jury risk during the required demands of their sport.

Monitoring training load in an athlete’s natural environ-
ment has received a lot of attention in recent literature as
emerging evidence indicates a relationship between load
and injury.4-9 Training load is typically categorized into ei-
ther external or internal workload, with external workload
capturing the mechanical work done by an athlete and in-
ternal workload referring to the physiological and psycho-
logical stress imposed by the training session on the ath-
lete.10 Example measures of external workload include total
distance travelled, the frequency of accelerations, decelera-
tions or changes in direction, and the number of jumps per-
formed over the course of a training or competitive session.
Internal workloads can include the perception of effort in
the form of ratings of perceived exertion (RPE) or physio-
logical responses like duration of a training session spent in
a specific heart rate interval, and resting heart rate variabil-
ity (HRV). Quantifying and identifying the effects of these
training load variables is crucial because they can indicate
both positive (improved physical, physiological, or psycho-
logical capacity) or negative (heightened risk for injury or
illness) adaptations. Training load measures are becoming
more accessible to clinicians and coaches because they can
be quantified using wearable technology or handheld de-
vices. Instrumentation that contains global positioning sys-
tem (GPS) units, accelerometers, force measuring insoles,
and/or heart rate monitors are being used to quantify in-
ternal and external load variables with accuracy and preci-
sion.11,12

Workload monitoring and management has not caught
on in anterior cruciate ligament reconstruction (ACLr) re-
habilitation practices or return-to-sport decision making,
potentially due to perceptions that measurement tools are
too expensive, or analyses are too time consuming. How-
ever, workload metrics can provide valuable data for clin-
icians during rehabilitation procedures. While using mea-

sures like repetitions and intensity can help clinicians
progress individual exercises, this method fails to offer a
holistic view of the training load encountered by the ath-
lete. Likewise, current return-to-sport decision making
does not factor in training load variables that may better
elucidate an athlete’s readiness to participate in sports with
high multi-directional demands that often are not paral-
leled during rehabilitation sessions.13 The high rate of sec-
ond ACL injury, especially within the first 20 exposures after
return to sport,? suggests that there is room for improve-
ment in returning an athlete to sport, including current
rehabilitation practices and return-to-sport decision mak-
ing processes. The purpose of this commentary is to intro-
duce clinicians to the concept of monitoring training load
during rehabilitation, to review methods of quantifying in-
ternal and external loads, and to suggest ways that these
technologies can be incorporated into rehabilitation pro-
gressions and return-to-sport decisions after ACLr.

TRAINING LOAD MONITORING
EXTERNAL WORKLOAD

Clinicians often monitor external workload during rehabil-
itation in the form of training volume, traditionally logged
as a combination of the frequency (number of sets and rep-
etitions or exercise duration) and intensity (weight or re-
sistance) of the prescribed therapeutic exercises.l4 While
these traditional external workload variables are important
to monitor, they are limited in scope because they do not
encompass the complexity of exercise, nor do they provide
a global and comprehensive view of the patient’s external
workload. Total training duration may give a more compre-
hensive view of athlete workload but does not include any
measures of intensity or quality of movement that could
significantly alter an athlete’s response to the treatment
session. To more accurately quantify external workload,
clinicians may consider the use of wearable technology,
such as activity monitors, accelerometers, or force measur-
ing insoles.

DISTANCE MEASUREMENTS

Activity monitors (AM) that measure physical activity
(steps per day) are gaining popularity in certain clinical
populations. Clinicians and researchers have used AM in
various ways, including assessing the effectiveness of car-
diac rehabilitation 15 and other behavioral interventions.!®
Additionally, AM have been used to quantify activity in
populations such as children with cerebral palsy 17 and
adults after stroke,!® and have been used in rehabilitation
settings like skilled nursing facilities and inpatient rehabili-
tation to gauge the intensity of exercises and patient partic-
ipation during treatment sessions.!%20 AM vary depending
on the manufacturer and model but are often worn at waist-
level or on the distal aspect of the arm or leg. These de-
vices combine data from an embedded tri-axial accelerom-
eter with a proprietary algorithm to measure step counts
and calculate distance as a function of step count and step
length. Off-the-shelf AM (i.e. FitBit) are generally reliable
for tracking step counts and distances.21,22 Research- and
clinical-grade AM instrumentation (i.e. ActiGraph) can pro-

International Journal of Sports Physical Therapy



Incorporating Internal and External Training Load Measurements in Clinical Decision Making After ACL Reconstruction: A...

vide more reliable spatiotemporal variables than commer-
cially-available AM during both walking and running,23 in-
cluding step counts and distances and the duration of any
bouts of active or sedentary time when worn for an ex-
tended period. Though a few studies have reported using
AM to measure physical activity in youth sports,2425 the
use of AM has yet to gain traction in sports medicine set-
tings because of time and cost perceptions.

Global positioning systems (GPS) are becoming more
common in team sports, especially for tracking distances
traveled by players during practices and games.!! Since GPS
technology can accurately pinpoint one’s location using a
series of orbiting satellites, GPS units calculate distances
travelled based on changes in location. Activity monitors
and/or GPS units can be a cost-effective complement to
traditional external workload measures during rehabilita-
tion and return-to-sport after ACLr. There is emerging ev-
idence reporting average sport-specific loads that can pro-
vide guidelines to prepare athletes to return to their sport.
For example, elite soccer players travel an average of over
10,000 meters, whereas Dbasketball players travel
6,000-7,000 meters per contest.? Clinicians should ensure
that athletes have built the requisite fitness base and have
received adequate exposure to similarly matched load in-
tensities for safe return to their sport. Most published data
are based on game data, but sport practices have the po-
tential for greater intensity and larger distances traveled,
which may need to be accounted for in rehabilitation. Not
quantifying rehabilitation sessions or monitoring an athlete
outside of the rehabilitation setting could result in the
clearance of an athlete for return to sport from strength
and symmetry measures without evidence that the athlete
is prepared to tolerate the expected workload when released
to compete. This could happen in a traditional rehabili-
tation setting, or with an independent strength and con-
ditioning professional. Regardless, the clinician that ulti-
mately makes the return to sport decision needs to be
knowledgeable of these data. In addition to providing valu-
able information for clinicians, AM or GPS units can also be
used to help with exercise prescription outside of the clin-
ical setting. It may be unrealistic for an athlete to simulate
10,000+ meters in a rehabilitation setting; however, using
this wearable technology, clinicians can prescribe progres-
sive distances as part of a home exercise program. Tradi-
tionally, this is done with straight line running distance be-
cause of the ease of measurement, but most sports require
multi-directional movements that can be quantified in real-
time with AM or GPS units.

EXAMPLE APPLICATION DURING REHABILITATION AND RETURN-TO-SPORT
TESTING

Figure 1 depicts an ideal theoretical rehabilitation manage-
ment model for an athlete after ACLr. This model should
be individualized to the athlete and could be uni- or multi-
variate, depending on the sport’s activity demands. For this
example, consider total distance covered as measured by
an activity monitor. When monitoring these variables after
ACLr, clinicians should account for both dedicated rehabil-
itation workload (whether performed in a clinical setting
or as a home exercise program) and other physical activity.
When progressing distance workload, clinicians must rely

on their experience, physiological healing of the tissue, the
patient’s response to treatment (potentially including in-
ternal load measures as described later in this review), and
the patient’s goals (including sport-specific demands). The
model shows a total daily distance spike (time of rapid in-
crease in distance) around two-weeks post-operative when
gait and functional workload begin to normalize and pain
decreases, and around 12-weeks which is the typical time
of initiating a jogging/running program post-ACLr if certain
criterion are met.26-28 Similarly, the model shows a dis-
tance spike in dedicated rehabilitation distance around
week 12. There is then a steady progression of distance dur-
ing rehabilitation to reach average and maximal sport de-
mands, though the pace of progression slows to stabilize
the acute-to-chronic workload ratio. Monitoring these vari-
ables elucidates the athlete’s fitness capacity for clinicians
and can be used as comparisons to previously published val-
ues specific to the patient’s age, sex, competitive level, and
sport during the return-to-sport decision making process.
The goal is that the athlete has the capacity to load at aver-
age and maximal game demands before being fully cleared
to return-to-sport. While research is needed to validate this
model, it helps illustrate the potential interaction of daily
and rehabilitation workload and shows how to incorporate
activity demands as specific and meaningful long-term
goals during rehabilitation progressions.

GROUND REACTION FORCE

Ground reaction forces can help clinicians quantify magni-
tudes and asymmetries of limb loading. In laboratory set-
tings, force platforms can provide 3D analysis of ground re-
action forces but are expensive and not accessible to most
clinicians. Force measuring insoles (i.e. loadsol®, Novel
Electronics, St. Paul, MN) can provide valid and reliable
asymmetry data during squatting, running, and land-
ing.29-31 Force measures using portable insoles have been
reported to be highly correlated with knee extension mo-
ment asymmetries during landing,3! a common finding in
individuals after ACLr that may be predictive of a subse-
quent injury.32 In addition to their prognostic value, these
data can be used throughout the rehabilitation process to
provide biofeedback to patients to improve neuromuscular
control (i.e. increase or reduce forces) and normalize move-
ment between the reconstructed and unaffected limbs. The
assessment of limb loading asymmetry can be a valuable
contribution during both early-stage rehabilitation as the
athlete attempts to regain symmetry with controlled move-
ments like gait and squatting, and in late-stage rehabili-
tation when determining return-to-sport readiness. Using
force measuring insoles during return-to-sport testing al-
lows clinicians to assess movement quality differences be-
tween the reconstructed limb and healthy limb.33 Ac-
celerometers measuring tibial acceleration can also be used
as a surrogate measure for ground impact and can be easily
used in controlled clinical or natural playing environ-
ments.3*

EXAMPLE APPLICATION DURING REHABILITATION AND RETURN-TO-SPORT
TESTING

During early post-operative rehabilitation, a patient’s
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Figure 1: Theoretical progression of an athlete’s total distance travelled after ACLr.

ground reaction force can be displayed during a variety of
two-legged squatting progressions or other activities. This
biofeedback allows the patient to correct asymmetry in
real-time using an external focus.3> The goal in the early-
phase would be to regain symmetry by weight-shifting to-
wards the reconstructed limb. During later-stage rehabili-
tation, clinicians may use a similar approach to overload
the reconstructed limb for preparation of asymmetries that
would occur during sport.

Ground reaction forces can also be utilized during single-
leg activities both during rehabilitation and return-to-sport
testing. Figure 2 shows the vertical ground reaction force
curves during gait of a patient after ACLr at post-operative
weeks 12 and 31. At week 12, impact peaks and loading rates
at heel strike appear relatively symmetrical, yet the pa-
tient produces significantly less ground reaction force dur-
ing push off in the reconstructed limb. At week 31, the pa-
tient is loading the reconstructed limb at higher levels than
the non-injured limb. While other contextual factors should
be accounted for, alone these graphs show a significant pos-
itive progression in the patient’s confidence in and function
of the reconstructed limb.

MULTI-DIRECTIONAL MOVEMENTS

Deceleration is a primary mechanism of lower extremity
injury and non-contact ACL rupture.3® A vast majority of
ACL injuries occur during decelerations associated with cut-
ting (horizontal change in direction) and landing (vertical
change in direction).3” During rehabilitation, clinicians
must simulate sport-specific game demands and emphasize
both the quality (movement patterns) and quantity (fre-
quency) of accelerations and decelerations before returning
to play.

Cutting is a necessary component of a rehabilitation plan
for patients’ that participate in sports like soccer, which
demands up to 700 cuts per game.? An accelerometer can
measure the quantity and intensity of simulated cuts during
rehabilitation, home exercise programs, and return-to-
sport testing procedures. Current clinical tests of agility
provide time measures for the completion of a test, but to
the authors’ knowledge, there are no clinically accessible
agility measures that identify asymmetries, and thus may
not fit in the return-to-sport testing battery. Being able to
quantify accelerations and decelerations during procedures
like the T-test (Figure 3),3® pro-agility,3? and lower extrem-
ity functional test (LEFT),%0 may provide crucial informa-
tion about an athlete’s ability to create power and speed on
an individual limb during a functional activity.

Like cutting, jumping and landing require repetitive de-
mands (> 50 jumps per volleyball and basketball match),
making it essential to monitor jump frequency and landing
force in athletes rehabilitating from ACLr.? Commercial ac-
celerometers worn at waist-level can track an athlete’s jump
count, jump height, and landing. Much like total distance
and cutting, clinicians should have an appreciation for the
sport-specific demands of their athlete upon return to sport
and ensure that their rehabilitation plan adequately pre-
pares the athlete for safe return. Jump count may not be as
critically under-prescribed as others measures during reha-
bilitation because of the relatively common use of plyomet-
ric activities in ACL rehab programs;4142 however, these
plyometric programs need to be implemented and pro-
gressed in a safe manner. Accelerometers that record jump
count can be used to monitor and progress plyometric train-
ing loads during rehabilitation (e.g. VERT wearable jump
monitor, Mayfonk Athletic, Fort Lauderdale, FL).43 Real-
time jump height measurements can also be a valuable per-
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Figure 2: Example vertical ground reaction curves during gait of a patient after ACLr at post-operative week 12

and week 31.

Protocol for Agility T-Test (perform at least two
repetitions with the initial side shuffle in each
direction):
- The athbete:
sprints forward (9.14 m)
ﬂ side shuflles in one direction (4.57 m)
side shuflles in opposite direction (9.14 m)
m sade shuffles back to center (4.57 m)

E backpedals to finish line (9,14 m).
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Transition from keft side shuffle to
backpedal (90 degree eut on left leg)

Figure 3: Example use of accelerometry during agility t-test.

formance variable to monitor during rehabilitation. Jump
height can help quantify the intensity of an exercise during
an individual rehabilitation session or ensure that an ath-
lete’s performance progresses appropriately during early
stages of rehabilitation and does not decline as other load
factors increase in preparation for return-to-sport.

EXAMPLE APPLICATION DURING REHABILITATION AND RETURN-TO-SPORT
TESTING

Figure 4 shows the progression of accelerometer measured
jump count throughout post-operative rehabilitation for an
adolescent, competitive, female soccer player.13 Similar to
progressing distance workloads in rehabilitation, clinicians
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Figure 4: Example progression of jump count during post-operative rehabilitation of a patient after ACL
reconstruction (Used with permission of The International Journal of Sports Physical Therapy. Taylor JB,
Owen E, Ford KR. Incorporating workload measures into rehabilitation after anterior cruciate ligament
reconstruction: A case report. Int J Sports Phys Ther. 2020;15(5):823-831.)

must rely on their experience, physiological healing of the
tissue, the patient’s response to treatment, and the pa-
tient’s goals. In this example, jump count shows a substan-
tial increase throughout weeks 13-23 as the patient par-
ticipates in progressive plyometric training to improve
strength, power, speed and athletic function. Then, know-
ing that the patient’s goal is to return to soccer, exercise
prescription transitions away from jumping to cutting and
other horizontal agility exercises and drills to match the
demands of soccer. An athlete that participates in a more
jump-dominant sport like basketball or volleyball may ben-
efit from a more sustained frequency level of high jumps, or
in the case of a volleyball setter may need to increase to-
wards >200 submaximal jumps to meet the demands of the
sport.44

INTERNAL LOAD

A holistic consideration of training load in rehabilitation
progressions should include measures of both external and
internal stressors.1045> Common factors that contribute to
the overall physical, physiological, and psychological load-
ing on the system include elements such as travel, academic

demands, non-sport stressors, sleep, nutrition, and subjec-
tive wellbeing.10 Although it is impossible for a single mea-
sure to quantify the interactions of numerous variables on
an athlete’s adaptation to load, monitoring internal work-
load can complement current ACLr rehabilitation proce-
dures.’,10,46

RATING OF PERCEIVED EXERTION

There are numerous non-invasive, time-effective options
for quantifying internal load that are frequently used in
athlete monitoring and could help guide the rehabilitation
process. Session RPE (sRPE) is a cost and time effective
option that measures an athlete’s perceived intensity of a
training session. Immediately following a training session,
the athlete provides a subjective report of the intensity of
the session using a 10-item Borg’s CR10 scale. This number
is multiplied by the total minutes of the training session
to yield sRPE.#78 sRPE has been strongly correlated with
heart rate during steady state and high intensity exer-
cise.47"49 In addition to its correlation with cardiorespi-
ratory fitness, SRPE, when monitored and analyzed over
time, demonstrates some promise as a predictor of injury
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when combined with measures of an athlete’s well-being.50
A common criticism of sRPE is that this number may not
accurately represent the intensity of a training or reha-
bilitation session. For example, when an athlete records a
total daily training load of 180 arbitrary units, this value
could indicate a near-maximal training session (RPE = 9)
that was 20 minutes in duration or, an easy training session
(RPE = 2) that was 90 minutes in duration. While it is clear
that sRPE is influenced by subjectivity, this load monitoring
method is considered a valid tool for assessing an athlete’s
physiological response to training.4#’~4% Though challeng-
ing in the traditional clinical setting, SRPE should ideally be
recorded 20-30 minutes after training for adequate reflec-
tion time and to avoid recency bias.5! If not taken the day of
a session, SRPE may also be collected before a training ses-
sion to gauge the level of intensity of the previous session
and help determine the intensity of the upcoming session.

Another low-cost option for monitoring athletes’ toler-
ance to training and non-training stressors are wellness
and/or psychological questionnaires. There are a multitude
of questionnaires available, some are specific to sport (e.g.
Acute Recovery and Stress Scale), while others monitor gen-
eral well-being (e.g. Profile of Mood States, POMS), or mea-
sure across both domains (e.g. Recovery-Stress Question-
naire for Athletes, REST-Q-Sport and Recovery-Cue).
Clinicians must attempt to avoid common barriers to suc-
cess including inadequate buy-in from all stakeholders (e.g.
the athlete, coaches, rehabilitation team), inconvenient
and/or inconsistent methods of data collection, and the lack
of use of data gathered from the questionnaire for training
modification purposes.>2

EXAMPLE APPLICATION DURING REHABILITATION AND RETURN-TO-SPORT
TESTING

As a monitoring tool that requires minimal effort or ad-
vanced technology to record, clinician’s regular use of SRPE
after each treatment session can provide valuable informa-
tion that subjective pain scores may not capture. To easily
capture sRPE, clinicians can quickly record the duration of a
rehabilitation session and the athletes’ subjective report of
its intensity in medical documentation. A sudden change in
the athlete’s perceived intensity of a rehabilitation session
that was designed to gradually, and not suddenly, challenge
the athlete would be revealed when collecting sRPE. This
type of information may not always be reflected when as-
sessing post-treatment pain levels. In turn, this data allows
the clinician to engage in a meaningful and holistic conver-
sation with the athlete to investigate other sources of po-
tential stressors (e.g. poor sleep habits, academic stressors,
travel, anxiety, fear of movement, etc.) that may be con-
tributing to the athlete’s reports of increased intensity of a
rehabilitation session. Additionally, clinicians can use SRPE
as a method to assess whether their treatment sessions are
achieving the desired intensity at each stage along the ACLr
rehabilitation timeline, and especially near the end of reha-
bilitation when intensity should rise significantly to match
the demands of return to sport play.

HEART RATE AND HEART RATE VARIABILITY

Heart rate (HR) has been used to monitor the influence of

exercise load on the body.>3-58 HR can quantify the body’s
tolerance to external stressors (e.g. exercise). When mea-
sured at rest, during, or immediately following exercise, HR
measures may represent autonomic nervous system (ANS)
control of the heart and provide sensitive indicators of the
body’s response to exercise load.>559:59,60,60

A critical aspect of rehabilitation is delivering the ap-
propriate dose of an intervention to progress a patient to-
wards targeted outcomes. While dosage is most frequently
adjusted based on patient response (e.g. reported pain lev-
els, changes in range of motion or movement pattern after
a selected intervention), resting HR data can assist clin-
icians in providing more individualized intervention pre-
scription. When monitored consistently over time, patterns
in resting HR and heart rate variability (HRV) can reflect an
athlete’s physiological and psychological adaptation to and
readiness for rehabilitation and other life stressors that in-
fluence a patient’s trajectory to recovery (e.g. fatigue, sleep
quality).

HRV is a measure that has attracted the attention of
sport scientists, coaches, and clinicians due to its sensitivity
as an index of athletes’ physiological response to load.69-63
HRV is derived from the variations in time between the R-
R intervals identified on an electrocardiogram trace (Fig-
ure 5). HRV represents the synchronization of the ANS64-66
and is an indirect measure of the dynamic coordination be-
tween the sympathetic and parasympathetic systems on the
heart during stress and recovery.60,67,68 Resting HRV is pre-
dominantly controlled by parasympathetic, or vagal, tone
and this has been previously confirmed by pharmacological
blockade studies.®® HRV can provide a sensitive and accu-
rate reflection of the body’s physiological response to load,
and therefore is an important measure to consider along-
side rehabilitation protocols.>9

When assessed at the beginning of a training session,
HRV can serve as a physiological readiness index with min-
imal resource burden and high potential to inform training
load management methods for improved sport performance
outcomes. HRV can be measured non-invasively and quickly
(< 60 seconds) with electrocardiogram, chest strap HR mon-
itors or smartphone-based technologies.”® With technolog-
ical advancements such as ring-based (e.g. Oura Ring, Oura,
Oulu, Finland) and smartphone-based photoplethysmo-
gram (PPG) acquisition, PPG-based HR monitoring is read-
ily available and proving to be just as valid and reliable as
heart rate strap measurements.60,61,71-74

Recent investigations using HRV as an internal load mea-
sure demonstrate strong associations between changes in
HRV and external training load.5575 Athletes responding
positively to training demonstrate increased HRV, reflecting
an optimal functioning ANS.59 An organism expresses
homeostasis through the adaptability and variability of the
systems responding to stressors and maintaining overall
health. In the case of the ANS, optimal homeostasis is rep-
resented by increased parasympathetic modulation at the
heart.”6 Rapid adjustments in heart rate can be made under
increased parasympathetic control, allowing the body
greater adaptability when responding to stressors or stim-
uli.f677 Increased parasympathetic activity results in low-
ered average heart rate and an increased variability of the
time interval between each heartbeat (that is, an increase
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Figure 5: Heart rate variability analysis. After proper identification of RR intervals from electrocardiogram
trace (top picture), the measured time of each RR interval is plotted over time (middle picture). From the
selected RR series, three common methods of HRV analysis can be performed: time domain, nonlinear and

frequency domain (three bottom pictures).

in HRV measures).”® Said another way, increased HRV rep-
resents greater parasympathetic modulation at the heart,
and reflects an adaptable and healthy ANS that can respond
quickly to stressors such as exercise or strenuous training.

Conversely, reductions in HRV can be indicative of less
parasympathetic modulation at the heart and in some
cases, increased sympathetic nervous system control. This
imbalance of the ANS is reflected in heightened average
heart rate, which leads to decreased variability of the time
interval between each heartbeat and decreased HRV mea-
sures. Reductions in resting HRV have been researched as
a physiologic marker of negative consequences in athletes
diagnosed with overtraining syndrome who demonstrate
long-term decrements in performance along with physio-
logical and/or psychological signs and symptoms that re-
semble disturbed ANS function (e.g. excessive fatigue, al-
tered sleep, depression).”8 The uses of HRV in sport
performance provide pragmatic examples of how monitor-
ing patterns of change in a surrogate health measure like
HRV can inform our understanding of risk profiles for over-
loading or perhaps underloading our athletes. Studying
HRV patterns in response to rehabilitation and other non-
training stressors provides useful information related to
how the function of the ANS influences recovery after load-
ing of somatic tissues.”®

EXAMPLE APPLICATION DURING REHABILITATION AND RETURN-TO-SPORT
TESTING

Similar to how HRV has been used to successfully design
training programs to maximize performance and avoid ex-
cessive fatigue or overtraining,8%-8! information gained

from HRV may guide rehabilitation progressions, in order to
protect and enhance the recovery of injured tissues. Theo-
retically, HRV could serve as a “vital sign” in rehabilitation
whereby clinicians receive daily HRV recordings and are
alerted when there are significant pattern changes. Since
ANS also holds a commanding response to stressors such as
illness or injury, increases in weekly HRV readings typically
signify that a patient is responding well to stressors such as
exercise intervention and other non-therapy related stres-
sors (e.g. sleep quality and fatigue). Alternatively, signifi-
cant decrements in weekly HRV readings may indicate an
overloaded ANS and therefore adjustments in the patient’s
plan of care can be made accordingly. This hypothesized
scenario would improve accuracy of ‘reloading’ as a part of
rehabilitation, which may allow clinicians and coaches to
modify the negative impact of pertinent injury risk factors
(e.g. fatigue, poor sleep quality, inadequate nutrition) on an
athlete’s rehabilitation or return to sport progression.

SUMMARY AND CONCLUSIONS

Most ACL rehabilitation protocols and guidelines have
shifted from time-based to criterion-based progressions to
allow for individualization of rehabilitation and may help
reduce the risk of under- or over-loading. The authors sug-
gest adding parameters to these guidelines that incorporate
internal and external workload measurements. For exam-
ple, using normative sport demands as goals or thresholds
during rehabilitation may help reduce under-loading that
may occur during rehabilitation and ensure that the athlete
has built up the requisite fitness to return to their sport.?
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the return-to-sport decision making process after ACLr.

Further, close monitoring of variables like distance and
jump count can promote more systematic exercise progres-
sions and may decrease the risk of injury (e.g. patellar
tendinopathy) from repetitive overuse or under-recovery.42

While monitoring and progressing external workload
during rehabilitation, internal workload can help clinicians
justify their rate of progression. The application of im-
proved research methodologies in recent studies is reveal-
ing increasingly consistent directional changes of parasym-
pathetic-mediated markers of HRV in response to athletes’
positive adaptations to training.82 Taken together, this evi-
dence supports the previously-established hypothesis that,
in general, athletes who exhibit an increase in parasympa-
thetic-mediated HRV measures in response to training load
are coping positively, performing optimally in their sport,
and perhaps are at less risk of injury.>%75,80,82

During return-to-sport testing and decision making, cur-
rent best practice utilizes a combination of clinical exam-
ination (pain, effusion, laxity), single-leg hop symmetry
tests, single-leg isokinetic strength symmetry tests, and
functional or psychological self-report questionnaires to
gauge an athlete’s readiness to return-to-sport.31 Other
measures of external workload, including activity demands
and limb loading symmetry during sport-specific activities
may help complement the aforementioned testing battery
(Figure 6). Athletes need to have the requisite physiologic
readiness levels to safely return to sport. Clinicians can
now monitor their athletes’ activity demands to ensure they
are at a level commensurate with their sport. Using wear-
able technology, clinicians can gather robust information
on limb loading symmetry. Forces that occur during sport-
specific movements like landing and cutting represent
movement quality measures that may not be perceived
without technology. After ACLr, athletes should not be al-
lowed to return to their sport unless the athlete is able to
withstand external and internal workloads without deterio-
ration of biomechanics or significant fatigue.

Measures of external and internal workload may provide

important complementary information to clinicians in-
volved in any stage of rehabilitation or the return to sport
decision making process after ACL reconstruction. Wearable
technologies are becoming increasingly more accessible,
both in terms of cost and ease of use, and the data they
provide can help quantify rehabilitation progressions, serve
as comparisons for established sport-specific workload de-
mands, and identify the athlete’s physiological well-being.
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