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Abstract: Understanding the in-game demands placed on athletes may allow practitioners to design
improved training protocols to prepare athletes for competitive demands. This study aimed to
quantify the competitive movement demands of professional American football athletes and to
determine any inter-positional differences that may exist. Player tracking data were collected from
2018 to 2020 regular season games of the National Football League. Distance, maximum velocity,
high-velocity efforts and distance, and acceleration and deceleration efforts and distance were used
to evaluate competitive movement demands. To determine position-specific demands, each player
was classified by their designated position, and velocity data from competitive games were used to
develop position-specific velocity thresholds. One-way ANOVA and post hoc Bonferroni statistical
analysis were used to determine inter-positional difference. Significant (p < 0.05) positional differences
were found for all load metrics with respect to competitive game demands. Generally, wide receivers
and defensive backs had faster maximum velocities, higher distances, and more acceleration and
deceleration efforts and distance than other positions. Linebackers accumulated the most high-
velocity efforts and distance. Lineman had the lowest values for all assessed metrics. These findings
may assist the performance staff in developing improved training and return-to-play protocols with
the aim of improving player performance and mitigating injury.

Keywords: American football; athletic performance; load monitoring; benchmarking

1. Introduction

American football is a field-based collision sport characterized by high intensity multi-
directional movements and repeated high-velocity sprints separated by periods of rest [1,2].
The combination of high-intensity accelerations and decelerations, high-velocity running,
and collisions from blocking and tackling, collectively, may place American football players
at an increased risk for injury compared to other team sports [3]. In the National Football
League (NFL), 60% of all injuries occur in the lower extremity, resulting in a considerable
number of player-days missed [4]. As such, the prevention and treatment of lower extremity
injuries remain a priority for medical and performance staff aiming to maximize player
availability. While many lower extremity injuries are multifactorial in nature [5-8], the
literature has found a relationship between player workloads and soft tissue injury [9,10].
A deeper understanding of the position-specific game demands may assist practitioners in
developing training programs to prepare athletes for competition and potentially mitigate
injury risk [11]. Furthermore, understanding competitive demands may provide increased
insight to position-specific training programs to better optimize on-field performance [3,11].
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The utilization of wearable sensor technology for player tracking has been common-
place in team sports for over a decade and has facilitated the understanding of movement
demands across competition and training [12]. The technology, including global positioning
systems (GPS) and local positioning systems (LPS), has been validated within the scientific
literature for the quantification of athletic movements associated with team sport, includ-
ing distance, velocity, and acceleration [13-17]. Recently, this technology has emerged in
American football to provide greater context around the physical requirements of the sport,
which have previously relied on observational reports [18].

Much of the reported data associated with game and training demands in American
football have been conducted at the high school [19] and collegiate [3,20-22] levels. These
studies have generally found that players on the offensive and defensive lines accumulated
less total distance and high velocity distance compared to non-linemen [3,19,20]. Con-
versely, linemen tend to engage in a higher volume of collisions and contacts compared to
other positions [22]. These positional trends represent a useful starting point for exploring
the physical activities of the game but may lack specificity to the capabilities of an elite
professional athlete during an NFL game.

Ward et al. [10] reported on the movement demands of NFL players during practice
and reported differences in running volumes, intensities, and sport-specific movements
across positions. They found that defensive backs and wide receivers had a greater total
distance than other positions, while offensive and defensive linemen had the largest number
of sport-specific movements. These authors also found that distances observed in their
study were greater than those reported during a collegiate football practice [10]. These
authors were the first to report on position-specific movement demands of NFL football
players; however, these data were collected on a single team during one preseason training
camp. Due to the limited number of datasets, these findings may not be representative of
every NFL football team. Furthermore, the investigation did not provide detail on specific
movement demands associated with competitive games.

In 2015, the NFL implemented a league-wide initiative, called Next Gen Stats (NGS),
to quantify the movement demands of NFL players during games [23]. Through NGS, an
LPS tracking system (Zebra Technologies, Lincolnshire, IL, USA) captured player data,
including on-field location and velocity, during every game using ultra-wide band receivers
and radiofrequency identification (RFID) tags installed in the players’ shoulder pads.
These tracking data are processed to output metrics associated with movement, such as
total distance and maximum velocity, along with acceleration and deceleration efforts.
Zebra Technologies [24] reported the on-field position data to be accurate to within 15 cm.
Hagan [25] used measured distances and timing gates to assess the velocities and distances
traveled by six athletes in six different field tests. For all tests, he found an overall error of
0.83 m for every 45.7 m of distance and velocities were reported within 0.80 kmh~!. To date,
the use of NGS player tracking data has been limited to use by NFL teams, for player health
and safety initiatives, and to enhance viewer experience during television broadcasts [23].

This study aims to characterize the position-specific movement demands associated
with a professional football game and to identify differences which may exist between posi-
tion groups. Significant differences in competitive movements demands are hypothesized
to exist between position groups.

2. Materials and Methods

NGS tracking data from 768 regular season games from the 2018-2020 seasons were
retrospectively analyzed. Two RFID tags were affixed to the epaulet in the shoulder pads of
every player; linemen had a third tag on their shoulder pads centered across the back. Tags
were sampled at 10 Hz and used to quantify the locomotor activity of players during each
game. While this technology was initially designed to capture movement during discrete
plays, a substantial amount of activity is performed between plays as players run on and
off the field. Therefore, the locomotor activity was collected while each individual was on
the field of play starting with the opening kickoff through the end of the game. For this
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paper, the field of play was defined as within 0.91 m of the sideline and 4.57 m from the
back of the endzone. Furthermore, a player had to participate in at least one play during
the game to be included. To explore inter-positional movement demands, players were
categorized into positions as designated by their respective NFL franchise: cornerbacks
(CBs; n = 455), safeties (Ss; n = 450), defensive linemen (DLs; n = 732), linebackers (LBs;
n = 667), offensive linemen (OLs; n = 779), quarterbacks (QBs; n = 182), running backs (RBs;
n = 418), tight ends (TEs; n = 325), and wide receivers (WRs; n = 663).

Metrics calculated from the tracking data included distance, maximum velocity, high-
velocity efforts and distance, acceleration efforts and distance, and deceleration efforts and
distance. The operational definitions used to quantify these variables are detailed in Table 1.
Values were summarized on a player-game basis to describe game demands while the
player is on-field.

Table 1. Load metric definitions.

Metric

Definition

Total Distance

Meters traveled during a game while the player is on-field

Maximum Velocity Peak velocity achieved for a player while on-field

Positional Maximum Velocity
High-Velocity Effort
High-Velocity Distance
Acceleration (Deceleration) Effort

Acceleration (Deceleration) Distance

Maximum velocity per position used to calculate high-velocity thresholds.
Calculated as the 75th percentile of all maximum velocities from player-games.
Count of times a player reaches a velocity above 85% of his positional maximum
velocity and sustains that velocity for at least 0.5 s
Total distance traveled by a player at velocities above 85% of his positional
maximum velocity
Count of times a player accelerates above 3.5 ms~2 (decelerates below —3.5 ms~2)
and sustains that acceleration for 0.3 s
Total distance traveled by a player while accelerating above 3.5 ms~2 (decelerating
below —3.5 ms~2)

The prior literature [22] found positional differences in maximum velocities; however,
most authors used absolute thresholds to define sprinting and running velocities. An
absolute threshold may indicate that certain positions never achieve sprinting velocities,
failing to consider the individual sprinting capacity of the player. To account for distinct
high-velocity capacities by positions, thresholds were determined relative to positional
maximum velocities. Position-specific maximum velocity was defined as the 75th percentile
value observed in all player—games in order to estimate the top velocity capabilities of all
players within a position. This percentile was chosen over an average or median to account
for different opportunities for players to achieve high velocities. Some players may have
only participated in a limited number of plays and were not afforded the opportunity to
achieve their true maximum velocity during a game.

Data are represented as mean + standard deviation. Distributions illustrate the
movement demands of all NFL players. One-way ANOVA determined the positional
group main effects for each metric. Post hoc Bonferroni tests were used for all the main
effects detected by one-way ANOVA to determine the statistical significance between
positions. Alpha intervals were set an a priori at p-value < 0.05 as the level of significance
for statistical tests. Data were analyzed using the SciPy (1.5.1) and StatsModels (0.12.2)
modules in Python v3.8.3.

3. Results

Data for all in-game variables are reported in Table 2. One-way ANOVA found
significant main effects for all metrics (p < 0.01). Post hoc testing revealed a substantial
number of statistically significant differences between positions (p < 0.05). To simplify
reporting, findings are only reported where there was no significance between position
groups for all tracking metrics. All other findings were found to be statistically significant
(p < 0.05).
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Table 2. In-game player loads by position. Data are mean =+ SD. Statistically insignificant between-position findings are reported in the final row. All others were
observed to be statistically significant (p < 0.05).

Positional Maximum High- High-
- Maximum # Player— . . 8 8 Acceleration  Acceleration Deceleration Deceleration
Position . Plays Distance (m) Velocity Velocity Velocity . .
Velocity Games (kmh-1) Efforts Distance (m) Efforts Distance (m) Efforts Distance (m)
(kmh—1)
CB 33.0 7310 43 +£23 3305 + 1340 314+£23 44437 80.9 £ 89.2 42.3 +20.1 59.9 £24.7 219 £12.7 40.7 £22.0
S 33.0 6493 45+24 3466 + 1280 30.8 £2.1 43+£37 78.9 + 83.8 404 £17.0 60.9 +22.2 23.5+13.5 432 £232
LB 31.1 9730 39+21 2853 + 975 292+£25 51+43 98.5 £101.0 411 £ 18.6 54.7 £ 20.8 197 £ 124 33.3 £20.0
DL 259 10,649 36 £ 16 2096 + 811 241 +£3.0 20+29 29.5 £ 63.7 17.7 £ 12.8 232 +16.2 6.9 £54 87+L76
OL 22.5 10,972 48 +28 2061 £ 1061 20.4+3.0 14+17 13.7 £19.9 14.8 + 144 13.6 £10.3 33+33 35+3.6
QB 28.5 1921 52 +£23 2806 + 1103 259 £4.7 23+31 38.9 £70.0 36.7 £19.6 342 £ 185 142+ 8.1 189+ 113
RB 29.8 5569 26 £ 14 2181 + 884 294 +3.0 3.6 +37 72.9 £90.4 35.6 +18.9 483 £23.0 143 +85 25.7 £15.0
TE 31.9 4514 35+17 2735 £ 1066 27.8+2.6 3.6+35 613 +784 49.6 £ 25.6 57.9 +27.5 144 +9.0 24.6 +£15.7
WR 32.5 7777 37+£19 3188 4+ 1328 30.7 £25 46+38 80.3 £85.0 65.7 £ 35.6 88.5 £42.6 21.8 £125 433 £24.6
CB-WR;
All between position findings were s.ign.iﬁcant (p <0.05) ]EE:S]I;” S_WR C(];]—a\_/\?i{, C(};l_%\—/\%{’ LB-S; OB-RB CB-S QB—RBi )
except for the following: QB-TE RB_TE S WR QB-TE;

RB-TE
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In-game distance depended on the player’s position (Figure 1A). For offensive players,
the WR traveled the greatest distance (3188 & 1328 m), while the S and CB had the most
distance defensively (3466 £ 1280 m, 3305 & 1340 m). Linemen had the least distance per
player-game at 2061 £ 1061 m (OL) and 2096 + 811 m (DL), with no statistical difference
observed between these positions. In-game distances of the QB were also not significantly
different from LB and TE distances (Table S1).
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Figure 1. Distribution of (A) total distance and (B) maximum velocity by an NFL player during a

regular season game based on position group. Horizontal lines represent the 25th, 50th, and 75th
percentiles, and the diamond denotes the average value for each position group.

Maximum velocities varied between positions (Figure 1B). The highest in-game veloci-
ties were achieved by the CB, S, and WR, reaching 31.4 2.3 kmh~1,30.8 +£ 2.1 kmh~!, and
30.7 £ 2.5 kmh 1, respectively, while OL had the lowest maximum velocity (20.4 4 3.0 kmh™1).
The maximum velocities between S and WR were not significantly different (Table S2).

Using position-specific thresholds to define high velocity, the LB had the most high-
velocity efforts (5.1 & 4.3) and high-velocity distance (98.5 & 101.0 m) in game compared to
all other positions (Figure 2). Offensive linemen exhibited the fewest high-velocity efforts
(1.4 £ 1.7) and distance per game (13.7 & 19.9 m). Differences in high-velocity efforts were
significant (p < 0.05) for all pairs of position groups except for the CB and S, CB and WR,
and RB and TE (Table S3). Similarly, only the CB, WR, and S had statistically insignificant
differences in high-velocity distance (Table S4).
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Figure 2. Distribution of high-velocity (A) efforts and (B) distance traveled by an NFL player during
a regular season game based on position group. Horizontal lines represent the 25th, 50th, and 75th
percentiles, and the diamond denotes the average value for each position group.

Wide receivers performed the most acceleration efforts (65.7 &= 35.6) per game and
distance traveled while accelerating above 3.5 ms~2 (88.5 & 42.6 m), while OL had the
fewest number of efforts (14.8 & 14.4) and amount of distance (13.6 £ 10.3 m) per game
among positions (Figure 3A,B). Differences in acceleration efforts were statistically signifi-
cant (p < 0.05) among all positions except for the LB-S and QB-RB (Table S5). Acceleration
distances were statistically significant for all positions except for the CB and S (Table S6).

Safeties had more deceleration efforts per game than any other position at 23.5 & 13.5
(Figure 3C), while linemen had the fewest efforts (DL: 6.9 & 5.4; OL: 3.3 £ 3.3). Statistical
significance (p < 0.05) was seen between positions with few exceptions; the CB and WR were
statistically similar as were the QB, RB, and TE (Table S7). Wide receivers traveled the most
distance per game while decelerating below —3.5 ms~2 with 43.3 + 24.6 m (Figure 3D).
Defensive backs closely followed (S: 43.2 £ 23.2 m; CB: 40.7 £ 22.0 m). Offensive and de-
fensive linemen averaged less than 10 m per game at these deceleration levels (3.5 £ 3.6 m
and 8.7 & 7.6 m, respectively). All positions were statistically different from one another
(p < 0.05; Table S8).
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Figure 3. Distribution of (A) acceleration efforts, (B) acceleration distance, (C) deceleration efforts,
and (D) deceleration distance accumulated by an NFL player during a regular season game based
on position group. Horizontal lines represent the 25th, 50th, and 75th percentiles, and the diamond
denotes the average value for each position group.

4. Discussion

This novel study examined the positional movement demands associated with par-
ticipation in an NFL football game and is the first to report on position-specific loads on
professional football athletes. Positions have different roles to play during a game and
different locomotor demands required of their role. Significant positional differences with
respect to total distance, maximum velocity, high-velocity movements, and acceleration and
deceleration actions were identified. In addition, similarities in locomotor demands were
found between positions that compete against each other during gameplay. For example,
the highest total running volume and maximum velocity were observed in WR on offense
and defensive backs (CB, S) on defense. Conversely, linemen (OL, DL) performed the
least amount of running and exhibited the lowest maximum velocity compared to other
positions. High-velocity efforts, acceleration, and deceleration efforts displayed variability
between positional groups, suggesting movement activity is dependent on the in-play
requirements for each group. Collectively, in addition to describing the locomotor demand
of American football, these findings are relevant to practitioners who are responsible for
physically preparing athletes for competition.

The primary findings of this paper corroborate those of prior studies conducted on
game play in lower levels of American football. In collegiate football matches, wide
receivers and defensive backs performed the highest amount of total distance compared
to other positions [3]. Similar observations were made at the high school level, where
non-linemen positions accumulated greater total distance than linemen [19].

While such trends were observed to be consistent across levels of play, the average
total game distance in this study was lower from that of Wellman and colleagues [3].
This difference might be because Wellman et al. tracked players while they were on the
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sideline as well as on-field, while this analysis only recorded on-field locomotor activities.
Additionally, they quantified demands of a single collegiate team over one season, and
their findings may be specific to how that team was coached; this research observed the
demands of all NFL teams over multiple seasons. This could also explain the high variability
within positions in this study. Teams compete with different tactical schemes depending
on how they are coached, which could affect a player’s in-game demands. The team’s
success or failure to execute in a game could also affect the metric, as teams with many
scores and therefore many kickoffs may accumulate more distance at higher velocities.
Participation levels may also contribute to the positional variability. Some players are
starters and participate in most of a game’s offensive or defensive plays, while others may
only substitute in for a handful. Additionally, players may primarily participate in special
team plays, which may also contribute to the positional variability. This study did not
assess variability within position groups; further work should be undertaken to delineate
the nuances of these tactical schemes and situations.

Linebackers were observed to have the highest number of high velocity efforts
(5.1 & 4.3); however, this group also displayed the largest variability across player—games.
These findings may be specific to the unique roles LB perform on the field; some primarily
serve to rush the QB, others are required to play in space and cover offensive players in the
passing game, and still others may be used primarily to stop running backs on rush plays.
Future research is needed to clearly elucidate the nuanced actions of this diverse position.

The number of high-velocity efforts differ from the sprint counts observed by Wellman
et al. [3] during collegiate football matches. Fewer high-velocity efforts were observed for
WR, CB, and S than Wellman, while linemen had more high-velocity efforts in this study:.
These disagreements may be explained by differences in the thresholds set to define a high
velocity or sprint effort. Wellman used an absolute cutoff of 23 kmh~! as a sprint effort,
which may over-classify sprint efforts for the faster players and under-classify sprint efforts
for slower players [26]. Defining sprints based on an absolute threshold does not account
for the sprint ability of slower positions, likely underestimating their high-velocity running
during a game [26]. Similarly, it may overestimate the high velocity running by faster
players. This study used a threshold of 85% of positional maximum velocity, which may
offer a more robust representation of high-velocity activity by accounting for differences
in maximum velocities and sprint capacity between positions. Such an approach could
be extended in future research to create thresholds for individual athletes based on their
in-game maximum velocity. One limitation of this study is that it does not examine player
demands for running or other velocity zones; future studies should look at in-game loads
at other thresholds. Additionally, further research should work to express the velocity
demands during specific play types (run versus pass) or other discrete actions (e.g., different
wide receiver routes).

Due to the start and stop nature of the sport and the small spaces within which players
must navigate, acceleration and deceleration become a vital component of the game. Using
a threshold of 3.5 ms 2, WR performed the most acceleration efforts, followed by TE on
offense. On defense, S had the highest number of acceleration efforts, with LB closely
following. These observations may be specific to the unique demands of tight ends and
linebackers, who compete against each other. These two groups represent a hybrid or
transitional type of player who is larger and not as fast as the wide receivers and defensive
backs but smaller and faster than the linemen [18,27]. As such, they perform a substantial
amount of activity in small spaces, often hitting and colliding with other players, where
the ability to accelerate is required.

The acceleration and deceleration findings within this study were similar to observa-
tions made at the collegiate level [3], where the wide receiver and defensive backs exhibited
more maximum intensity acceleration and deceleration efforts than other positions. How-
ever, the number of efforts observed for NFL athletes was greater across all positions than
that seen in Wellman’s data despite a similar threshold being used. Athletic ability across a
college team is more heterogenous than the NFL, as many of the collegiate players will not
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make it to the highest level of play. The NFL data may also be more reflective of the upper
limits of physical performance for individuals playing the sport. More specific analysis is
required to differentiate acceleration and deceleration activities during run and pass plays
where positions may perform differently due to the structure of the play and the starting
position of the players in the play (e.g., three-point stance versus standing up right).

The physical requirements within American football diverge based on the role of
each position. Importantly, defensive players should have similar physical abilities to the
offensive players they cover. Robbins [28] found that positions who compete against each
other possessed complementary physical outputs during the NFL combine, suggesting
potential similarities in game demands. For example, the WR runs routes at high velocities
to create opportunities to receive a pass while defensive backs try to mirror them to defend
or intercept the pass. These findings agree with the assumptions of Robbins, as the WR, CB,
and S were observed to have similar amounts of high-velocity efforts and distance.

The same trend is not seen when looking at the deceleration efforts of positions who
compete against one another. Generally, defensive players produced a larger number
of deceleration efforts than their offensive counterparts. Defensive players face unique
demands as they are forced to read and react to the play that the offense is trying to run.
Thus, the defensive players may need to decelerate and change directions to respond to the
actions of the offensive player they are defending.

In addition to not assessing inter-position variability, a limitation is that American
football is a collision sport, and a substantial number of in-play activities are centered
around blocking, hitting, and tackling. This paper presents one aspect of the physical
demands of the game and allows for no understanding of the sport’s impact nature. For
example, across all movement categories, OL and DL performed the lowest in-game volume
and intensity. These positions are made up of the largest players on the field, and their
role is to protect or attack the quarterback. As such, these players perform many collisions
with each other, ultimately limiting their running-based actions. In NFL training camp
practices, while these two positions were observed to perform less locomotor activity than
other groups, inertial sensors captured their impact demands, providing a more complete
picture of their physical requirements and a more holistic view of the sport in general [10].
Future research should seek to understand the collision-based nature of the sport in-game.

5. Conclusions

This study investigated the in-game locomotor demands of American football using
player tracking technology during NFL football games and offers novel insight to the
volume of running, maximum velocities achieved, and amount of high velocity, acceleration,
and deceleration efforts that athletes perform across positional groups. These findings can
be used by practitioners in the training process to optimize player preparation, improve
performance, and mitigate injury risk by describing the position-specific competitive
demands of these elite athletes. For example, data from this study may help performance
coaches develop better training programs during the preseason by providing targets for
the start of the regular season. Furthermore, descriptions of game demands may help with
return to play protocols by providing a better understanding of the locomotor demands
needed for a return to competition. Further studies should continue to explore player and
position-specific movement during NFL games as well as examine how coaches develop
training programs to optimize performance on game days.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13169278/s1, Table S1. Post-hoc results for in-game distance.
Table S2. Post-hoc results for maximum velocity. Table S3. Post-hoc results for high velocity efforts.
Table S4. Post-hoc results for high velocity distance. Table S5. Post-hoc results for acceleration efforts.
Table S6. Post-hoc results for acceleration distance. Table S7. Post-hoc results for deceleration efforts.
Table S8. Post-hoc results for deceleration distance.
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