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Workload a-WEAR-ness: Monitoring
Workload in Team Sports With Wearable
Technology. A Scoping Review

port-related injuries are common in youth and adult
populations,**#3%5 Jeading to financial burden,** decreased
physical activity,*” and increased risk of cardiovascular
disease, obesity, and osteoarthritis.”**™ Injuries during sport
occur when the stresses and strains applied to body tissue exceed

© OBJECTIVES: To (1) identify the wearable devices ~ © RESULTS: The 407 included studies focused on
and associated metrics used to monitor workload and  team ball sports (67% soccer, rugby, or Australian
assess injury risk, (2) describe the situations in which football), male athletes (81% of studies), elite or
workload was monitored using wearable technology professional level of competition (74% of studies),
(including sports, purpose of the analysis, location and young adults (69% of studies included athletes

and duration of monitoring, and athlete character- S )
L S ; aged between 20 and 28 years). Thirty-six studies of
e el () BN STl G Elee 7 sports investigated the association between work-

workload monitoring can inform injury prevention. ) . -
load measured with wearable devices and injury.

© CONCLUSION: Distance-based metrics derived
from global positioning system units were com-
mon for monitoring workload and are frequently
used to assess injury risk. Workload monitoring
studies have focused on specific populations

(eg, elite male soccer players in Europe and elite
male rugby and Australian football players in
Oceania). Different injury definitions and reported
workload metrics and poor study quality impeded
conclusions regarding the relationship between

. ) ) o workload and injury. J Orthop Sports Phys Ther
© DATA SYNTHESIS: We provided visualizations  0>0,5010):549-563, doi:10.251%/ospt. 20209753
that represented the workload metrics reported,

sensors used, sports investigated, athlete charac- ©KEY WORDS: athlete, injury, longitudinal,
teristics, and the duration of monitoring. training load

© DESIGN: Scoping review.

@ LITERATURE SEARCH: We searched the
CINAHL, Cochrane Central Register of Controlled
Trials, Cochrane Database of Systematic Reviews,
Embase, HealthSTAR, MEDLINE, PsycINFO, SPORT-
Discus, and Web of Science databases.

@ STUDY SELECTION CRITERIA: We included
all studies that used wearable devices (eg, heart
rate monitor, inertial measurement units, global
positioning system) to monitor athlete workload in
a team sport setting.
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the maximal strength or failure strain of
the tissue. However, noninjurious levels
of stress and strain are necessary to elicit
positive tissue adaptation.?*

Balancing the positive and negative
effects of training contributes to effective
performance and injury prevention.*#+75+
Yet it is difficult to directly measure the
stresses and strains on body tissues in a
noninvasive way, particularly outside the
laboratory environment. Instead, sport
practitioners track and analyze workload,
defined as any training-related variable
that can be manipulated to elicit a desired
response to exercise.*

Workload is monitored through mea-
sures of external and internal load. Ex-
ternal load represents the physical work
performed, providing objective informa-
tion about the quantity and intensity of
exercise.*”” The metrics used to quantify
external load are specific to the nature of
training and include locomotive (eg, dis-
tance traveled, number of accelerations)
and mechanical (eg, number of jumps,
frequency of impacts) metrics, which can
be recorded using wearable devices such
as inertial measurement units (IMUs)
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and global positioning systems (GPSs).™
Internal load represents the psychophysi-
ological response to external load*” and
can be reported using subjective mea-
sures (eg, session rating of perceived
exertion),* and portable heart rate mon-
itors have allowed for the recording of
objective internal load metrics (eg, heart
rate zones and impulse).®

Monitoring athlete workload is com-
mon among sport practitioners,?0-779:54:56
as technological advances in wearable
sensors have made it easier to longitu-
dinally measure a variety of workload
metrics.?**475¢ However, varying defini-
tions of injury, diverse methods, a lack of
scientific basis for cutoffs of functional
workload ratios, and mathematical
shortcomings in calculating workload
ratios present challenges to identifying
meaningful relationships between work-
load and injury.?729-32,5168.69.7887 Establish-
ing an association between workload
and injury requires longitudinal moni-
toring of large cohorts of athletes,*™
meaning that investigations of this na-
ture are confined to athlete populations
with the resources to collect reliable
workload and injury data.?°

Wearable technology for monitoring
workload is novel, and no consensus has
been reached regarding the type of sen-
sors used, the number and nature of met-
rics that are monitored, how they relate
to injury, and the specificity of any re-
ported workload-injury relationships to
the sport population investigated. There-
fore, this scoping review encompassed
all studies that used wearable devices for
monitoring workload among team sport
athletes, with an additional focus on
studies that investigated the workload-
injury relationship.

We aimed to (1) identify the wear-
able devices and associated metrics used
to monitor workload and the workload
metrics used to assess injury risk; (2) de-
scribe the situations where workload was
monitored using wearable technology,
including sports, purpose of the analy-
sis, location and duration of workload
monitoring, and athlete characteristics
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such as sex, age, and competition level;
and (3) evaluate the quality of evidence
for workload monitoring to inform in-
jury prevention. Capturing the breadth
of this field will benefit researchers and
sport practitioners as they develop best
practices for workload monitoring and
facilitate understanding how workload
patterns influence injury.

METHODS

HE SEARCH STRATEGY, ELIGIBILITY

criteria, study selection, data extrac-

tion, and analysis were specified in
a predefined protocol registered with
PROSPERO (CRD42018106853).

Eligibility Criteria

Studies that monitored the workload of
athletes using wearable devices (eg, heart
rate monitor, IMU, GPS, other devices
worn by an athlete) in a team sport set-
ting were eligible. Workload monitoring
had to occur during normal team prac-
tice/training sessions or games/matches.
Studies that investigated differences in
workload between multiple groups with-
in the team sport athlete population,
without intervening in the workload (eg,
identifying workload thresholds for in-
jury risk, comparing workload between
different levels of competition), were
eligible. Peer-reviewed journal articles
or conference proceedings published in
English since 2000 were included; book
chapters, abstracts, and review papers
were excluded.

Information Sources and Search Terms

A systematic search for published papers
was conducted in MEDLINE (APPENDIX,
available at www.jospt.org) and then
customized for the CINAHL, Cochrane
Central Register of Controlled Trials,
Cochrane Database of Systematic Re-
views, Embase, HealthSTAR, PsycINFO,
SPORTDiscus, and Web of Science data-
bases. All databases were searched for the
final time on March 13, 2020. The search
strategy identified records that contained
at least 1 search term in each of the fol-

lowing 3 themes: wearable technology,
workload or injury, and team sports.

Study Selection

The search results from all databases
were combined and duplicate studies
were removed. All studies were screened
for eligibility independently by 2 authors
(L.C.B. and A.M.R.) in 2 stages (ie, title,
abstract). Discrepancies were resolved
by a third author (V.G.V.). The full text
was obtained for all studies that passed
screening by title and abstract. Three au-
thors (L.C.B., AM.R., and V.G.V.) each
assessed one third of the full-text articles
for eligibility, and nominations for exclu-
sion were discussed and agreed on by all
3 authors.

Data Collection

We used an Excel (Microsoft Corpora-
tion, Redmond, WA) worksheet to or-
ganize the data extracted from each
included study: study design; sport; year
of publication; workload analyses con-
ducted; country of data collection; sex,
age, and number of participants; length
of monitoring period; number of sessions
recorded; level of competition; wear-
able sensors used; and workload metrics
monitored.

We extracted information about the
injury (definition, location), workload
metrics, accumulation (acute-chronic
workload ratio [ACWR] and/or cumu-
lative), number of metric-accumulation
combinations, and results of workload-
injury associations from studies that
investigated an association between
workload and injury.

Three authors (L.C.B., A M.R., and
V.G.V.) each extracted data from one
third of the included studies. One author
(L.C.B.) combined all data-extraction
worksheets, edited for consistency, and
consulted the full-text articles to ensure
accuracy.

During the data-extraction process,
the following assumptions, simplifica-
tions, and calculations were made if
information was not available in the de-
sired format.
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Sport All types of rugby (ie, rugby
league, rugby sevens, rugby union) were
combined into 1 sport category. Adapted
sports (eg, wheelchair basketball, seven-
a-side soccer) were considered discrete
sport categories.

Workload Analyses Conducted Analy-

ses conducted using workload data were

classified as:

* Comparisons of workload across
sports, sexes, playing positions, ses-
sion types (eg, training versus match),
participation level (eg, elite versus
recreational, levels of disability),
workload metrics (eg, wearable-based
measures such as heart rate versus
participant-reported measures such as
rating of perceived exertion), external
and internal measures of load within
sessions (eg, first half versus second
half) and between sessions (eg, pre-
season versus competitive season)

» Associations between workload and
injury, performance (eg, fitness test,
strength), and biomarkers (eg, plasma
creatine kinase, blood lactate)

* No analyses (ie, descriptive only)
Country of Data Collection The country
of ethics approval was extracted if the
country of data collection was not report-
ed. All countries were grouped according
to continent.
Sex Ifthe sex of the participants was not
reported, we inferred sex from the report-
ed league and level of competition.
Age If age was reported for subsets of the
sample (eg, age was reported for position
groups), we calculated mean age (ie, for
each subset, the mean age was multi-
plied by the number of participants, then
the values for all subsets were summed
and divided by the total number of
participants).

Workload Monitoring Period The dura-

tion of the monitoring period was catego-

rized as (1) 1 session, (2) multiple sessions
but not a full season, (3) 1 full season,
and (4) multiple seasons. We defined the
monitoring period as the length of time
participants were in the study (separate
from the number of sessions that were
recorded during the monitoring period).

Number of Sessions Recorded If only
total number of sessions was reported,
we calculated the mean number of ses-
sions recorded per participant (ie, total
number of sessions divided by number of
participants).

Level of Competition We classified the
level of competition, based on the termi-
nology used in the study, as (1) interna-
tional, (2) elite or professional (including
academy, elite, first division, high per-
formance, junior, national, and profes-
sional), (3) semi-elite (including second
division, semi-elite, semi-professional,
and sub elite), (4) collegiate and univer-
sity, and (5) nonelite (including amateur,
county, nonelite, nonprofessional, pro-
vincial, recreational, schoolboy, state).
Wearable Sensors Used Sensors were
only identified if metrics derived from
that sensor were reported (eg, for a study
that used an IMU containing an acceler-
ometer, gyroscope, and magnetometer
but only reported metrics from the accel-
erometer, we reported on the accelerom-
eter sensor only).

Workload Metrics Monitored Workload
metrics were classified according to sen-
sor (eg, heart rate monitor, GPS, accel-
erometer), units (eg, number, frequency,
distance, speed), and condition (eg,
sprints, speed zones, direction changes).
We did not consider the conditions dur-
ing which a workload metric was moni-
tored (eg, warm-up, drills, game play, etc)
in the team sport setting.

Quality Assessment
We were interested in the quality of evi-
dence informing workload monitoring
for injury prevention. We used a custom
quality-assessment worksheet adapted
from Campos et al® and Downs and
Black?® to assess the quality of each of the
included articles. Our quality assessment
addressed reporting, external validity,
internal validity (bias and confounding),
and statistical power. Each question had
3 possible answers: “yes,” “no,” or “not
applicable.”

Three authors (L.C.B., AAM.R., and
V.G.V.) pilot tested the quality-assess-

ment worksheet on 6 studies selected at
random. The results of these assessments
were discussed until a consensus was
reached. All studies were independently
assessed by 2 authors, and discrepancies
were resolved by consensus.

Data Synthesis

The data extracted from each study were
recorded in tables, and summaries were
presented as visualizations. Specifically,
the number of studies with and without
injury analyses were displayed accord-
ing to the sensors used and workload
metrics reported. The number of partici-
pants monitored with each sensor were
summed across each sensor combina-
tion, and the mean year of study publica-
tion demonstrated trends in how sensor
combinations were used for workload
monitoring. The included studies were
also stratified by the sport investigated,
participant sex, and the duration of work-
load monitoring to illustrate the situa-
tions where workload is monitored using
wearable technology.

We summarized the overall quality
of all included studies, and the subset of
studies that investigated an association
between workload and injury. We orga-
nized the quality-assessment summary
according to our 5 quality-assessment
topics: reporting, external validity, inter-
nal validity (bias and confounding), and
statistical power. We considered the over-
all study quality when generalizing find-
ings regarding the relationship between
workload and injury.

RESULTS

Study Selection

HE DATABASE SEARCHES YIELDED

7174 records after duplicates were

removed. Following screening, 477
full-text articles were assessed for eli-
gibility, and 407 studies were included
(FIGURE 1). The complete results of the
data extracted from the 407 studies in-
cluded in this review, including the study
information, workload metrics, and full
reference list of the included studies, are
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available online (supplemental material,
available at www.jospt.org).

Study Characteristics

The most commonly reported workload
metrics were distance in speed zones and
total distance measured by a GPS, appear-
ing in 227 (56%) and 220 (54%) stud-
ies, respectively, including up to 28 (7%)
studies with injury analyses. Distance in
speed zones and total distance were also
measured using a radio frequency-based
tracking system and an accelerometer.
The relative total distance and relative dis-
tance in speed zones measured by a GPS
were the most common metrics expressed
as a frequency; 3 studies used relative to-
tal distance in injury analyses. The most
common accelerometer-based metric was
a vector composition of the accelerometer
axes, which was used in 125 (31%) stud-
ies, 14-with injury analyses and 111 without
injury analyses. Heart rate metrics were
measured in up to 80 (20%) studies; 2 in-
jury analyses used heart rate metrics. The
number or frequency of turns was moni-
tored in 5 (1%) studies using an acceler-
ometer, 7 (2%) studies using a gyroscope,
and 2 (0.5%) studies using a magnetom-
eter (FIGURE 2).

The sensor combination that was used
to monitor the most participants was a
single GPS; the next 3 combinations in-
volved a GPS along with an accelerom-
eter or heart rate monitor, or with both.
The sensor combination that had the
oldest mean year of publication and most
participants was a single heart rate moni-
tor. The newest sensor combinations
included components of IMUs (acceler-
ometer, gyroscope, magnetometer) and
radio frequency-based tracking systems
(FIGURE 3).

The study designs were prospective
cohort (89%), retrospective cohort (5%),
cross-sectional (4%), or case study/case
series (2%). For the first 10 years that
were included in this review (2000-
2009), there were no more than 2 (0.5%)
studies published each year and 8 (2%)
studies total. In the subsequent 10 years,
the remaining 399 (98%) studies were
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published, with 102 (25%) published in
the last full year included in this review
(2019). Soccer was the most common
sport for almost every year in the second
decade (FIGURE 4A).

The most common analysis was a
comparison of workload across playing
position, appearing in 34% of studies,
and more than half of those analyses
were in soccer or rugby. Associations
between workload and injury were stud-
ied in 36 (9%) studies, and 81% of those
analyses were in soccer, rugby, or Aus-
tralian football (FIGURE 4B). Over 50%
of all studies collected data in Europe,
with European soccer data collection
representing more than a quarter of all
studies. Oceania was the continent with
the next largest share of studies, driven
by rugby and Australian football studies,
representing 9% and 11% of all studies,
respectively (FIGURE 4C).

Male participants were included in
81% of studies (FIGURE 5A). Most studies
(69%) had a mean participant age be-
tween 20 and 28 years (FIGURE 5B). Thirty-
one percent of all studies included male
soccer participants, 18% included male
rugby participants, and 10% included
male Australian football participants; the
proportions of studies that included fe-
male participants in those sports were 4%,
2%, and 0.5%, respectively (FIGURE 5C). The
number of athletes monitored was fewer
than 25 participants in 235 (58 %) studies,
and all but 1 study with female partici-
pants had a sample size less than 50. There
were 17 (4%) studies with more than 100
participants, with the largest study involv-
ing more than 525 participants (FIGURE 5D).

Fewer than 25 sessions per participant
were recorded in 209 (51%) studies, and
16 of those studies recorded just 1 session
per participant. One study recorded over

S Records identified Records identified
'13 through database through other
= searching, n = 8883 sources, n =14
g | |
) v
| Records after duplicates removed, n = 7174 |
v
| Records screened by title, n = 7174 |
%0 > Records excluded by title,
8 n=6279
2 v
| Records screened by abstract, n = 895 |
> Records excluded by
abstract, n =418
=) A 4
% | Full-text articles assessed for eligibility, n = 477 |
= Full-text articles excluded,
n=70
« Abstract only, n = 23
+ Not English,n=3
» No assessment of
¥ workload, n=2
= No wearable device, n =17
« Not in practice/training or
game/match, n =16
« Validation or testing of
new techniques, n =9
32 y
% Studies included, n = 407
<
|
FIGURE 1. Flow diagram of the study-selection process.
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FIGURE 2. The workload metrics monitored are organized according to the sensor used to measure them. The pie charts represent the number of studies that reported each
metric, with the number of studies that used the metrics as part of an injury analysis indicated separately. Abbreviations: ACC, accelerometer; AU, arbitrary unit; GPS, global
positioning system; GYRO, gyroscope; HR, heart rate monitor; MAG, magnetometer; RAD, radio frequency-based tracking system; Rel, relative. An interactive version of this
figure is available at: https://public.tableau.com/profile/lauren.benson#!/vizhome/WorkloadWearableSystematicReview-InteractiveFigures/Figure2MetricsRecorded
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450 sessions per participant during 1 full
season (FIGURE 6A). Seventy-four percent
of all studies included elite or profes-
sional athletes, with fewer than 5% of
those studies monitoring participants
for only 1 session (FIGURE 6B). The most
common wearable sensors were a GPS,
accelerometer, and heart rate monitor
(FIGURE 6C).

Summary of Injury Studies

Forty-one studies (10%) reported inju-
ries to athletes during the monitoring
period; female athletes were included in
2 studies.’*® In 5 studies, the aim was
something other than examining the
workload-injury relationship.!13:2576:85
The 36 remaining studies were primar-
ily focused on Australian football, soccer,
and rugby, and included various injury
definitions and locations and workload
analyses (supplemental material, avail-
able at www.jospt.org).

A high ACWR for total distance was
associated with a greater risk of injury
in Australian football,?%¢+6> soccer,”> and
rugby.?64#6 A high ACWR or exponen-
tially weighted moving average (EWMA)
for a variety of high-speed distance
measures was also associated with in-
jury.10,16,19,22,25,31,39,49,63—65,70,77 One Study re-
ported that a low ACWR for high-speed
distance in rugby was associated with in-
jury,?? and another study showed a pro-
tective effect in soccer when the ACWR
for high-speed distance was moderate.*®

In field hockey® and rugby,** great-
er distance at low speed or intensity
was protective against injuries. Both
high21,39,42,46,‘l‘9,59 and 10W10,21,22,59,83 cu-
mulative or chronic total distance and
high-speed distance loads were associ-
ated with greater injury risk. During the
preseason, high and low cumulative to-
tal distance was associated with injury
in rugby,'*?° while greater participation
in the preseason was associated with de-
creased injury risk in rugby.”

Workload metrics based on accelera-
tions, low*® and high!0-3+39.56.60.50 ACWR
or EWMA, low™ and high'9%94 cu-
mulative load, and decreased load vari-
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ability®® were all associated with greater
injury risk.

Quality Assessment

The full results of the quality assess-
ment for each study included in this re-
view (supplemental material, available
at www.jospt.org) are available online.
No study scored yes on all of the qual-
ity assessment items. Between 381 and
407 (94%-100%) studies (30-36 [83%-
100%] injury studies) had adequate re-
porting of the objective, main outcomes,

inclusion/exclusion criteria, summary
of main findings, and estimates of vari-
ability. Two hundred eight (51%) studies
(27 ['75%] injury studies) did not clearly
describe participant characteristics, with
sex and/or age among the most common
missing characteristics. One hundred
twenty-eight (38%) studies (10 [33%]
injury studies) that conducted tests with
probability values did not report the actu-
al P values. All but 1 study had adequate
external validity. Measurement bias was
accounted for by reporting of unplanned
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ACC and
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GPS and ACC

2619

2015 2016

2017

HR and GPS

Mean Year

FIGURE 3. Each circle represents a combination of sensors used within at least 1 study. The size of the circle

is based on the total number of participants monitored with that combination of sensors, and the numbers are
provided in the 6 largest circles. The color of the circles is based on the mean year of publication for all studies
with that combination of sensors, ranging from oldest (red) to newest (purple). Abbreviations: ACC, accelerometer;
GPS, global positioning system; GYRO, gyroscope; HR, heart rate monitor; MAG, magnetometer; RAD, radio
frequency-based tracking system. An interactive version of this figure is available at: https://public.tableau.com/
profile/lauren.benson#!/vizhome/WorkloadWearableSystematicReview-InteractiveFigures/Figure3SensorTrends
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FIGURE 4. General study information is indicated by sport, with similar sports grouped together and displaying different shades of the same color (eg, soccer, futsal,

and amputee soccer are all different shades of blue). Sport groups are sorted according to frequency among the studies included in this review. (A) A histogram of the
number of studies published in each year, (B) the percentage of studies that performed each of the 13 specified categories of workload analysis, and (C) the percentage of
studies with data collection on each continent. For the percentage analyses (panels B and C), percentages were calculated based on the total number of studies included
in the review (407), so the sum of the percentages is greater than 100% to account for studies that fit multiple categories (eg, multiple workload analyses, multiple
continents for data collection). *Through March 13, 2020. An interactive version of this figure is available at: https://public.tableau.com/profile/lauren.benson#!/vizhome/
WorkloadWearableSystematicReview-InteractiveFigures/Figure4GeneralStudyInformation
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FIGURE 5. Participant information is highlighted by the sex of the participants, with blue corresponding to males, orange corresponding to females, and green indicating that
the participant sex could not be determined. Where the sex of the participants had to be assumed (rather than explicitly stated in the text), the color is light blue (male) or

light orange (female). (A) A pie chart of the percentage of studies that included participants of each sex. (B) A histogram of the number of studies for mean participant age,
binned every 2 years. (C) The percentage of studies for each sport. (D) A histogram of the number of studies for participant sample size, binned every 25 participants. For the
percentage analyses (panels A and C), percentages were calculated based on the total number of studies included in the review (407), so the sum of the percentages is greater
than 100% to account for studies that fit multiple categories (eg, males and females in the same study, multiple sports). An interactive version of this figure is available at:
https://public.tableau.com/profile/lauren.benson#! /vizhome/WorkloadWearableSystematicReview-InteractiveFigures/Figure5Participantinformation
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FIGURE 6. Monitoring duration is shown as 1 session, multiple sessions, full season, or multiple seasons. (A) A histogram of the number of studies for mean number of sessions
recorded per participant, binned every 25 sessions. (B) The percentage of studies for each competition level, stratified by adult and youth categories. (C) The percentage of
studies for each sensor. For the percentage analyses (panels B and C), percentages were calculated based on the total number of studies included in the review (407), so the
sum of the percentages is greater than 100% to account for studies that fit multiple categories (eg, multiple competition levels, multiple sensors). Abbreviation: GPS, global
positioning system. An interactive version of this figure is available at: https://public.tableau.com/profile/lauren.benson#!/vizhome/WorkloadWearableSystematicReview-
InteractiveFigures/Figure6MonitoringDuration
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retrospective analysis (407 [100% ] stud-
ies, 36 [100% ] injury studies), use of ap-
propriate statistical tests (390 [96%]
studies, 34 [94%] injury studies), and
use of valid and reliable main outcome
measures (405 [99.5%] studies, 35
[97%] injury studies).

Ninety-six (24%) studies (5 [14%]
injury studies) did not appropriately
adjust analyses for different lengths of
follow-up. When applicable, 49 (24%)
studies (10 [36%] injury studies) ad-
justed for confounding in their analysis.

| LITERATURE REVIEW ]

Thirty-nine (10%) studies (2 [6%] in-
jury studies) described and accounted
for characteristics of participants lost to
follow-up. Ten (3%) studies (3 [8%] in-
jury studies) provided power descriptions
by way of a sample-size justification or a
priori effect-size estimates (TABLE).

DISCUSSION

HE RESULTS OF THIS SCOPING RE-
view reflect the very recent growth

in the use of wearable technology for

monitoring workload. Over the past 2 de-
cades, there appears to have been a shift
from using heart rate monitors in isola-
tion for recording internal load to the
use of other sensors that record external
load, with or without concurrent use of
heart rate monitors. A GPS was the most
common sensor for monitoring external
training load, and GPS-derived metrics
were frequently used in studies that ex-
amined the workload-injury relationship.
A key limitation of the GPS is that it does
not work indoors,” so alternative met-
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SUMMARY OF RESPONSES TO THE QUALITY-ASSESSMENT
QUESTIONS FOR ALL STUDIES AND INJURY STUDIES?
" T
Topic/Question All Injury All Injury All Injury
Reporting
1. Is the hypothesis/aim/objective of the study clearly described? 407 (100.0) 36 (100.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
2. Are the main outcomes to be measured clearly described in the 405 (99.5) 35(972) 2(05) 1(2.8) 0(0.0) 0.0
Introduction or Methods section?
3. Are the characteristics of the participants included in the study 199 (489) 9(25.0) 208 (5L1) 27 (75.0) 0(0.0) 0(0.0)
clearly described? Must specify sex, age, height, and weight
4. Are the inclusion/exclusion criteria described and appropriate? 397 (975) 36 (100.0) 10 (2.5) 0(0.0) 0(0.0) 0(0.0)
5. Are the main findings of the study clearly described? 406 (99.8) 36 (100.0) 1(0.2) 0(0.0) 0(0.0) (0.0)
6. Does the study provide estimates of the random variability in the 381(93.6) 30(83.3) 26 (6.4) 6(16.7) 0(0.0) 0(0.0)
data for the main outcomes?
7. Have actual probability values been reported for the main out- 205 (50.4) 20 (55.6) 128 (31.4) 10 (278) 74 (18.2) 6(16.7)
comes?
External validity
8. Were the setting and conditions of the experiment typical for the 406 (99.8) 36 (100.0) 1(0.2) 0(0.0) 0(0.0) 0(0.0)
population represented by the participants?
Internal validity: bias
9. If any of the results of the study were based on data dredging, was 407 (100.0) 36 (100.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
this made clear?
10.Do the analyses adjust for different lengths of follow-up (eg, time of 309 (75.9) 31(86.1) 96 (23.6) 5(139) 2(0.5) 0(0.0)
monitoring)?
11. Were the statistical tests used to assess the main outcomes ap- 390 (95.8) 34(94.4) 12 (29) 2(56) 5(12) 0(0.0)
propriate?
12. Were the main outcome measures used accurate (valid and reli- 405 (99.5) 35(972) 2(05) 1(2.8) 0(0.0) 0(0.0)
able)?
Internal validity: confounding
13.Are the distributions of confounders in each group of participants 49 (12.0) 10 (27.8) 155(38.1) 18 (50.0) 203 (499) 8(22.2)
clearly described and taken into account during the analysis?
14.Have the characteristics of participants lost to follow-up been 39(96) 2(5.6) 347 (85.3) 34(94.4) 21(5.2) 0(0.0)
described and taken into account during the analysis?
Power
15.Was a sample-size justification, power description, or variance and 10 (2.5) 3(8.3) 394 (96.8) 33(917) 3(07) 0(0.0)
effect estimates provided?
Abbreviation: NA, not applicable.
Walues are n (percent).
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rics (eg, those derived from accelerom-

eters) are used to monitor workload.”™

Recent studies used radio frequency-
based tracking systems to record distance
traveled in indoor sports (eg, basket-
ball™). This type of system has been vali-
dated and may be more accurate than the
GPS,™ in addition to being a more versa-
tile workload monitoring system. Devices
that include some or all components of
IMUs (accelerometer, gyroscope, and
magnetometer) are also common, and
these devices have the added benefit of
not requiring an external satellite or a
radio frequency-based system.

Despite the ability to use wearable
technology in real-world sporting envi-
ronments,”®® accessibility has not been
uniformly extended across all team sport
populations. The studies included in this
review primarily investigated a few sports
(eg, soccer, rugby, Australian football)
within continents where these sports
are popular (eg, Europe, Oceania), call-
ing into question the external validity of
these studies, as the level of competition
may differ between countries. Work-
load monitoring was disproportionately
skewed toward male participants. Most
studies monitored elite or professional
athletes and athletes between 20 and 28
years of age. Therefore, results may not
be generalizable to younger and older
populations that compete at a recre-
ational level.

The common approach in studies
that investigated the workload-injury
relationship was to associate accumu-
lated workload, often using the ACWR,
with reported injuries.?*** In addition
to established concerns about using
this approach to identify meaningful
relationships between workload and in-
jury,?"%3.686987 there was a lack of consis-
tency in how injuries and workload were
reported.

* A range of injury definitions were
used, even within the same sport,
which impacts generalizability.®”

* Among studies that investigated
similar populations (eg, elite male
soccer players), workload variables

(eg, total distance, high-speed dis-
tance) were multiplied by various
workload accumulation calculations

(eg, ACWR, cumulative load); up to

756 combinations were reported in 1

study.’®

 Different cut points for binning the
quantity of load for each workload-
accumulation combination were re-
ported, despite a lack of evidence for
whether or how these values should
be discretized.®” For example, some
studies in soccer have classified the
load values into 3 categories, based
on population mean and standard de-
viation? or tertiles,* while others have
used quartiles®™ or created 5 categories
using & scores.'*"

* Most studies only reported selected
results.

* Reported results often did not overlap
across studies, and many studies failed
to report confidence intervals, making
it difficult to compare across studies
(even in the same sport and similar
populations).

All studies were observational and
represented athlete workload in nonex-
perimental conditions. Common meth-
ods problems were failure to provide
sample-size justifications a priori and to
state or adjust for principal confounders
in groups of participants. In longitudinal
monitoring of athletes, it is important
to describe how missing data and par-
ticipants lost to follow-up were handled.
This information was overwhelmingly
not reported. Thus, while most injury
studies reported a relationship between
workload and injury, the overall poor
quality of these studies, combined with
inconsistencies in the direction of the
workload-injury relationship, calls into
question the ability of wearable technol-
ogy to inform injury prevention efforts.

Practical Recommendations for
Researchers

Due to the heterogeneity of study de-
signs, populations, methods, and analytic
approaches, there are very few data to
support recommendations for workload

monitoring to improve injury prevention
in athletic populations. Consensus state-
ments on injury surveillance and data
collection for each sport and participant
population should be updated to include
recent recommendations for wearable de-
vices, workload metrics, accumulation cal-
culations, and cut points for binning load
quantity.?”#5656957 These steps should be
applied to individual sports where work-
load is also monitored to improve perfor-
mance and prevent injuries.?2*5266.67

All studies included in this review
quantified workload, often by reporting
easily interpretable metrics such as the
overall or relative distance traveled in
specific conditions (eg, speed zones, ac-
celeration zones) or the number of certain
events (eg, sprints, accelerations, jumps).
Perhaps less interpretable are accelerom-
eter load metrics, calculated as a vector
composition of the accelerometer axes
and reported in arbitrary units. In addi-
tion to being less relatable than metrics
like distance traveled, there are different
equations and descriptions for the sum of
accelerometer axes.'? Previous research
in the field of gait analysis has used oth-
er accelerometer-based metrics capable
of evaluating patterns, magnitude, and
variability of movement.®'"1562 Addition-
ally, a combination of accelerometers,
gyroscopes, and magnetometers can en-
hance the ability to record movement
quality. Wearable technology that detects
key movement events can also be used
to evaluate how athletes are performing
these maneuvers in a training or competi-
tion setting, and to track changes in these
patterns over time.>6561738152 Monitoring
movement quality and workload quantity
may inform intervention strategies to pre-
vent sport-related injuries.

While copious workload data can be
recorded with wearable technology, often
only highly processed data and selected
analyses were reported. Future studies
should prioritize reporting all findings to
facilitate comparison to other investiga-
tions through meta-analyses. Additionally,
due to inconsistencies in how workload
data are binned and accumulated, pub-
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lishing raw data sets as supplementary
files should be standard practice.

In addition to improvements in the
methodological rigor of workload research
in team sports, better representation from
sports other than soccer, rugby, and Aus-
tralian football and from populations that
include youth, older adults, female ath-
letes, and nonelite athletes is needed. It
is possible that rules prohibiting the use
of wearable technology during matches
limit comprehensive monitoring of ath-
lete workload in some populations. Fu-
ture technological advancements should
increase the versatility of wearable sensors
for use in all settings and facilitate more
comprehensive monitoring of athlete
workload. Currently, the proliferation of
wearable technology in elite or profession-
al sport suggests that it is largely confined
to teams and leagues with the resources
to purchase equipment and the means to
collect and analyze the data. Reductions in
cost and effort to use this technology are
needed to improve accessibility.

Limitations

This scoping review is a comprehensive
summary of all existing research on the
use of wearable technology to moni-
tor workload in team sport athletes and
highlights the studies that have investi-
gated the workload-injury relationship.
We did not calculate a quality-assessment
total score due to uncertainty about the
proper weighting of questions. While
this limited the ability to summarize the
overall methodological quality of the in-
cluded studies, we provided individual
scores. It is possible that during the title
and abstract screening, some records
were removed that would be eligible for
inclusion if the full text had been evalu-
ated. Because we only searched studies
published in English, it is possible that
we missed some relevant data.

CONCLUSION

ISTANCE-BASED METRICS DERIVED
from GPS units were common for

monitoring workload and were fre-

| LITERATURE REVIEW ]

quently used to assess injury risk. There
was a narrow population focus (eg, elite
male soccer players in Europe and elite
male rugby and Australian football play-
ers in Oceania). The large number of pos-
sible workload metric and accumulation
combinations limits the ability to assess
the effect of workload on injury risk. ®

KEY POINTS
FINDINGS: Wearable technology is emerg-
ing for monitoring athlete workload,
with a trend toward the use of a combi-
nation of sensors. Workload monitoring
with wearables is common in elite or
professional male teams.
IMPLICATIONS: The proliferation of wear-
able technology in elite or professional
sport suggests that its use is largely con-
fined to teams and leagues with the re-
sources to purchase equipment and the
means to collect and analyze the data.
CAUTION: Hundreds of workload metrics
are being recorded with wearable tech-
nology, and the lack of consistency in
the reported metrics means that work-
load data collected from wearables can-
not inform recommendations for injury
prevention (eg, workload modification
strategies).
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APPENDIX

SEARCH STRATEGY FOR THE MEDLINE DATABASE

(accelerometry/ OR wearable electronic devices/ OR wearable* OR inertial sensor* OR inertial measurement unit* OR imu OR imus OR gyroscope* OR
magnetometer* OR acceleromet* OR gps OR global positioning system OR glonass OR heart rate monitor* OR heartrate monitor*)

AND

(arm injuries/ OR athletic injuries/ OR back injuries/ OR joint dislocations/ OR fractures, bone/ OR fractures, cartilage/ OR hand injuries/ OR hip inju-
ries/ OR leg injuries/ OR microtrauma, physical/ OR neck injuries/ OR rupture/ OR shoulder injuries/ OR soft tissue injuries/ OR spinal cord injuries/
OR “sprains and strains”/ OR tendon injuries/ OR thoracic injuries/ OR injury risk OR risk of injury OR training load OR workload OR work load)

AND

(sports/ OR sports equipment/ OR exp athletes/ OR sport* OR baseball* OR basketball* OR broomball* OR cricket* OR dodgeball* OR floorball* OR
football* OR futsal* OR handball* OR hockey* OR lacrosse* OR netball* OR polo OR ringette OR rugby OR soccer OR softball* OR volleyball*)

%" indicates a Medical Subject Headings term; all other terms were used in a title, abstract, and key word search. “*” indicates that the search term can have
any ending.
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How Much? How Fast? How Soon?
Three Simple Concepts for Progressing
Training Loads to Minimize Injury
Risk and Enhance Pertormance

verload is a key principle of training—load must exceed
capacity to improve performance. Small, systematic increases
in load that are slightly greater than load capacity will improve
tolerance of further load.'® However, if the applied load greatly
exceeds load capacity, then tissue tolerance is exceeded and injury
may occur.? This clinical commentary addresses key considerations

for rehabilitation practitioners when
helping an athlete prepare for the de-
mands of competition.

Clinical Questions: How Much?

How Fast? How Soon?

Sports medicine practitioners play a role
in maximizing the positive and minimiz-

ing the negative adaptations to training—
too much training may result in excessive
fatigue; too little training may mean ath-
letes are underprepared for competition.
Clearly, a balance exists between provid-
ing an adequate training stimulus to elicit
performance benefits and minimizing the
risk of injury. How can practitioners de-

©BACKGROUND: When progressing an athlete
from rehabilitation to peak performance, load
must exceed load capacity. When gradual, system-
atic increases in load are applied, load capacity
will improve. However, if the applied load greatly
exceeds load capacity, then tissue tolerance is
exceeded and injury may occur.

@ CLINICAL QUESTION: It is well established
that a balance exists between providing an
adequate training stimulus to elicit performance
benefits and minimizing the risk of injury. How
can practitioners determine how much training is
too much? Following injury, how soon can training
loads be progressed? How quickly can athletes
return to competition?

© KEY RESULTS: When developing rehabilitation or
performance programs, 3 concepts are critical: the
“floor,” the “ceiling,” and time. The floor represents
the athlete’s current capacity, whereas the ceiling
represents the capacity needed to perform the

specific activities of the sport. A challenge in most
sporting environments is the time required to pro-
gress from the floor to the ceiling. If athletes’ train-
ing loads are progressed too rapidly, they will be at
increased risk of injury and underperformance.

@CLINICAL APPLICATION: Rehabilitation prac-
titioners should consider and plan the appropriate
amount of time required to progress from the
floor (eg, rehabilitation) to the ceiling (eg, return
to performance). The resilience and robustness
that come from training take time, and different
physical capacities will adapt at different rates.
Progressive, gradual, and systematic increases

in training load allow athletes to safely progress
to the ceiling, reducing injury risk, improving
availability, and enhancing performance. J Orthop
Sports Phys Ther 2020;50(10):570-573. Epub 15
Nov 2019. doi:10.251%jospt.2020.9256

@KEY WORDS: injury prevention, load, rehabilita-
tion, strength and conditioning, training, workload

termine how much training is too much?
Following injury, how soon can training
loads be progressed? How quickly can
athletes return to competition?

The Floor, the Ceiling, and Time

When developing rehabilitation or per-
formance programs, 3 key concepts are
critical: the “floor,” the “ceiling,” and time.
The floor represents the athlete’s current
capacity, whereas the ceiling represents
the capacity needed to perform the spe-
cific activities of the sport. It is possible to
safely progress an athlete from the floor
to the ceiling, as long as the athlete is af-
forded adequate time (FIGURE panel A).

The Challenges of Getting

the Preseason Right

A challenge in most sporting environ-
ments is the time required to progress
from the floor to the ceiling. If athletes’
training loads are progressed too rapidly,
they will be at increased risk of injury.®
This scenario occurs all too frequently.
Consider athletes who enter a very short
training camp (or preseason period), or
who have sustained an injury. If the gap
between the current capacity and the re-
quired capacity is large, then the only way
to progress from the floor to the ceiling is
to rapidly increase training load to ensure
that the athletes are prepared for the first
competition game or return to play. Not-

1Gabbett Performance Solutions, Brisbane, Australia. 2Centre for Health Research, University of Southern Queensland, Ipswich, Australia. No funding or grants from any public,
commercial, or not-for-profit organizations were used in the preparation of this manuscript. Professor Gabbett works as a consultant to several high-performance organizations,
including sporting teams, industry, military, and higher education institutions. Address correspondence to Professor Tim J. Gabbett, Gabbett Performance Solutions, Brisbane,
QLD 4011 Australia. E-mail: tim@gabbettperformance.com.au ® Copyright ©2020 Journal of Orthopaedic & Sports Physical Therapy®

570 | OCTOBER 2020 | VOLUME 50 | NUMBER 10 | JOURNAL OF ORTHOPAEDIC & SPORTS PHYSICAL THERAPY


mailto:tim@gabbettperformance.com.au

Downloaded from www.jospt.org at on October 23, 2024. For personal use only. No other uses without permission.

Copyright © 2020 Journal of Orthopaedic & Sports Physical Therapy®. All rights reserved.

Journal of Orthopaedic & Sports Physical Therapy®

withstanding the fact that athletes with
poorer physical capacities®" and muscu-
loskeletal dysfunction™ are at increased
risk of injury, training in this manner
is associated with a high risk of injury®
and poor performance’ (FIGURE panel B).
Coaches can take more time to safely prog-
ress athletes to higher training loads and
prepare them for the ceiling, but coaches
do not have infinite time. Equally, if an
inadequate training stimulus is applied,
then the athlete is at risk of being under-
prepared, underperforming, and reinjury.

How Does One Help Athletes Safely
Progress From the Floor to the Ceiling?
The demands of elite performance are
constantly evolving; in general, the com-
plexity and physicality are increasing
every year.! Reducing the ceiling is not a
realistic option to help athletes avoid in-
jury and perform well. One option is to
take more time to bridge the gap between
the floor and the ceiling, although most
coaches will be less than impressed if their
best athletes are not fit enough to compete
in the first game of the season or spend
extended periods of time in rehabilitation

(FIGURE panel C). What if we could buy
more time prior to the official start of the
preseason? If athletes performed a mini-
mum volume of training prior to return-
ing from an extended break, this would
have the effect of artificially increasing
the length of the preseason period, mini-
mizing the detraining effect induced by
the offseason, thereby ensuring that pro-
gression to the ceiling was gradual and
systematic (FIGURE panel D).

Progressing athletes, of any perfor-
mance level, from the floor to the ceiling
is further complicated when the athlete
returns to preseason training in a se-
verely deconditioned state or following
offseason surgery. In these examples, the
athlete’s current capacity is inadequate
to sustain normal training loads; rather
than having an adequate floor, the ath-
lete’s capacity is more like “the basement”
(FIGURE panel E). This situation can also
occur when athletes are injured; local tis-
sue capacity can immediately decrease,
resulting in a reduction in the floor. In
this respect, given the same amount of
time, progressing the athlete from his or
her current capacity to the ceiling would

require rapid changes in training load, in
turn increasing injury risk.

Another solution to ensure that athletes
are safely progressed from the floor to the
ceiling is to raise the floor (FIGURE panel
F)—to ensure that when athletes are taking
an extended break or enter rehabilitation,
they do not allow their physical capacity to
fall to the basement. The benefit of raising
the floor is that it also provides athletes the
opportunity to develop greater load capac-
ity than previously may have been possible
(perhaps reaching “the penthouse”) (FIGURE
panel F). Preparation for sporting activities
involves year-round management, moni-
toring, and manipulation of training load,
with an understanding that the ceiling is
somewhat of a “moving target™—different
capacities will require development de-
pending on the specific phase of the season
and on the factors limiting performance
for individual athletes.

What Can Rehabilitation and
Performance Staff Do to Help Athletes
Achieve Their Performance Goals?
Athletes participate in sport for many rea-
sons, which may differ between elite and

A B C
Ceiling Ceiling Ceiling
=4 / =4 =4 //v
/ ]
Floor Floo / Floor
Time - Time " Time :
D F
Ceiling Ceiling
2 | Y Ceiling
/ _/v—
Floor
""""""" Floor
Basement
S - Time Time - Time "
FIGURE. Different loading strategies that may be used to progress athletes from the “floor” (ie, current capacity) to the “ceiling” (ie, required capacity). The “basement” (E)
represents inadequate capacity to sustain normal training loads, and the “penthouse” (F) represents greater load capacity than previously possible, due to raising the floor.
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nonelite competitors. Whether compet-
ing at an elite or nonelite level, athletes
strive for continual improvement and to
achieve their personal best performances.
To achieve high-level performance, the
load capacity of athletes must be adequate
to meet the demands required of compe-
tition. Athletes cannot perform if their
current capacity is well below the capacity
required of their sport. Equally, athletes
cannot perform if they are injured.

Taking the concepts of the floor, ceil-
ing, and time, there are at least 5 simple
ways rehabilitation and performance
staff can minimize the risk of injury and
give athletes the best chance of achieving
their performance goals (TABLE).

Summary: From Risk to Resilience

Training loads can have positive and
negative effects. The risk of injury in-
creases with rapid changes in training
load. However, not all training load is
bad—when prescribed appropriately, it
can create resilient and robust athletes,
capable of withstanding the high loads of
competition and thriving in the most de-

[ CLINICAL COMMENTARY ]

manding passages of play. Systematically
increasing training loads, and identifying
factors related to load tolerance, not only
lowers the risk of injury but also allows
athletes to progress to higher training
loads typical of those required for elite
performance.”” Importantly, once ath-
letes have reached these high training
loads, they are at reduced risk of injury
and have greater likelihood of achieving
their performance goals—loading allows
athletes to withstand further load. ®

KEY POINTS
FINDINGS: This clinical commentary
addresses key considerations for reha-
bilitation practitioners when helping
an athlete prepare for the demands of
competition. Rehabilitation and recon-
ditioning programs should prepare ath-
letes for the most demanding passages
of competition. This will ensure that (1)
athletes are able to perform the high-
intensity tasks that often determine the
outcome of the game, and (2) athletes
are at lower injury risk when perform-
ing these activities.

IMPLICATIONS: These findings highlight
the importance of maintaining an ad-
equate training load (floor) during the
offseason and while injured. Prepara-
tion for sporting activities involves
year-round management, monitoring,
and manipulation of training load, with
an understanding that the ceiling is
somewhat of a “moving target”™—differ-
ent capacities will require development
depending on the specific phase of the
season and on the factors limiting per-
formance for individual athletes.
CAUTION: Very young and older athletes,
and those with a long injury history, poor
training history, musculoskeletal defi-
ciencies, and lower strength and aerobic
fitness, may have poorer tolerance of rap-
id increases in training load, while other
biomechanical and psychosocial factors
can also impact load capacity. Along with
gradual loading progressions, a compre-
hensive assessment of the sport-specific
(eg, strength, aerobic fitness) and tissue-
specific (eg, musculoskeletal) capacities
is required to ensure training loads are
progressed on an individual basis.

F1ivE WAYS To ENSURE ATHLETES ARE WELL PREPARED FOR THE DEMANDS OF COMPETITION

Description
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Maintain an adequate training load during the offseason® and while injured. Loading during these periods raises the floor (or, alternatively, ensures athletes avoid the basement)
and improves athletes’ ability to tolerate load during the preseason and on return to competition

Identify the ceiling and ensure that training load is proportionate to competition demands.? Various methodologies (including the use of wearable and video technologies) have
been used to assess the sport-specific demands required at the ceiling.*’#* These may include (but are not necessarily limited to) peak running intensities, longest ball-in-play
periods,” and repeated-sprint!® and repeated-effort activity.? If expensive technology is not available, practitioners are encouraged to access sport-specific literature to inform
their training programs. The individual load capacities and the absolute competition demands will differ between elite and nonelite, adult and adolescent, and male and female
athletes; training demands should also reflect these differences

Assess individual differences in training tolerance among athletes. Very young and older athletes** and those with a long injury history,> poor training history,® musculoskeletal
deficiencies,? and lower strength!! and aerobic fitness™® may have poorer tolerance of rapid increases in training load. Furthermore, other physical (eg, biomechanical, move-
ment patterns) and psychosocial (eg, emotional, lifestyle) factors can impact load capacity. It might be tempting to rapidly increase training loads in less fit athletes and those
with musculoskeletal deficiencies. However, these are the athletes who are least likely to tolerate this type of training progression, and in turn most likely to sustain injury in
response to this loading pattern. Along with gradual loading progressions, a comprehensive assessment of the sport-specific (eg, strength, aerobic fitness) and tissue-specific
(eg, musculoskeletal) capacities is required to ensure training loads are progressed on an individual basis. It is here that sports medicine professionals (eg, physical therapists
and strength-and-conditioning coaches) play a critical role

|dentify and prepare for the most demanding passages of play. Training for the average demands of competition may mean that athletes are underprepared for the “worst-case
scenario.”®® This may trigger at least 2 consequences: (1) athletes are unable to perform the high-intensity tasks that often determine the outcome of the game,” and (2)
athletes are at greater injury risk when attempting to perform these activities

Training programs require an understanding of the (1) physical demands of the sport, (2) physical capacities required to perform these activities, and (3) factors that limit
performance on an individual basis. Coaches should consider and plan the appropriate amount of time required to progress from the floor to the ceiling. The resilience and
robustness that come from training take time, and different physical capacities will adapt at different rates. Progressive, gradual, and systematic increases in training load allow
athletes to safely progress to the ceiling, reducing injury risk, improving availability, and enhancing performance
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How Much? How Fast? How Soon?
Three Simple Concepts for Progressing
Training Loads to Minimize Injury
Risk and Enhance Pertormance

verload is a key principle of training—load must exceed
capacity to improve performance. Small, systematic increases
in load that are slightly greater than load capacity will improve
tolerance of further load.'® However, if the applied load greatly
exceeds load capacity, then tissue tolerance is exceeded and injury
may occur.? This clinical commentary addresses key considerations

for rehabilitation practitioners when
helping an athlete prepare for the de-
mands of competition.

Clinical Questions: How Much?

How Fast? How Soon?

Sports medicine practitioners play a role
in maximizing the positive and minimiz-

ing the negative adaptations to training—
too much training may result in excessive
fatigue; too little training may mean ath-
letes are underprepared for competition.
Clearly, a balance exists between provid-
ing an adequate training stimulus to elicit
performance benefits and minimizing the
risk of injury. How can practitioners de-

©BACKGROUND: When progressing an athlete
from rehabilitation to peak performance, load
must exceed load capacity. When gradual, system-
atic increases in load are applied, load capacity
will improve. However, if the applied load greatly
exceeds load capacity, then tissue tolerance is
exceeded and injury may occur.

@ CLINICAL QUESTION: It is well established
that a balance exists between providing an
adequate training stimulus to elicit performance
benefits and minimizing the risk of injury. How
can practitioners determine how much training is
too much? Following injury, how soon can training
loads be progressed? How quickly can athletes
return to competition?

© KEY RESULTS: When developing rehabilitation or
performance programs, 3 concepts are critical: the
“floor,” the “ceiling,” and time. The floor represents
the athlete’s current capacity, whereas the ceiling
represents the capacity needed to perform the

specific activities of the sport. A challenge in most
sporting environments is the time required to pro-
gress from the floor to the ceiling. If athletes’ train-
ing loads are progressed too rapidly, they will be at
increased risk of injury and underperformance.

@CLINICAL APPLICATION: Rehabilitation prac-
titioners should consider and plan the appropriate
amount of time required to progress from the
floor (eg, rehabilitation) to the ceiling (eg, return
to performance). The resilience and robustness
that come from training take time, and different
physical capacities will adapt at different rates.
Progressive, gradual, and systematic increases

in training load allow athletes to safely progress
to the ceiling, reducing injury risk, improving
availability, and enhancing performance. J Orthop
Sports Phys Ther 2020;50(10):570-573. Epub 15
Nov 2019. doi:10.251%jospt.2020.9256

@KEY WORDS: injury prevention, load, rehabilita-
tion, strength and conditioning, training, workload

termine how much training is too much?
Following injury, how soon can training
loads be progressed? How quickly can
athletes return to competition?

The Floor, the Ceiling, and Time

When developing rehabilitation or per-
formance programs, 3 key concepts are
critical: the “floor,” the “ceiling,” and time.
The floor represents the athlete’s current
capacity, whereas the ceiling represents
the capacity needed to perform the spe-
cific activities of the sport. It is possible to
safely progress an athlete from the floor
to the ceiling, as long as the athlete is af-
forded adequate time (FIGURE panel A).

The Challenges of Getting

the Preseason Right

A challenge in most sporting environ-
ments is the time required to progress
from the floor to the ceiling. If athletes’
training loads are progressed too rapidly,
they will be at increased risk of injury.®
This scenario occurs all too frequently.
Consider athletes who enter a very short
training camp (or preseason period), or
who have sustained an injury. If the gap
between the current capacity and the re-
quired capacity is large, then the only way
to progress from the floor to the ceiling is
to rapidly increase training load to ensure
that the athletes are prepared for the first
competition game or return to play. Not-

1Gabbett Performance Solutions, Brisbane, Australia. 2Centre for Health Research, University of Southern Queensland, Ipswich, Australia. No funding or grants from any public,
commercial, or not-for-profit organizations were used in the preparation of this manuscript. Professor Gabbett works as a consultant to several high-performance organizations,
including sporting teams, industry, military, and higher education institutions. Address correspondence to Professor Tim J. Gabbett, Gabbett Performance Solutions, Brisbane,
QLD 4011 Australia. E-mail: tim@gabbettperformance.com.au ® Copyright ©2020 Journal of Orthopaedic & Sports Physical Therapy®
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withstanding the fact that athletes with
poorer physical capacities®" and muscu-
loskeletal dysfunction™ are at increased
risk of injury, training in this manner
is associated with a high risk of injury®
and poor performance’ (FIGURE panel B).
Coaches can take more time to safely prog-
ress athletes to higher training loads and
prepare them for the ceiling, but coaches
do not have infinite time. Equally, if an
inadequate training stimulus is applied,
then the athlete is at risk of being under-
prepared, underperforming, and reinjury.

How Does One Help Athletes Safely
Progress From the Floor to the Ceiling?
The demands of elite performance are
constantly evolving; in general, the com-
plexity and physicality are increasing
every year.! Reducing the ceiling is not a
realistic option to help athletes avoid in-
jury and perform well. One option is to
take more time to bridge the gap between
the floor and the ceiling, although most
coaches will be less than impressed if their
best athletes are not fit enough to compete
in the first game of the season or spend
extended periods of time in rehabilitation

(FIGURE panel C). What if we could buy
more time prior to the official start of the
preseason? If athletes performed a mini-
mum volume of training prior to return-
ing from an extended break, this would
have the effect of artificially increasing
the length of the preseason period, mini-
mizing the detraining effect induced by
the offseason, thereby ensuring that pro-
gression to the ceiling was gradual and
systematic (FIGURE panel D).

Progressing athletes, of any perfor-
mance level, from the floor to the ceiling
is further complicated when the athlete
returns to preseason training in a se-
verely deconditioned state or following
offseason surgery. In these examples, the
athlete’s current capacity is inadequate
to sustain normal training loads; rather
than having an adequate floor, the ath-
lete’s capacity is more like “the basement”
(FIGURE panel E). This situation can also
occur when athletes are injured; local tis-
sue capacity can immediately decrease,
resulting in a reduction in the floor. In
this respect, given the same amount of
time, progressing the athlete from his or
her current capacity to the ceiling would

require rapid changes in training load, in
turn increasing injury risk.

Another solution to ensure that athletes
are safely progressed from the floor to the
ceiling is to raise the floor (FIGURE panel
F)—to ensure that when athletes are taking
an extended break or enter rehabilitation,
they do not allow their physical capacity to
fall to the basement. The benefit of raising
the floor is that it also provides athletes the
opportunity to develop greater load capac-
ity than previously may have been possible
(perhaps reaching “the penthouse”) (FIGURE
panel F). Preparation for sporting activities
involves year-round management, moni-
toring, and manipulation of training load,
with an understanding that the ceiling is
somewhat of a “moving target™—different
capacities will require development de-
pending on the specific phase of the season
and on the factors limiting performance
for individual athletes.

What Can Rehabilitation and
Performance Staff Do to Help Athletes
Achieve Their Performance Goals?
Athletes participate in sport for many rea-
sons, which may differ between elite and

A B C
Ceiling Ceiling Ceiling
=4 / =4 =4 //v
/ ]
Floor Floo / Floor
Time - Time " Time :
D F
Ceiling Ceiling
2 | Y Ceiling
/ _/v—
Floor
""""""" Floor
Basement
S - Time Time - Time "
FIGURE. Different loading strategies that may be used to progress athletes from the “floor” (ie, current capacity) to the “ceiling” (ie, required capacity). The “basement” (E)
represents inadequate capacity to sustain normal training loads, and the “penthouse” (F) represents greater load capacity than previously possible, due to raising the floor.
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nonelite competitors. Whether compet-
ing at an elite or nonelite level, athletes
strive for continual improvement and to
achieve their personal best performances.
To achieve high-level performance, the
load capacity of athletes must be adequate
to meet the demands required of compe-
tition. Athletes cannot perform if their
current capacity is well below the capacity
required of their sport. Equally, athletes
cannot perform if they are injured.

Taking the concepts of the floor, ceil-
ing, and time, there are at least 5 simple
ways rehabilitation and performance
staff can minimize the risk of injury and
give athletes the best chance of achieving
their performance goals (TABLE).

Summary: From Risk to Resilience

Training loads can have positive and
negative effects. The risk of injury in-
creases with rapid changes in training
load. However, not all training load is
bad—when prescribed appropriately, it
can create resilient and robust athletes,
capable of withstanding the high loads of
competition and thriving in the most de-

[ CLINICAL COMMENTARY ]

manding passages of play. Systematically
increasing training loads, and identifying
factors related to load tolerance, not only
lowers the risk of injury but also allows
athletes to progress to higher training
loads typical of those required for elite
performance.”” Importantly, once ath-
letes have reached these high training
loads, they are at reduced risk of injury
and have greater likelihood of achieving
their performance goals—loading allows
athletes to withstand further load. ®

KEY POINTS
FINDINGS: This clinical commentary
addresses key considerations for reha-
bilitation practitioners when helping
an athlete prepare for the demands of
competition. Rehabilitation and recon-
ditioning programs should prepare ath-
letes for the most demanding passages
of competition. This will ensure that (1)
athletes are able to perform the high-
intensity tasks that often determine the
outcome of the game, and (2) athletes
are at lower injury risk when perform-
ing these activities.

IMPLICATIONS: These findings highlight
the importance of maintaining an ad-
equate training load (floor) during the
offseason and while injured. Prepara-
tion for sporting activities involves
year-round management, monitoring,
and manipulation of training load, with
an understanding that the ceiling is
somewhat of a “moving target”™—differ-
ent capacities will require development
depending on the specific phase of the
season and on the factors limiting per-
formance for individual athletes.
CAUTION: Very young and older athletes,
and those with a long injury history, poor
training history, musculoskeletal defi-
ciencies, and lower strength and aerobic
fitness, may have poorer tolerance of rap-
id increases in training load, while other
biomechanical and psychosocial factors
can also impact load capacity. Along with
gradual loading progressions, a compre-
hensive assessment of the sport-specific
(eg, strength, aerobic fitness) and tissue-
specific (eg, musculoskeletal) capacities
is required to ensure training loads are
progressed on an individual basis.

F1ivE WAYS To ENSURE ATHLETES ARE WELL PREPARED FOR THE DEMANDS OF COMPETITION

Description
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Maintain an adequate training load during the offseason® and while injured. Loading during these periods raises the floor (or, alternatively, ensures athletes avoid the basement)
and improves athletes’ ability to tolerate load during the preseason and on return to competition

Identify the ceiling and ensure that training load is proportionate to competition demands.? Various methodologies (including the use of wearable and video technologies) have
been used to assess the sport-specific demands required at the ceiling.*’#* These may include (but are not necessarily limited to) peak running intensities, longest ball-in-play
periods,” and repeated-sprint!® and repeated-effort activity.? If expensive technology is not available, practitioners are encouraged to access sport-specific literature to inform
their training programs. The individual load capacities and the absolute competition demands will differ between elite and nonelite, adult and adolescent, and male and female
athletes; training demands should also reflect these differences

Assess individual differences in training tolerance among athletes. Very young and older athletes** and those with a long injury history,> poor training history,® musculoskeletal
deficiencies,? and lower strength!! and aerobic fitness™® may have poorer tolerance of rapid increases in training load. Furthermore, other physical (eg, biomechanical, move-
ment patterns) and psychosocial (eg, emotional, lifestyle) factors can impact load capacity. It might be tempting to rapidly increase training loads in less fit athletes and those
with musculoskeletal deficiencies. However, these are the athletes who are least likely to tolerate this type of training progression, and in turn most likely to sustain injury in
response to this loading pattern. Along with gradual loading progressions, a comprehensive assessment of the sport-specific (eg, strength, aerobic fitness) and tissue-specific
(eg, musculoskeletal) capacities is required to ensure training loads are progressed on an individual basis. It is here that sports medicine professionals (eg, physical therapists
and strength-and-conditioning coaches) play a critical role

|dentify and prepare for the most demanding passages of play. Training for the average demands of competition may mean that athletes are underprepared for the “worst-case
scenario.”®® This may trigger at least 2 consequences: (1) athletes are unable to perform the high-intensity tasks that often determine the outcome of the game,” and (2)
athletes are at greater injury risk when attempting to perform these activities

Training programs require an understanding of the (1) physical demands of the sport, (2) physical capacities required to perform these activities, and (3) factors that limit
performance on an individual basis. Coaches should consider and plan the appropriate amount of time required to progress from the floor to the ceiling. The resilience and
robustness that come from training take time, and different physical capacities will adapt at different rates. Progressive, gradual, and systematic increases in training load allow
athletes to safely progress to the ceiling, reducing injury risk, improving availability, and enhancing performance
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Training Load and Injury Part 1: The

Devil Is in the Detail—Challenges to

Applying the Current Research in the
Training Load and Injury Field

he relationship between training (work)load and sports
injury is a prominent topic in sports science and medicine
research. The hypothesis of a link between training load
and sports injury is not new.” Manipulating training load

using new measures of exposure (training
load-based metrics), assuming that chang-
ing load will cause the injury risk to reduce,
has become common and recommended
by international sports organizations.®

CLINICAL QUESTION

of reading journal articles is to find

FOR MANY OF US, THE SOLE PURPOSE
information that will help us make

© BACKGROUND: This article sets the scene for
a critique of the research underpinning 2 common
clinical assumptions: (1) training workload is a key
factor influencing sports injury risk, and (2) train-
ing workload can be manipulated to reduce injury
risk. In this clinical commentary, we address why it
is important for clinicians to critically evaluate the
evidence behind research conclusions.

@ CLINICAL QUESTION: Has research been
designed and conducted well enough to help clini-
cians answer the questions, “What is the relation-
ship between training workload and sports injury
risk?” and “Can the metrics based on training
workload be used to decrease injury risk?”

@ KEY RESULTS: In the past decade, many
sports injury researchers have developed new
measures of exposure, based on internal and ex-
ternal training workload, to study the relationship
between training load and injury. Some of these
metrics may have been embraced by researchers
and clinicians because (1) they are apparently

supported by the scientific literature, (2) they are
simple to calculate and use (averages and their
ratio), and (3) there is an apparent reasonable
rationale/narrative to support using workload
metrics. However, intentional or unintentional
questionable research practices and overinterpre-
tation of research results undermine the trustwor-
thiness of research in the training load and sports
injury field.

@ CLINICAL APPLICATION: Clinicians should
always aim to critically examine the credibility

of the evidence behind a research conclusion
before implementing research findings in practice.
Something that initially looks promising and
inviting might not be as revolutionary or useful

as one first anticipated. J Orthop Sports Phys
Ther 2020;50(10):574-576. Epub 1 Aug 2020.
doi:10.251%jospt.2020.9675

@ KEY WORDS: critical thinking, injury, research
quality, training load

better decisions in the clinic. If
one reads something in JOSPT
or another scientific journal that
supports a relationship between
training load and injury, should
one accept the findings as true? In this
article, we address why it is important
for clinicians to critically evaluate the
evidence behind conclusions in research
(even when these recommendations are
endorsed by international organizations),
using the training load and injury field as
an example.

Most Popular Training Load Metrics

The acute load, chronic load, and their
ratio (acute-chronic workload ratio
[ACWR]) are measures of exposure em-
braced by the scientific community and
used as prognostic factors for injury risk.
These measures of exposure are training
load-based metrics that have been de-
veloped from a liberal interpretation of
Eric Banister’s model,® proposed in the
1970s to model training load (impulse)
and physical performance. The time
frames for acute and chronic workload
and for the ACWR were an approxima-
tion of the time decays derived from
Banister’s model.® The decays repre-
sented the time needed to dissipate the

'Human Performance Research Centre, Faculty of Health, University of Technology Sydney, Moore Park, Australia. 2Strategy and Analytics, Sacramento Kings, Sacramento, CA.
3Arsenal Performance and Research Team, Arsenal Football Club, London, United Kingdom. No funding support was obtained for the present manuscript. The authors certify
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negative (fatigue) and positive (fitness)
effects of training.

In the current-day reinterpretation of
Banister’s model, acute load represents a
surrogate measure of fatigue, and chronic
load a surrogate measure of fitness. The
2 components of Banister’s equation have
been substituted by the ratio of 2 aver-
ages (rolling or exponentially weighted
moving averages): typically, 1 week for
the acute workload and 4 weeks for the
chronic workload.* Acute workload,
chronic workload, and the ACWR are the
metrics one is most likely to see reported
in research examining the association be-
tween training load and injury.

Training Load Metrics: Make It as

Simple as Possible, but Not Simpler

It is not surprising that new measures of
exposure have gained popularity among
clinicians and researchers. The metrics
have been used in most studies and they
are simple to calculate, easy to explain to
athletes, and based on an apparently plau-
sible rationale (do not train too much, too
soon) that fits commonly accepted train-
ing principles. However, these metrics are
also an excessive simplification of complex
injury etiology and of the mechanical load
and damage training load generates. One
need only take a short wade into the train-

ing load and injury field to find copious
and conflicting results regarding the rela-
tionship between training load and injury.
It is difficult for clinicians to unravel the
signal from the noise.!

Interpreting the Results Correctly and
According to the Nature of the Study
Metrics such as ACWR are based on Ban-
ister’s model of performance, but have
been shoehorned into injury research by
attributing to them a generic etiological
role.? The associations between these mea-
sures of exposure and injuries are inter-
preted as supporting a causal link between
load and injury (ie, training load causes
injury). Yet, no studies have estimated
any causal effects. Erroneous (causal) in-
terpretation is not rare in sport medicine.’

Clinicians should always consider
whether research results provide evi-
dence of causal effects before deciding to
change a prognostic factor (eg, training
load) in an attempt to alter the likelihood
of an (adverse) event. The interpretation
should be coherent with the nature of the
study (descriptive, predictive, or causal)
and its limitations.

Questionable Research Practices: Key
Barriers to Trustworthy Research Results
Questionable research or reporting prac-

tices (QRPs) are problems in research de-
sign, analysis, and reporting that impinge
on the trustworthiness of the results.?
Some QRPs can have very little effect
on research results. Other QRPs can be
fatal—obliterating the reader’s trust in
the results (TABLE).” Hypotheses with
unsupported causality, causation that is
claimed/assumed without proper designs
or without discussing bias, and ignoring
nonsignificant results and contradic-
tory evidence are examples of QRPs that
blight training load and injury studies.

Research involves specific steps (FIGURE).
At each step, there are threats to reproduc-
ible science (ie, trustworthy research), such
as P hacking and hypothesizing after the
results are known. It is important to con-
sider how far QRPs might have infiltrated
the training load and injury research field
and the implications for clinicians aiming
to use research in their practice.

SUMMARY

N THIS ARTICLE, WE OUTLINED WHY IT
is important to carefully assess the
trustworthiness of research that one
intends to use in practice. In part 2, we
highlight various issues related to con-
cepts and methods in the training load
and injury research field. We focus on

List oF COMMON QUESTIONABLE RESEARCH PRACTICES?

Nonsignificance of results is not addressed

Hypothesis contains unsupported causality
Potential causal relationship is not justified
Causation is claimed without discussing bias
Inappropriate use of evidence

Secondary outcomes are overstated

Clinical relevance of nonsignificant results

Small effect size is overstated

Precision of estimate not discussed or considered

+ Outcome measure does not reflect objectives

« Supporting literature based on same underlying data
+ Abstract does not reflect the main findings

« Title does not reflect the main findings

« Order of discussion differs from aim

Causation claimed without appropriate design or analysis

Generalization to different population, setting, or location

Objectives are phrased differently in discussion

Generalization is not supported by sample

Results section contains interpretation

Conclusion does not reflect outcome measure

Objectives are not reflected in the discussion

Conclusions in abstract do not reflect main text

Limitations are poorly discussed

Supporting evidence is poorly documented

Objective is not reflected by the conclusions

Conclusions do not reflect findings in context

Impact of limitations on results is not discussed

Conclusions do not reflect findings

Contradictory evidence is not mentioned

Recommendations for practice are lacking or are not supported by findings
Implications for practice are lacking or are not supported by findings

licenses/by/4.0/).

*Modified with permission from Gerrits et al’ under the Creative Commons Attribution 4.0 International (CC BY 4.0) license (http://creativecommons.org/
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Generate and specify
hypothesis
Failure to control for bias
Lack of reference framework
and causal assumptions

Publish and/or conduct
next experiment
Publication bias

&
X

Interpret results
P hacking
Selective discussion
Selective reporting

Design study
Low statistical power
No reference target trial

Conduct study and
collect data
Poor quality control
lll-defined outcome

Analyze data and test
hypothesis
P hacking
Overfitting

FIGURE. Potential threats to the scientific process. Abbreviation: HARKing, hypothesizing after the results are
known. Adapted with permission from Munafo et al” under the Creative Commons Attribution 4.0 International
(CC BY 4.0) license (http://creativecommons.org/licenses/by/4.0/).

decisions researchers can make about
hypotheses, study designs, and conduct-
ing, analyzing, and reporting research,
and how those decisions can impact the
trustworthiness of research results.

We aim to raise potential challeng-
es to applying the current research in
the training load and injury field, and
identify some biases, to improve future
research. We hope our commentary en-
courages clinicians to be careful when
applying research in practice. ®
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CLINICAL COMMENTARY
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Training Load and Injury Part 2:
Questionable Research Practices

Hijack the Truth and Mislead
Well-Intentioned Clinicians

“We must be careful not to believe things simply because we
want them to be true; no one can fool you as easily as you

can_fool yourself.”

— Richard Feynman

t is tempting to believe a theory when it appears reasonable and fits
with one’s beliefs. For example, the theory that training “too much” or
“too little,” or “too much, too soon,” might cause sports injury seems
biologically plausible and aligns well with training dogma. Common
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©BACKGROUND: In this clinical commentary, we
highlight issues related to conceptual founda-
tions and methods used in training load and

injury research. We focus on sources of degrees

of freedom that can favor questionable research
practices such as P hacking and hypothesizing
after the results are known, which can undermine
the trustworthiness of research findings.

@CLINICAL QUESTION: Is the methodological
rigor of studies in the training load and injury field
sufficient to inform training-related decisions in
clinical practice?

@KEY RESULTS: The absence of a clear con-
ceptual framework, causal structure, and reliable
methods can promote questionable research
practices, selective reporting, and confirmation
bias. The fact that well-accepted training principles
(eg, overload progression) are in line with some
study findings may simply be a consequence of
confirmation bias, resulting from cherry picking
and emphasizing results that align with popular
beliefs. Identifying evidence-based practical

applications, grounded in high-quality research, is
not currently possible. The strongest recommen-
dation we can make for the clinician is grounded
in common sense: “Do not train too much, too
soon”—not because it has been confirmed by
studies, but because it reflects accepted generic
training principles.

@CLINICAL APPLICATION: The training load
and injury research field has fundamental concep-
tual and methodological weaknesses. Therefore,
making decisions about planning and modifying
training programs for injury reduction in clinical
practice, based on available studies, is premature.
Clinicians should continue to rely on best practice,
experience, and well-known training principles, and
consider the potential influence of contextual fac-
tors when planning and monitoring training loads.
J Orthop Sports Phys Ther 2020;50(10):577-584.
Epub 1 Aug 2020. doi:10.251%/jospt.2020.9211

@ KEY WORDS: conceptual model, injury,
research methods, risk of bias, training load

beliefs about how training load
affects the chances of the athlete
getting injured have been strong-
ly shaped by a combination of old
and deeply held training prin-
ciples, best practice, and common sense.
Progressive overload and the “danger” of
excessive training (overtraining or non-
functional overreaching) are well-recog-
nized training principles. The idea that
excessive training can increase injury risk
can be traced back to the early 1990s.*
Popular beliefs about training load
and injury obfuscate important concepts
and methodological issues. Unfortu-
nately, these issues have not been well
accounted for in previous research. Our
concern is that the training load and in-
jury research field is dominated by well-
intentioned, yet potentially misleading,
recommendations for clinical practice.
Collecting injury and training load
data is now considered best practice in
sport.* An unfortunate consequence
of such a data-rich environment is that
researchers studying the relationship
between training load and injury may ret-
rospectively select from a convenient sam-
ple of available data rather than develop
clear and well-defined research questions
before collecting data. There are many
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studies reporting associations between
training load and injury. The problem is,
without a clear conceptual framework, it
is easier for confirmation bias or selective
reporting to creep in and hijack the truth.
Clinicians are exposed to an ocean of
information. One challenge for clinicians
is to unravel the “signal” from the “noise”
and identify relevant findings that can
be confidently applied in practice. Most
clinicians do not possess the ability to
identify studies at high risk of bias, as
this requires in-depth research methods
training. The aims of our clinical com-
mentary are to (1) help clinicians identify
some of the methodological weaknesses
in training load and injury studies, and
(2) demonstrate why clinicians should
exercise caution when applying findings
from these studies to their practice.

CLINICAL QUESTION

S THE METHODOLOGICAL RIGOR OF

studies investigating relationships

between training load and injury suf-
ficient to inform training load-related
decisions in clinical practice? We have
highlighted why it is important to criti-
cally examine the strength of evidence
supporting the claims made in several
training load and injury studies.?® In this
clinical commentary, we focus on sources
of degrees of freedom that can favor ques-
tionable research practices (including P
hacking and hypothesizing after the re-
sults are known [HARKing]) that can
impact the trustworthiness of research
findings and the application of training
load metrics in clinical practice.

A Robust Conceptual Framework: The
First Step in Designing Quality Research
to Help Clinicians and Athletes
Developing a conceptual framework is an
essential early step when designing re-
search to inform clinical practice. If prop-
erly developed, a conceptual framework
can guide researchers’ hypotheses and
specific research questions, and provide
a frame for analyzing data and interpret-
ing the results.?*** The practice of HARK-

[ CLINICAL COMMENTARY ]

ing is a bit like doing research in reverse.
When (well-intentioned) researchers do
not develop a clear conceptual framework
before collecting research data, they risk
fashioning a hypothesis to suit their re-
search results, and the temptation to con-
duct (unplanned) analyses until they find
something “significant” (P hacking).

There have been attempts within the
training load and injury field to provide
generic concept maps and models.”
These can help clinicians understand the
multifactorial nature of injuries and con-
textual factors that influence injury, but
they lack detail to define precise research
questions and/or select specific training
load metrics. This necessitates the use of
a plausible biological and physiological
rationale to select specific training load
measures of exposure as potential prog-
nostic factors for certain injuries. The
conceptual framework proposed by Ber-
telsen et al® is the most appropriate mod-
el of the causes of running-related injury
(FIGURE 1).*° While one can argue the suit-
ability of specific proxy measures (eg, the
use of ratios or 7- and 28-day cumula-
tive loads), we applaud the authors for
transparently presenting their research
assumptions, and encourage research-
ers to consider using the framework® as a
starting point for new projects.*

Conceptual frameworks must be veri-
fied (or disproven) through specific study
of the hypothesized relationships between
variables in the framework. If the hypoth-
eses are confirmed by original studies,
the model can be accepted as a reason-
able explanation of the relationships. If
the hypotheses are not confirmed, the
researchers must go back to the drawing
board and rethink their hypotheses. Re-
search must challenge the assumptions
and logic inherent to the framework to
test its strength. Without a conceptual
framework and predefined hypothesis
about the relationship between variables,
there is a risk of confirmation bias, as the
researchers may attempt to assign mean-
ing to results.

Without understanding and testing
underlying etiology using a framework,

it is impossible—irrespective of statisti-
cal approach—to accurately interpret
research results. A satirical study in Amer-
ican football** illustrated that the risk of
concussion was linked to the team logo:
teams with animal logos were protected
from concussion. Should teams consid-
er changing their logos or implement-
ing “protective” animal stickers on their
equipment to reduce concussion risk?
We expect most clinicians would
agree that changing a logo is unlikely to
change concussion risk. This article il-
lustrates how, in the absence of a strong
physiological rationale (ie, framework),
coincidental links may be misconstrued
as clinical (or practical) recommenda-
tions. Our concern is that in the absence
of an established conceptual framework,
the link between training load and sports
injury might be misleading clinicians in
sports science and medicine practice.

A Fishing Expedition: P Hacking

Many studies have reported associations
between training load and sports injuries.
However, the results are inconsistent and
often confusing.” We summarized the
results (odds ratio, relative risk, and in-
jury risk) of studies in soccer that calcu-
lated the acute-chronic workload ratio
(ACWR) from in-season session rating
of perceived exertion (sRPE) or global
positioning system (GPS) measures for
noncontact injuries (FIGURES 2 and 3).
Some studies have reported a relation-
ship between high ACWR and injury,
some have reported a relationship be-
tween low ACWR and injury, and others
have reported no relationship between
ACWR and injury.

Using sRPE, 3 studies'***¢ reported
increased injury risk when the ACWR
was high (FIGURE 2).* In 1 study,®® the re-
sults were the opposite: a lower injury
risk when the ACWR was high (FIGURE 2).
In another study,'® there was no relation-
ship between ACWR and injury for 8 of 9
comparisons. For GPS-derived measures
(FIGURE 3), in 1 study there was no rela-
tionship between ACWR and injury risk
in 4 of 5 comparisons,® elevated injury
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risk at a high ACWR for total distance
and accelerations but not for high-speed
distance and decelerations,” and higher
odds ratios for high-speed running but
not for accelerations and decelerations.®
Confused? It is difficult to reconcile the
inconsistencies to a cogent statement
about the relationship between training
load and injury. And these inconsisten-
cies are not limited to studies on soccer
or using the ACWR metric.

When one considers all of the relation-
ships between all of the variables in all of
the studies, what stands out is that some
results might have been emphasized and
others received little (or no) discussion—
in research methods, this is referred to as
selective reporting bias. The researcher
emphasizes the results that fit with his
or her preconceptions or the common
beliefs about training load, for example,
emphasizing 3 studies that supported a
protective effect of a moderate ACWR
and omitting other studies that did not

show the same trend.”' Selective report-
ing (and discussion) of study findings
misleads clinicians and researchers.

Inconsistency between and within
studies in the training load and injury
field is often justified by the multifacto-
rial nature of injury etiology. While this is
true and models accounting for this com-
plexity have been proposed,**** the mul-
tifactorial nature of injury cannot be used
as an excuse to ignore inconsistency. In-
stead, the complexity must be overcome
with robust studies. A small number of
training load metrics cannot adequately
explain injury risk in sport.

According to the Grading of Recom-
mendations Assessment, Development
and Evaluation (GRADE) guidelines,
inconsistency in the results of similar
studies is grounds to downgrade the
credibility of evidence.?? We recommend
that researchers and practitioners exam-
ine all the results of the studies, avoiding
or recognizing selective discussion. Be

on alert for implausible and inconsistent
findings (also called unexpected associa-
tions), which may suggest associations
due to chance, misclassification of the
predictor, selection bias, mixing of effects
(confounding), intervention effects, and
heterogeneity.*

The Decisions Researchers

Make Affect the Likelihood of

HARKing and P Hacking: Threats

to the Credibility of Results in the
Training Load and Injury Field

We believe the training load and injury
field to be at high risk of “data fishing”™—
where researchers go searching (con-
sciously or unconsciously) for answers
in the data to confirm a relationship be-
tween training load and injury. Clinicians
trying to apply research findings in prac-
tice may not be aware of all the choices
researchers must make when conducting
a study, and how each choice might influ-
ence the results.
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+ Muscle flexibility
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+ Age

Previous injury

« Strength

Time-varying measures
+ Time between sessions
« Additional training

Structure-specific
load capacity
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+ Kinematics
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>
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FIGURE 1. Simplified directed acyclic graph-inspired approach®° to visualize the causal relationship between structure-specific load and running-related injury. Abbreviation:
BMI, body mass index. Modified with permission from Bertelsen et al.®
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Sometimes, the choices researchers
make might lead to false discoveries that
favor their beliefs (confirmation bias). In
this section, we highlight 8 methods is-
sues (choices to be made by the research-
er) that can increase the risk of P hacking
and HARKing (“data fishing”).
Measures of Exposure and Ratios In the
absence of a strong a priori conceptual
framework, researchers are free to select
the training load metric(s) they wish to
include in a statistical model after the
data are collected. Because there are so
many different measures of training load
(exposure),* different researchers might
make different choices. How does one
interpret different results and different
metrics, especially when there is a high
chance of false discoveries? Different
training load metrics may also have dif-
ferent relationships to injury risk.*1°

[ CLINICAL COMMENTARY ]

Common measures of exposure (eg,
acute and chronic training loads and
their ratio) lack conceptual and compu-
tational validity.”** Ratio measures of
training load are common in the training
load and injury field. However, the dan-
gers of using ratios (as a normalization
method or dependent/independent vari-
ables) have previously been described,
and the pitfalls well documented.>'>%7
When clinicians and researchers ignore
warnings about using ratios as the main
training load measure, they risk falsely
concluding that the quantity of training
load causes injury.

Training Load Measures Measures of ex-
posure are calculated using various train-
ing load metrics. However, training load
can be assessed using different methods
and devices, which further complicates
the selection of suitable measures. Again,

a conceptual framework should guide se-
lecting appropriate training load mea-
sures. Although studies have used sRPE,
GPS, and inertial sensors, each of these
measures different training load con-
structs.”'® Therefore, combining injury
rates from different sports and training
load measures’ is inappropriate.

Time Windows Without a conceptual
framework, it is not possible to justify
or determine appropriate time windows
within which to measure acute and
chronic loads. The original Banister
model cannot and should not be used to
derive these time windows, because the
time decays used in the model are con-
ceptually very different from weekly av-
erage training load. The solution to trial
several windows concurrently (to find the
best model)" is prone to bias, multiple
testing concerns, and overfitting.

ACWR From sRPE
0.02 0.04 0.06 0.08 12 14 16 18 2.0 2.2
[ I I I R N I I I I I |
AN alone et
I Ref L1 I 3.0 | -
(odds ratio)
Bowen et al®
| 12 | | 09 | - | (injury risk)
[ Ref 3.6 |
= Fanchini et al®
L5 | (odds ratio)
11 |
[ Ref | 19 |
" McCall et al*e
| 21 | } (relative risk)
| 13 |
Jaspers et al*
| Ref 0.8 | (odds ratio)
[ Ref2 [13 (13 versus ref 2)|
[ Ref2 | 1.3 (1.3 versus ref 2) |
| Ref 2 1.1 (1.0 versus ref 2) | Delecroix et al'®
[Ref2 1.0 (0.9 versus ref 2) | (relative risk)
| 1.3 (1.3 versus ref 2) Ref2 |
| Ref 12 |
FIGURE 2. Graphical representation of results from studies examining the association between ACWR, calculated using the sRPE, and injuries in soccer. The rectangular boxes
represent the ACWR categories used in the studies. When there is no rectangle, that category range was not used or reported in the results. Boxes with “ref” and “ref 2" indicate the
reference category used in the statistical analysis. The reference categories are shown, with the exception of Bowen et al,”® where we reported what they defined as injury risks from
their tables (the values reported are injury rates). The studies by Ehrmann et al'® and Watson et al*® were excluded from FIGURES 2 and 3 because they did not use categories. The
numbers inside the rectangular boxes refer to the injury risk or rate (ie, relative risk, odds ratio) reported in the studies. The gray-shaded area represents the ACWR range (0.8-1.3)
that is claimed to correspond to a sweet spot (lower injury risk or rate). Numbers in boxes in boldface represent measures of association not overlapping 1. *Likely or very likely
association, based on magnitude-based inference. Abbreviations: ACWR, acute-chronic workload ratio; ref, reference; sRPE, session rating of perceived exertion.
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Time Lags Typical time lags between in-
jury registration and the acute or chronic
load typically range from a few days to 1
week (subsequent-week injuries),29:3:39
but longer lags have been used.?** There
is no reason to expect that the training
completed on the day or days before an
injury would not affect injury risk. Re-
searchers do not usually explain why they
chose a particular time lag over another
time lag, raising suspicion of P hacking.

Discretization and Reference Catego-
ry Most studies lump training load mea-
sures and ratios into categories (FIGURES
2 and 3). Such an approach has serious
limitations,*'* including that the num-
ber of categories can influence the re-
sults and subsequent interpretation.
Using categories exacerbates the risks
and consequences of sparse-data bias
(some categories have many data points
and some categories have very few data

points). Results from studies using differ-
ent categories and references should not
be compared.

Statistical Analysis Most studies exam-
ining the association between training
load and injury have used inadequate sta-
tistical analyses,**% including approach-
es that cannot account for time-varying
variables, recurrent events, or repeated
measures.”?! The challenges and so-
lutions for more appropriate analysis
have been provided, but are rarely fol-
lowed.?##4951 This is a problem, because
inappropriate analysis can produce unre-
liable and biased results.*

Missing Data Missing training load data
are common and sometimes unavoidable.
Most studies in the training load and in-
jury field do not describe how missing
data were handled. For example, were
data imputed? What were the assump-
tions the researchers made about the

missing data??*°® Imputation can have an
effect on the results. Sensitivity analyses
should be performed to show the effects
of the methods, as recommended by in-
ternational guidelines.”

Injury Definitions The injury definition
a researcher chooses is important. Some
definitions are very broad (eg, all com-
plaints); others are narrow (eg, serious,
noncontact, time-loss injuries). When re-
searchers do not provide an appropriate
rationale, grounded in a solid theoretical
framework and etiology model, to justify
their choice, it is difficult for readers to
interpret results and compare studies.*

Correlation Does Not Equal Causation

The dominant narrative of the training
load and injury field is that by manipu-
lating training load, one can alter the
probability of future injuries. However,
this assumes a cause-and-effect rela-

ACWR From GPS-Derived Metrics
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FIGURE 3. Graphical representation of results from studies examining the association between ACWR, calculated using a GPS, and injuries in soccer. The rectangular
boxes represent the ACWR categories used in the studies. When there is no rectangle, that category range was not used or reported in the results. Boxes with “ref” indicate
the reference category used in the statistical analysis. The reference categories are shown, with the exception of Bowen et al,**® where we reported what they defined as
injury risks from their tables (the values reported are injury rates). The studies by Ehrmann et al'® and Watson et al*® were excluded from FIGURES 2 and 3 because they

did not use categories. The numbers inside the rectangular boxes refer to the injury risk or rate (ie, relative risk, odds ratio) reported in the studies. The gray-shaded

area represents the ACWR range (0.8-1.3) that is claimed to correspond to a sweet spot (lower injury risk or rate). Numbers in boxes in boldface represent measures of
association not overlapping 1. *Likely or very likely association, based on magnitude-based inference. Abbreviations: ACC, accelerations; ACWR, acute-chronic workload
ratio; DEC, decelerations; GPS, global positioning system; HSD, high-speed distance; LID, low-intensity distance; ref, reference; SD, sprint distance; TD, total distance.
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tionship (changing training load causes
an injury to occur or not to occur) that
has never been examined using appro-
priate methods required to make causal
inferences.?0-26:50:51

Although the field acknowledged that
association is not prediction'#?>*47 (as-
sociations between training load metrics
and injury do not automatically imply that
training load metrics can predict injury oc-
currence), it is important to recognize that

[ CLINICAL COMMENTARY ]

neither associations nor predictors can be
automatically used to make causal infer-
ences if this was not the original aim.?” As-
sociations can be descriptive, predictive, or
used to estimate causal effects. However, if
no causal relationship has been estimated,
any practical applications regarding the
manipulation of the prognostic factor/pre-
dictor to alter the probability of an event
are an overinterpretation and a specula-
tion (and should be declared as such).

LisT oF THE MoST COMMON VARIATIONS AND

COMBINATIONS OF FEATURES AND OUTCOMES
USED IN TRAINING LOAD AND INJURY RESEARCH

Features

Outcomes (injuries)

Chronic load
1wk, 2 wk, 3 wk, 4 wk, k d/wk?

Acute load
1wk, kd?

Acute load calculation in relation to the injury day

injury
Training load variation metrics

lute), monotony, strain
Computations

Categories

Reference categories
1 of the categories (lower, middle, higher), all of the above

Category determination

Combinations

changes, high chronic versus ACWR/weekly changes
Training load indicators

Load in the same week of the injury, load starting the day before the injury,
load starting the day of the injury, load starting the week preceding the

1wk (acute)-4 wk (chronic): ACWR, k days or weeks acute-k days or weeks
chronic,? week-to-week variation (relative), week-to-week variation (abso-

Rolling average, accumulated (sum), exponentially weighted moving average,
coupled (week 1/week 1 to week 4), uncoupled (week 1/Aveek 2 to week 5)

2 (median split), 3 (low, moderate, high), 4 (low, moderate-low, moderate-
high, high), 5 (very low, low, moderate, high, very high), 6 (very low, low,
low-moderate, moderate-high, high, very high), 7 (very low, low, low-
moderate, moderate, moderate-high, high, very high), >7

z score, absolute, percentile, arbitrary cut point (eg, 0.5, 0.75, 1.0, etc)

Acute only, chronic only, variations only, low chronic versus ACWRAveekly

Session RPE (global), session RPE on leg, balls bowled, total distance, low-
intensity running distance,® moderate-intensity running distance,” high-
speed running distance,” very high-speed running distance,® sprinting,”
accelerations,” decelerations,® player load, distance load

Definitions

Match loss, match and training time
loss, complaints but no time loss,
modified training

Injury types

Contact, noncontact, both contact and
noncontact

Collection
Self-reported, medical staff

Location
Lower body, both lower and upper body

*Various combinations.
"Warious cutoff values.

Abbreviations: ACWR, acute-chronic workload ratio; RPE, rating of percetved exertion.

Changing a risk factor like a training
load metric, if the metric does not have
a causal relationship to the outcome or
event, cannot modify the risk of an event
occurring. Clinicians should be aware
that, regardless of the methodological
approach, if a study does not explicitly
estimate causal effects (using appropriate
methods), it is difficult to know whether
changing training load causes injury. Ul-
timately, it should not be claimed that
the intervention is “evidence based,” as is
often stated.

SUMMARY

S PUBLISHED RESEARCH IN THE

training load and injury field has

proliferated, clinicians may be
lulled into a false sense of security and,
accepting that training “too much, too
soon” causes injuries, may diligently
adopt new training load metrics in the
hope of reducing injury risk. However,
when one looks carefully at the method-
ological limitations and inconsistencies
in previous research, evidence supporting
these beliefs is not as strong as one might
expect (TABLE).

Recommendations for Clinical Practice
Given the research limitations, we en-
courage clinicians to follow well-estab-
lished training principles.**** One key
principle is load progression. While some
might believe that the current influx of
studies has increased the attention to
“correct handling” of training load, this
seems to be another bias. The overload
progression concept has been well known
among coaches, fitness trainers, and sport
scientists for at least the past half-century
(training and periodization principles),
but we concede that this may not be the
case for clinicians who may not be as fa-
miliar with athletic training methods.
Stronger multidisciplinary collaboration
may help when making decisions about
future training. We recommend that cli-
nicians work together with the various
support staff of athletes/teams to share
specific knowledge and expertise.
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When reading research in the training
load and injury field, be on the lookout
for inconsistent results (“consistent” as-
sociations in different directions do not
constitute a consistent finding) and dif-
ferent analysis methods that are not well
justified (eg, computational manipula-
tions of the same prognostic factors, data
trimming, categorizations, etc). Consider
whether the results make sense in the
practical context. For example, immedi-
ately after a recovery or a tapering week,
would one expect athletes to be at higher
risk of injuries? All of these could be signs
that something is wrong and suggest cau-
tion when applying the results to clinical
practice. ®
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Why Devote a Whole Journal Issue to Workload?
id you hear about the athlete who got injured while sitting
on the couch watching television? Anyone who works with
athletes of any age and ability knows the best way for the
athlete to avoid injury is to avoid playing sports. Anyone
who works with athletes also knows that athletes want to play sports
above almost all else. Understanding the relationship between how

much sports activity an athlete partici-
pates in (ie, workload) and injury will
help clinicians, athletes, and coaches
know what to do to keep athletes healthy
(injury free) and performing their best.

In the October issue of JOSPT, we
tackle workload and sports injury. Work-
load (sometimes referred to as training
load) is a principal cause of sports injury:
injury occurs when the load applied to a
body tissue exceeds the tissue’s capacity
to withstand load.” This is unlikely to oc-
cur if the athlete sits on the couch watch-
ing television. Clinicians, athletes, and
coaches seem to agree: if an athlete does
“too much” or trains excessively, that ath-
lete will likely sustain an injury.’®

After 40 Years of Research in the
Workload and Injury Field, Is There

a Need to Take a Step Back?

For the past 4 decades, sports injury re-
searchers have investigated isolated risk

factors for sports injury, including those
related to workload.* Researchers have
aimed to use measures of a single fac-
tor to predict those athletes who would
be more likely to sustain a sports injury.?
Understanding risk factors for injury
can help clinicians and coaches iden-
tify athletes who might be “at risk.” The
problem is, this research does not answer
the question of what clinicians, athletes,
and coaches can do to reduce the risk of
injury. Developing effective, targeted in-
terventions to reduce injuries requires
research to address the question of why
sports injury occurs.>"

The aim of producing a focused
JOSPT issue about workload is to share
perspectives on key concepts that will
help clinicians, athletes, and coaches un-
derstand what workload is. This under-
standing to this question is important to
exploring why sports injuries occur and
comparing results across studies. In ad-

dition, this issue aims to answer 2 criti-
cal questions: How does understanding
workload data help clinicians, athletes,
and coaches? And who is the end user of
the research? Researchers must embrace
their audience and assist those working
in the field on a daily basis to understand
research and data. After all, data are also
part of clinical practice.

What Is Workload? How Can We
Measure Workload? And Other
Clinical Conundrums
The clinician reader of this October is-
sue of the JOSPT is in for a treat. Take
a deep dive into how researchers mea-
sure, monitor, and analyze workload in
a scoping review that is a solid platform
from which to leap into the rest of the
topic.” Expand your knowledge of the
rapidly developing arena of “wearables.”
Looking for practical tips on monitoring
and progressing training load to avoid
injury and improve performance? You
will find a bite-sized guide, ready made
for clinical practice,? and a helpful guide
to measuring and monitoring training
stress in runners.’

There is a call for researchers to avoid
common pitfalls when designing research
and analyzing data in the sports injury
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field.® You will also find a detailed guide
to what to be aware of when reading and
implementing training load and injury
research findings in the clinic.?

Quality Content for You to Apply
in the Clinic on Monday
Thank you to the authors for sharing
knowledge and contributing to this fo-
cused workload issue. We hope JOSPT
readers find thought-provoking and
practical information to help you criti-
cally evaluate the content of workload-
related articles, and to help the patients
and athletes you work with.

Enjoy reading!
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Moving Beyond Weekly “Distance”:
Optimizing Quantification of
Training Load in Runners

“How do they know the load limaits on bridges? They drive
bigger and bigger trucks over until it breaks, then they >
weigh the last truck and rebuild the bridge”

— Bill Watterson, Caloin and Hobbes

nyone who has spent time around distance runners has
inevitably, and repeatedly, heard the question, “How many
miles do you run per week?” with “high-mileage” weeks typically
considered as a measure of success. The ability to easily and
accurately quantify running distance via the widespread adoption of
global positioning system technology has only solidified the long-term
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© BACKGROUND: Quantifying total running dis-
tance is valuable, as it comprises some aspects of
the mechanical/neuromuscular, cardiovascular, and
perceptual/psychological loads that contribute to

training stress and is partially predictive of distance-

running success. However, running distance is only
one aspect contributing to training stress.

@ CLINICAL QUESTION: The purpose of this
commentary is to highlight (1) problems with only
using running distance to quantify running training
and training stress, (2) the importance of alterna-
tive approaches to quantify and monitor training
stress, (3) moderating factors (effect-measure
modifiers) of training loads, and (4) the challenges
of monitoring training stress to assess injury risks.

© KEY RESULTS: Training stress is influenced by
external (ie, application of mechanical load) and
internal (ie, physiological/psychological effort)
training load factors. In running, some commonly
used external load factors include volume and
pace, while physiological internal load factors

include session rating of perceived exertion, heart
rate, or blood lactate level. Running distance alone
might vastly obscure the cumulative training stress
on different training days and, ultimately, misrep-
resent overall training stress. With emerging and
novel wearable technology that quantifies external
load metrics beyond volume or pace, the future of
training monitoring should have an ever-increasing
emphasis on biomechanical external load metrics,
coupled with internal (ie, physiological/psychologi-
cal) load metrics.

@CLINICAL APPLICATION: It may be difficult to
change the running culture’s obsession with weekly
distance, but advanced and emerging methods to
quantify running training discussed in this com-
mentary will, with research confirmation, improve
training monitoring and injury risk stratification.

J Orthop Sports Phys Ther 2020;50(10):564-569.
Epub 1 Aug 2020. doi:10.251%jospt.2020.9533

@ KEY WORDS: adaptations, biomechanics,
monitoring, physiology, runners

“mileage love affair” of runners
and coaches. Running distance is
typically the only collected training
metric. Quantifying total running
distance is valuable, as it comprises
some aspects of the mechanical/neuro-
muscular, cardiovascular, and perceptu-
al/psychological loads that contribute to
training stress and is partially predictive
of distance-running success.*** However,
running distance is only one aspect con-
tributing to training stress. In this com-
mentary, we aim to address 4 issues:

1. Why solely relying on running dis-
tance to quantify running training
load is a problem

2. Alternative approaches to quantifying
and monitoring training load

3. Moderating factors (effect-measure
modifiers) of training load

4. The challenge for coaches, clinicians,
and runners of how best to monitor
training load and its implications for
performance and injury risk

Why Relying on Distance Alone

to Quantify and Monitor Training

in Runners Is a Problem

Runners and coaches have historically
only relied on weekly distance to quantify
and monitor running training. However,
it is increasingly evident that running
distance should not be the sole train-
ing metric, as it can often misrepresent
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University, Surrey, Canada. *Department of Physical Therapy, University of British Columbia, Vancouver, Canada. “School of Physical Therapy and Rehabilitation Science, University of
Montana, Missoula, MT. 3Canadian Sport Institute Pacific, Victoria, Canada. The authors certify that they have no affiliations with or financial involvement in any organization or entity
with a direct financial interest in the subject matter or materials discussed in the article. Address correspondence to Dr Max R. Paquette, College of Health Sciences, University of
Memphis, 171b Elma Roane Fieldhouse, Memphis, TN 38152. E-mail: mrpgette@memphis.edu @ Copyright ©2020 Journal of Orthopaedic & Sports Physical Therapy®

564 | OCTOBER 2020 | VOLUME 50 | NUMBER 10 | JOURNAL OF ORTHOPAEDIC & SPORTS PHYSICAL THERAPY


mailto:mrpqette@memphis.edu

and significantly underestimate train-
ing stress and resulting adaptation, and
other critical factors contributing to the
overall training stress in other endur-
ance sports are rarely considered in run-
ners.”>* In any sport, training stress>'
is influenced by both external (ie, appli-
cation of mechanical load) and internal
(ie, physiological /psychological responses
to the external load) load factors.?* Un-
fortunately, many training-related terms
are poorly defined and/or used inap-
propriately in the lay and scientific lit-
erature alike. Therefore, TABLE 1 provides
definitions of training-related terms used
throughout this commentary.

In running, some commonly used
external load factors include volume,
in distance or minutes, and pace, while
internal load factors include session
rating of perceived exertion (sRPE),
heart rate, or blood lactate level. Here
it is important to differentiate the term
“internal physiological load,” which is
more common in applied sport sciences
and physiology, from “internal tissue (or
mechanical) load,” which is more com-
monly used by biomechanists and physi-
cal therapists (eg, force, stress, strain,
and stiffness). For example, the same 10
km of running distance can result in ap-
proximately 14% more foot strikes per

DEFINITIONS OF VARIOUS METRICS USED

TO QUANTIFY RUNNING TRAINING

ological/psychological stress
resulting from nontraining

Metric Definition Example Unit
Training General term to describe External load, physiological See below
stress320 physiological stress result- internal load, tissue internal
ing directly from training load, and workloads
sessions
Daily stress General term to describe physi- ~ Work, family/elationships, Visual analog scales and

sleep, and financial stress

questionnaires
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factors
Externalload®  Global term used to define « Duration « Minutes
the mechanical physical « Distance « Miles or kilometers
stresses applied to an « Pace + Minutes per mile or per
athlete « Ground reaction forces kilometer
« Contact time « Newtons per body weight
« Peak tibial or sacral ac- + Seconds
celeration « Units of gravity
« Number of steps « Steps
= Other biomechanical « Varies

Global term used to define

the physiological and
psychological stresses in
response to external loads
and daily stress

Global term used to define

internal loads placed on
musculoskeletal tissue in
response to external loads

Specific term defined as the

product of external and

physiological internal loads

variables

« Perceived exertion (SRPE)

 Heartrate
« Heart rate variability

+ Scales: 6-20 or 0-10
+ Beats per minute

« Variability in interbeat time

interval
« Blood lactate + Millimole
« Other physiological variables + Varies
« Stress + Pascals
« Strain + Unitless
- Force « Newtons
« Stiffness + N/deformation (mm)

+ Young's modulus

« Duration x SRPE

« Peak tibial acceleration x
SRPE

= Number of steps x SRPE

Arbitrary units for all

Abbreviation: SRPE, session rating of perceived exertion.

session and approximately 6% greater
accumulated peak vertical ground reac-
tion forces when fatigued versus fresh
(TABLE 2). This increase in external load,
despite the same running distance, and
on a day when the runner/coach might
actually be seeking lower training stress,
can accumulate into real differences in
the training stress experienced by the
runner.®® Similarly, prescribing a work-
out based solely on running pace, for
example, 4:30 min/km, can also be a
misleading measure of training stress,
as individual variability, based primar-
ily on sRPE or fatigue, can result in (1)
different internal load responses and (2)
variable training stress and long-term
training adaptations.?® Furthermore, it
appears difficult to estimate the external
load to the lower limbs per kilometer
from distance and pace alone.?*> Accord-
ingly, more and more coaches purposely
program training volume in minutes
(duration) rather than distance, and use
internal load metrics (eg, SRPE) to better
quantify training stress.*’

Alternative Approaches to Quantify
Training Load in Runners

Over the last few decades, the combina-
tion of SRPE and training volume (dura-
tion) has provided alternative approaches
to quantify training stress in athletes.
Training impulse®” and training load,
which both incorporate sRPE (typically
on a visual analog scale of 0-10) and
session duration, are most commonly
used to quantify training stress in ath-
letes.'”?537 More recently, the term “train-
ing load™ has been used in coaching and
sports science literature to generally
describe the combination of various ex-
ternal and internal physiological loads of
training sessions.

One of the major limitations of mea-
suring external training load is that it
fails to account for how runners feel dur-
ing a given training session, which is not
only influenced by the external load of
the training session but also by the run-
ner’s state of recovery and daily stress
(eg, sleep, illness, relationships, etc).*7
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As such, the interpretation of running
distance in isolation is an oversimplified
quantification of a runner’s training stress
due to a failure to account for the athlete’s
psychobiological/physiological responses
(ie, internal training loads) that are influ-
enced by daily stress.?>?7?* Because SRPE
correlates with blood lactate concentra-
tion," it can be considered an individu-
alized measure of intensity, and is often
the most practical and preferred means
to quantify internal training load.???
Nevertheless, coupling external (eg, dis-
tance, pace, power, cumulative impact)

[ CLINICAL COMMENTARY ]

and internal (eg, SRPE, heart rate, blood
lactate) metrics to quantify training load
(TABLE 1) provides an even more complete
quantification of training stress.6:18:23.24.33

Because it is challenging to prescribe
training loads due to session-to-session
variability of the internal load response
of an athlete, weekly running volume is
commonly used to prescribe training, as it
is specific and easily understood. Coaches
can qualitatively prescribe intended in-
ternal load with instructions like “easy”
or “hard effort” or “submaximal effort,” or
even use an accepted rating of perceived

HYPOTHETICAL SCENARIOS OF 10-KM
Runs WiTH ESTIMATED LOADS
10-km Recovery Run 10-km Recovery Run Ten 1-km Track Repeats
Parameter (Fresh) (Very Tired) in Rigid Spikes
External loads?
Duration (volume), min:s 37:30 43:20 27:30
Pace, min:s/km 3:45 4:20 2:45
Cadence, steps/min 180 177 198
Estimated steps, n 6750 7669 5445
Estimated peak vGRF, BW¢ 31 29 33
Estimated accumulated 20925 22240 17969
VGRF, BW
Estimated peak ATF, BWe 10.0 91 115
Estimated accumulated 67500 70970 62618
ATF BW
Internal loads
RPE (1-10) 2 5 9
Estimated heart rate, % 70 80 95
maximum
Estimated blood lactate, 25 45 >10
mmol/L
Training loads, AU
Duration x RPE 75 217 248
Accumulated GRF x RPE 42 1 162
(/1000)
Accumulated ATF x RPE 135 855 564
(/1000)
Abbreviations: ATF, Achilles tendon force; AU, arbitrary unit; BW, body weight; GRF, ground reaction
Jorce; RPE, rating of perceived exertion; vGRF, vertical ground reaction force.
aMetrics were estimated from published biomechanical data.
*Data from Chan-Roper et al’ (ie, approximately 1.7% lower cadence with fatigue).
Data from Hanley and Bissas® (ie, cadence of athletes during the 10000-m World Championship
race).
dDat)a from Arampatzis et al' (ie, estimated peak vGRF at different running speeds).
Data from Dorn et al.”® Estimated muscle forces of the gastrocnemius and soleus were summed to esti-
mate the peak ATF. The pealk forces for each tested speed were used to construct a regression to estimate
the peak ATF at the speeds presented in this table.

exertion descriptor (“somewhat hard”).
However, without monitoring the inter-
nal loads experienced by a runner, it is
difficult to quantify the overall training
response. Thus, training loads, including
external load and internal physiological
load, are valuable to quantify and moni-
tor running training over time to truly
understand the overall training stress.

Regardless of the specific variable
used by practitioners, comparisons of
current training stress (ie, acute stress/
fatigue) relative to training stress in pre-
vious training cycles (ie, chronic stress
or accumulated fitness) are also critical
to understanding training adaptation.>”
The concept of quantifying current fa-
tigue (acute) compared to accumulated
fitness (chronic) was proposed over 40
years ago’ but has been popularized more
recently with the acute-chronic workload
ratio (here, “workload” is synonymous
with “load”). Despite the current dis-
agreements and concerns regarding its
use to predict or avoid athletic injuries,*
this ratio can be used to quantify current
fatigue relative to accumulated fitness or
fatigue of any training metric. Regardless
of its ability, or inability, to predict injury
risks, comparing acute training load rel-
ative to chronic training load may help
explain the acute physiological effects of
current training stress relative to fitness.
Thus, monitoring training stress using a
ratio of acute stress to fitness may also
help improve training outcomes,® al-
though it is critical to conduct research
to validate this approach to monitor-
ing training response. Future research
should examine how different external
and internal training load metrics that
seek more specificity (eg, surface specific
and/or intensity specific) can be used to
quantify training stress in distance run-
ners, and how these metrics relate to
training adaptation, fatigue, injury risk,
and/or performance outcomes.

Emerging Moderating Factors

of Running Training Loads

A promising area of emerging research to
quantify training loads may be the sup-
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planting of conventional metrics of ex-
ternal and internal training loads?®-33*
(TABLE 2) with biomechanical metrics,
which could improve estimates of train-
ing stress in runners. These biomechan-
ical metrics could act as moderating
factors (effect-measure modifiers) to ex-
ternal and internal loads and influence
the strength of their relationship with
training load metrics. Compared with
team sports and other endurance sports
(eg, cycling and swimming), distance
running involves variable running sur-
faces (eg, road versus trail versus track),
often over undulating terrain (eg, hills
versus flat), with constant changes in
footwear or foot-strike pattern depend-
ing on workout or competitive needs
(eg, spikes during track sessions ver-
sus cushioned shoes during trail-based
endurance runs). The distribution and
magnitudes of muscle, tendon, bone, and
articular forces are influenced greatly by
these different running conditions. Cou-
pling quantification of these internal
forces with the more traditional metrics
of internal and external training loads is
becoming feasible with recent techno-
logical advances.

The emergence of both commercial
and research-grade wearable technology
(eg, inertial measurement units) presents
the opportunity for continuous monitor-
ing (step by step) of biomechanical fac-
tors during running. Wearable sensors
can quantify various biomechanical data
such as tibial shock, foot-strike angle,
ground contact time, and leg stiffness,
among others,'>?># to enable a more
precise quantification of training stress.
Incorporating biomechanical data from
wearable devices will give greater depth
of knowledge about how running me-
chanics change in different environ-
ments, fatigue states, types of footwear,
and running surfaces, and over the course
of a training program.>36

Substantial research is required to de-
termine best practices and validity for the
integration of biomechanical data into
running training quantification. First, it
is currently unclear which biomechani-

cal variable(s) might be the most useful in
the monitoring of runners. For example,
incorporating the cumulative peak ver-
tical ground reaction force experienced
by runners during training sessions may
improve the predictive ability of running
injury epidemiological studies that have
previously relied almost exclusively on (1)
a single baseline biomechanical analysis
and (2) running volume during training
periods. However, ground reaction force
is a global load experienced by the runner
and provides little insight into specific an-
atomical loads (eg, Achilles tendon force).
Second, best practices for classifying train-
ing loads derived from biomechanical data
are unknown. For instance, determining
whether analyzing biomechanical data
continuously or categorically (eg, high,
low, medium resultant tibial shock mag-
nitude bins)* enhances predictive abilities
of biomechanical data is presently un-
known. Last, the appropriate weighting
of biomechanical metrics against other
training load metrics has not yet been de-
termined. Namely, it is unclear whether a
biomechanical metric should be weighted
equally with running volume and sRPE
(ie, total number of steps times biome-
chanical metric magnitude times sRPE)
when estimating total training stress
(hypothetical examples in TABLE 2). These
3 unknowns will require substantial re-
search prior to widespread adoption and
use of these data by coaches and clinicians.

Running Training Monitoring and
Running-Related Injuries

It is important to consider the multitude
of factors that might cause a running-re-
lated injury. A recently proposed frame-
work for running-related injury etiology
highlights the importance of evaluating
the difference between (1) the cumula-
tive loads applied to specific anatomi-
cal structures during a running session,
and (2) the load capacity of specific ana-
tomical structures that can be modified
during a running session.? Specifically, a
running-related injury occurs when the
structure-specific cumulative load of a
running session exceeds the structure-

specific load capacity. Although it has
become increasingly feasible to measure
cumulative external loads experienced
during a running session via wearable
technology (see TABLE 2), it is challenging
to accurately assess structure-specific
internal tissue loads and tissue capacity
experienced by the musculoskeletal sys-
tem. Importantly, these frameworks for
running-related injury etiology also need
to be applied to individual athlete dif-
ferences in load capacity (eg, bone den-
sity, bone strength, and tendon stiffness),
which certainly will also influence model
predictive outcomes for running-related
injury development. Given the complex-
ity of structure-specific load capacity, it
is not surprising that running distance
alone is an insufficient guide when pre-
scribing training programs to prevent
running-related injury.5** The relation-
ship between cumulative load and cu-
mulative tissue (eg, bone) damage is not
linear. Thus, cumulative damage mea-
sures may be more advantageous than
cumulative load when assessing injury
risk in runners.*

Considering the relationship between
applied loads and resultant tissue dam-
age derived from material testing mod-
els will better inform algorithms used to
determine structure-specific tissue loads
and damage from external loads. For ex-
ample, Kiernan and colleagues®® used a
waist-mounted accelerometer to estimate
the peak vertical ground reaction force
experienced during running training ses-
sions. Summing the peak vertical ground
reaction force per foot strike across a
training session and modeling tissue sus-
ceptibility to damage from applied loads
derived from material testing research'
produced a metric of cumulative “dam-
age” per training session. Runners who
experienced injuries had greater cumu-
lative peak vertical ground reaction force
across a competitive season compared
with runners who finished the season
injury free. Such new methods and find-
ings are intriguing but require verifica-
tion in larger and different populations
of runners before these metrics can be

JOURNAL OF ORTHOPAEDIC & SPORTS PHYSICAL THERAPY

VOLUME 50 | NUMBER 10 | OCTOBER 2020 | 567



Journal of Orthopaedic & Sports Physical Therapy®

Downloaded from www.jospt.org at on October 23, 2024. For personal use only. No other uses without permission.

Copyright © 2020 Journal of Orthopaedic & Sports Physical Therapy®. All rights reserved.

implemented in daily monitoring to help
reduce risk of running-related injury.

Furthermore, the use of external load
metrics (eg, ground reaction forces) as
a surrogate for internal tissue loads (eg,
tibial bone forces) may be misguided.
The peak vertical ground reaction force
is responsible for only 20% to 30% of
peak tibial bone force during running,
whereas muscle forces are the largest
contributor.?® Nevertheless, these data
suggest that coupling biomechanics ob-
tained from wearable devices with esti-
mates of tissue damage may hold promise
for identifying runners who are at risk of
experiencing a running-related injury,
and for enhanced characterization of pe-
ripheral (eg, muscle, tendon, and bone)
training stress. In time, wearable devices
may provide tissue-level estimates of
training loads, provided that the ability
of wearable devices to estimate running
biomechanics improves. Some commer-
cially available wearable devices provide
acceptable estimates of temporospatial
metrics, tibial shock, and peak vertical
ground reaction force during running,
but others still lack the acceptable cri-
terion validity that is necessary prior to
considering their use in injury prediction
models.?? Thus, researchers and clini-
cians are currently limited to estimating
external training loads applied to the
whole runner rather than at the tissue
level. Although training load likely con-
tributes to the development of a running-
related injury, overuse injuries in runners
are multifactorial. It remains to be seen
whether the combination of external load
(eg, distance, duration, steps, ground re-
action forces), physiological internal load
(eg, sSRPE), and internal tissue load (eg,
stress, strain, stiffness), and adaptation
to these loads, will improve our ability to
accurately predict injury.

Moving Forward

Training loads likely play a major role in
causing running-related injury and fa-
cilitating optimal training adaptations.
However, there is inconclusive evidence
regarding the influence of running train-

ing loads and training errors on running
injury development.® The absence of
evidence might be because most studies
use running distance as the sole measure
of training load. We argue that this ap-
proach does not adequately quantify the
training stress experienced by runners.
Refined approaches for better and safer
recommendations for progressing run-
ning training are needed.

Future prospective research on run-
ning-related injury should appropriately
quantify and report training loads. This
can be as simple as minutes run per ses-
sion multiplied by sRPE, which does not
require sophisticated measuring devices.
We believe the future of training moni-
toring should emphasize biomechanical
external load metrics™ coupled with inter-
nal (ie, physiological/psychological) load
metrics. Even with the best monitoring
approaches, differences in an individual
runner’s tissue load capacity will always
make injury prediction elusive. Though
it may be difficult to change the running
culture’s obsession with weekly distance,
more advanced methods for quantify-
ing running training may improve run-
ning training monitoring. Once advanced
methods are developed, educating clini-
cians and coaches will be key to ensuring
that these tools and approaches are used
effectively to improve injury risk reduction
and, ultimately, performance. ®
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FIGURE 1. Bilateral anteroposterior radiographs of the knees demonstrating osteoblastic,
sclerotic, and lytic changes with expansion of the left femur. A lamellated periosteal reaction
involving the diaphysis is also apparent. Further, disorganization of the marrow matrix can
be appreciated. Physeal growth plates were consistent with skeletal age.

MUSCULOSKELETAL IMAGING ]

FIGURE 2. Lateral radiograph of the left femur showing circumferential expansion of the
femoral diaphysis due to osteoblastic/sclerotic and lytic changes. A lamellated periosteal
reaction can be seen extending approximately 13 to 14 cm proximally from the metaphysis.
Physeal growth plates were consistent with skeletal age.

Chronic Nonbacterial Osteomyelitis

JAMES PLUMMER, PT, DPT, OCS, SCS, FAAOMPT, Table Mountain Physical Therapy, Oroville, CA.

9-YEAR-OLD ACTIVE GIRL PRESENT-

ed to physical therapy via direct ac-

cess with intermittent severe pain
deep in the distal third of her left thigh that
had a 2-year history. Twenty months prior,
her pediatrician ordered radiographs that
were noncontributory. She was diagnosed
with “growing pains” and treated with ac-
etaminophen. Her medical history was not
significant for other pathology.

Upon presentation, the patient re-
ported an inconsistent frequency of pain
in the left knee that was only present at
night and would wake her from sleep.
Her symptoms were not provoked with
activity or participation in sports (soccer
and gymnastics). Her symptoms would
be present for approximately 3 nights

and then absent for 3 weeks. She report-
ed her primary complaint, though absent
on presentation, to be a “sharp” pain that
was 8/10 on the verbal numeric pain rat-
ing scale at its worst. No other constitu-
tional symptoms were reported.

Upon examination, her gait cycle was
normal, leg lengths were equivalent, and
range of motion at the knee was full and
pain free. Her lower extremity strength
was 4+/5, with mild pain elicited during
resisted knee extension. On palpation, an
osseous nontender enlargement of the fe-
mur, 1 cm larger in girth, was found 10
cm proximal to the patella. Due to this
abnormality, the patient was referred to
her pediatrician for imaging.

Radiographs demonstrated an ex-

pansile bone lesion with a mixed matrix
concerning for Ewing’s sarcoma (FIGURES
1 and 2). An open surgical biopsy deter-
mined the mass to be benign and without
markers of infectious agents, consistent
with nonbacterial osteomyelitis."> Con-
servative management of naproxen was
initiated, with a good prognosis. Fol-
lowing biopsy, the patient was cleared to
resume usual activities after 2 weeks of
weight bearing as tolerated.

Chronic nonbacterial osteomyelitis
is a rare autoimmune disorder that fre-
quently affects long bones. It affects girls,
from the ages of 7 to 12 years, more often
than boys. ®@ J Orthop Sports Phys Ther
2020;50(10):585. doi:10.2519/jospt.
2020.9221
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FIGURE 2. Lateral “frog-leg” radiograph of the right hip demonstrating a calcification (arrow)
in the medial thigh.

20-YEAR-OLD MALE COLLEGIATE
Asoccer goalkeeper presented to an

athletic trainer during the season
complaining of right (dominant kicking
leg) groin pain.! Symptoms began in-
sidiously 2 weeks prior, as lateral motion
and kicking became painful. The athletic
trainer identified a mass and hematoma
(FIGURE 1, available at www.jospt.org) and
suspected myositis ossificans. The patient
was referred to the team physician, who
ordered radiographs (FIGURE 2) and mag-
netic resonance imaging (FIGURE 3; FIGURE 4,
available at www.jospt.org) to confirm the
diagnosis and rule out injuries to the core
muscle group, pelvis, and hip. Imaging
demonstrated an adductor longus muscle
strain with myositis ossificans.> He was
prescribed diclofenac, referred to physical

FIGURE 3. Axial, T2-weighted magnetic resonance image of the upper right leg demonstrating

an approximately 6 x 2 x 2-cm adductor longus zone of muscle injury (orange arrow),
including a roughly 1 x 2-cm zone of intramuscular hematoma (blue arrows).

Myositis Ossificans of the Adductor
Longus in a Soccer Player

MICHAEL ZARRO, PT, DPT, SCS, CSCS, Department of Physical Therapy and Rehabilitation Science,
University of Maryland School of Medicine, Baltimore, MD.
KATHLEEN TAMBERRINO, MS, ATC, Loyola University Maryland, Baltimore, MD.
E. MCKENZIE BANE, PT, DPT, ATC, SCS, CSCS, MedStar Health, National Rehabilitation Network, Columbia, MD.

therapy, and allowed to continue competi-
tion as tolerated, based on symptoms.
Physical therapy examination re-
vealed limitations in right hip internal
rotation, 1- and 2-joint hip flexor and
adductor longus extensibility, and lum-
bar segmental mobility. The adductor
squeeze test® measured 103 mmHg and
his scores on the Copenhagen Hip and
Groin Outcome Score (HAGOS) physi-
cal function in sports and recreation and
quality of life subscales were 43.75 and
45 out of 100, respectively (higher scores
representing no hip or groin problems).?
No other impairments were noted.
Rehabilitation included progressive
adductor loading, lumbopelvic control
exercises, hip joint and lumbar spine
mobilizations, and adductor longus soft

tissue mobilization. In 9 sessions over
6 weeks, pain-free squeeze improved
to 177 mmHg. His HAGOS scores im-
proved to 84.4 and 65.0 on the physical
function in sports and recreation and
quality of life subscales, respectively. He
was able to change directions and kick
without symptoms. Initial impairments
resolved; however, the mass remained
palpable, and radiographs taken 2 weeks
after the season (8 weeks after the onset
of symptoms) demonstrated no change.

Impairment-based rehabilitation en-
abled continued sports competition with-
out time loss, despite concerning initial
presentation and the presence of myo-
sitis ossificans. @ J Orthop Sports Phys
Ther 2020;50(10):586. doi:10.2519/jospt.
2020.9573
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