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OCCUPATIONAL APPLICATIONS

Heavy deadlifting is used as a screening tool or training protocol for recruitment and reten-
tion in physically-demanding occupations, especially in the military. Spinal loads experi-
enced during heavy deadlifts, particularly shearing forces, are well above recommended
thresholds for lumbar spine injury in occupational settings. Although members of the noted
occupation likely have stronger musculoskeletal systems compared to the general popula-
tion, experiencing shearing forces that are 2 to 4 times larger than the threshold of injury,
particularly under repetitive deadlift, may transform a screening tool or training protocol to
an occupationally-harmful physical activity.

TECHNICAL ABSTRACT

Background: Low back pain is a significant problem and one of the primary musculoskel-
etal conditions affecting active duty service members. There is a need to comprehensively
assess the effects of repetitive deadlifts as a physical training modality on lumbar spine
loads and the potential mechanisms involved in lumbosacral injuries among soldiers.
Purpose: The purpose of this narrative review is to summarize studies of low back biomech-
anics during repetitive deadlifts as used in training programs to improve lifting capacity.
Methods: PubMed and Google Scholar were searched for studies of lifting that met our
inclusion and exclusion criteria. Only full text articles in English were included, and their ref-
erence lists were further searched.

Results: Heavy deadlifts can result in large compressive and shearing spinal loads that
range from 5—18kN, and 1.3 — 3.2 kN, respectively. No studies of lower back biomechanics
during repetitive deadlifts were found. However, findings of studies that investigated lower
back biomechanics during other types of repetitive lifting suggest a high likelihood for
adverse changes in lower back biomechanics that can increase risk of lower back injury.
Conclusion: Repetitive deadlifting is increasingly implemented as a training modality to
develop maximal lifting capacities required in military occupations. Further research is
needed to understand the effects of such a training modality on lower back biomechanics
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and risk of injury.

1. Introduction

Low back pain is a significant problem and one of the
primary musculoskeletal-related conditions affecting
duty members (AFHSB, 2017).
Approximately 34% of all outpatient visits and 54% of
all hospitalization by active duty soldiers were visits

active service

related to vertebral column injuries, of which 78% of
the outpatient visits and 55% of the hospitalizations
were due to injuries in the lumbosacral region
(APHC, 2016; Punnett et al., 1991). Low back pain,
therefore, not only imposes considerable medical cost
to the military, but also negatively affects training par-
ticipation and deployment readiness.

The Army Combat Fitness Test (ACFT) is a new
battery of physical tests that, in part, is aimed at
reducing musculoskeletal disorders among service
members by assuring that soldiers meet a minimum
level of physical fitness (Nindl et al., 2017). These tests
were designed to quantify a soldier’s ability to per-
form soldiering tasks in a deployed environment
(Foulis, Redmond, et al., 2017; Foulis, Sharp, et al.,
2017). However, one of the ACFT events, the deadlift,
places a considerable mechanical load on the lower
back and may be associated with risk of low back
injury, particularly because preparation for the deadlift
test typically involves a repetitive lifting training pro-
gram (Hales, 2010; Stand, 2009). Military unit physical
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Table 1. Inclusion and exclusion criteria for literature search.

Inclusion criteria:
1. Published in a peer reviewed journal, in English

2. Instrumentation identified using 2 D/3D motion capture, force plates, or electromyography

3. Performing the deadlift with a conventional or hexagonal bar
4. Repetitive lifting with the purpose to induce fatigue

5. Lifting from floor to mid-thigh/waist height

Exclusion criteria:

1. Stooped lifting or lifting from a constrained position

2. Asymmetrical lift

fitness training takes place five times per week during
the weekdays to improve warfighter performance
(Field-Manual 7-22, 2020). However, increasing lifting
capacity through periodization and programming to
balance the natural effects of fatigue (Travis &
Walters, 2020) is not well implemented/understood
due to the array of challenges seen in the military
environment from logistics to physiological diversity
in the population (Wardle & Greeves, 2017). The
premise behind the adaptation of repetitive deadlift
training, particularly using a repetitions-to-failure
(RTF) methodology, is its effectiveness in causing
muscle hypertrophy (Dinyer et al, 2019; Haff &
Triplett, 2016; Stefanaki et al,, 2019). However, low
back injuries are prevalent among deadlifters, specific-
ally those training to increase their one-repetition
maximum deadlift (Bengtsson et al., 2018; Calhoon &
Fry, 1999). Considering the likely utilization of RTF
training to pass a deadlift event requirement, espe-
cially with the popularization of CrossFit-type exercise
training and given the associated injury risk for the
lower back, it is important to gain a better under-
standing of the lower back biomechanics under repeti-
tive deadlifting.

Repetitive loading of spinal tissues, particularly
under high magnitude spinal loads, has been associ-
ated with high risk of fatigue failure in spinal tissues
(Amin et al., 2020). It is hence important to verify
that service members do not put themselves at high
risk of low back injury in preparation to pass the
deadlift event of the ACFT. Therefore, the purpose of
this narrative review was to summarize studies of low
back biomechanics during repetitive deadlift. Such a
summary of scientific evidence will highlight the level
of risk for low back injury that is associated with
repetitive deadlift training. It can further reveal the
gaps in the existing literature concerning the impact
of repetitive deadlift training on low back biomechan-
ics and the associated risk of low back injuries.

2. Methods

A review of the literature was conducted by using
PubMed and Google Scholar search engines for

English language articles until December 2019. Two
sets of key word searches were used: [(deadlift) AND
((biomechanics) OR (spine))] and [((repetitive lifting)
OR (box lift) OR (deadlift)) AND (fatigue) AND
((biomechanics) OR (spine))]. Inclusion and exclusion
criteria are indicated in Table 1. Only full text articles
were included, and their reference lists and “related
articles” in Google Scholar were further searched to
find relevant sources that were not identified during
database searches.

3. Results

An initial search of the key words yielded 108 articles,
which was narrowed down using the exclusion and
inclusion criteria (Table 1), leading to the final 17
articles (Figure 1). The first author reviewed all poten-
tial articles starting with key words in titles, followed
by reading abstracts, and retrieving full text articles.
The final decision on the inclusion of articles was
made by two of the authors (VR and BB). All of the
identified deadlift studies involved one to three repeti-
tions of a deadlift with varying relative loads. More
specifically, no study on deadlift RTF was found that
analyzed any aspect of lower back biomechanics.
However, eight studies reported changes in different
aspects of lower back biomechanics under repetitive
lifting techniques other than deadlift that have also
been included in this review, which were only
included if they were symmetrical lifts from the floor
to waist level. Accordingly, the findings of reviewed
studies are presented in two sections; section one is
focused on biomechanics of the lower back under a
typical deadlift task, and section two is focused on
changes in biomechanics of the lower back during
repetitive lifting other than deadlifting. The Appendix
summarizes each reviewed article in terms of method-
ology and relevant findings.

Lower back kinetics during deadlifting has been
characterized using measures of net moment, and
compressive and shearing forces at the lower portion
of the lumbar spine, and these outcomes were found
to be dependent on the magnitude of lifted load (e.g.,
a given percent of maximum load that can be lifted in
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Figure 1. Study exclusion flow diagram.

one repetition, or 1RM), bar type (e.g., straight bar,
low handle hexagonal bar, and high-handle hexagonal
bar), and gender. Swinton et al. (2011) assessed the
L5/S1 net moments over a range of relative loads
(10% 1RM to 80% 1RM) between the straight bar
deadlift (mean 1RM: 244.5+39.5kg) and low handle
hexagonal bar deadlift (mean 1RM: 265.0 +41.8 kg).
When deadlifting with the straight bar, they found
that peak lumbar net moment increased from
245+46.3Nm at 10% 1RM, to 446.9+73.9 Nm at 80%
1RM. When lifting with the hexagonal bar, peak lum-
bar net moment at 10% 1RM was 209 +48.6 Nm and
increased to 409.2+73.9Nm at 80% 1RM. Significant
differences in net moments between the two bar types
were found only within the 10% to 60% 1RM range.
Cholewicki et al. (1991) found that the L4/5 net
moments ranged from 254.6 to 460.1Nm among
women, and 445 to 1071 Nm among men, when per-
forming a I1RM deadlift (women mean 1RM:
145.8 +18.4kg; men mean 1RM; 256.7 £29.9kg) with
the straight bar. While performing a 75% 1RM dead-
lift (mean I1RM: 107.0+40.6kg), Eltoukhy et al
(2016) reported lumbar shear forces to be greatest at
the L5 level of the lumbar spine, with a peak value of
1,903 £936 N for generally fit males, while Cholewicki
et al. (1991) found shear forces ranged from 2,150 N
to 3,276 N among competitive male lifters, and from
1,363N to 1,778 N among competitive female lifters.
Eltoukhy et al. (2016) reported peak axial compressive
forces of 7,963+2,784 N, which occurred at the L5
level among male lifters during the final phase of the
lift (standing). The L4/5 compressive forces at the

time of lift off was reported by Cholewicki et al.
(1991) to range from 7,942 to 18,449N and from
5,090 to 8,018N in male and female participants,
respectively, when performing a 1RM.

While Eltoukhy et al. (2016) recruited generally fit
males with lower 1IRM (men: 107 +40.6 kg), the study
population in the Cholewicki et al. (1991) study con-
sisted of competitors during a Powerlifting
Competition who had much higher 1RM. This differ-
ence in study samples suggests that the differences in
the magnitudes of lumbar loading can be attributed in
part to the loads lifted. Contrasting the findings of
Cholewicki et al. (1991) and other earlier studies of
spinal loads during lifting, Eltoukhy et al. (2016)
reported the maximum compressive force to occur at
the standing position as opposed to the time of lift
off. Such contradictory results are likely due to the
absence of muscles in the biomechanical model used
by the latter group to estimate spinal loads. In the
absence of muscle forces, the major contributor to
spinal load is gravitational force, which is more direc-
tionally aligned with and tends to contribute more to
compressive spinal force in upright standing versus a
forward bent posture.

Lower back kinematics during the deadlift has gen-
erally been characterized using a measure of trunk
posture/rotation and has been investigated in terms of
the effects of lifting styles and bar types. Escamilla
et al. (2000) and McGuigan and Wilson (1996) found
significant differences between trunk angles at lift off
between the sumo style and the conventional style of
deadlifts while performing a 1IRM. A sumo style lift
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places the trunk in a more vertical position (ranging
from 57° to 65.5°), while in conventional style dead-
lifts the trunk is in a more horizontal position (ranged
from 66.7° to 73.4°). Swinton et al. (2011) found no
differences in maximum trunk flexion during the
straight bar deadlift (55.2 +9.8°) versus the low handle
hexagonal bar deadlift (57.9+£9.8°). It should be men-
tioned that all of aforementioned studies recruited
skilled competitive powerlifters, similar to Cholewicki
et al. (1991).

Activity of the trunk muscles during heavy deadlifts
has also been investigated. In general, trunk muscle
activity was not found to be affected by lifting style
and bar type. According to Escamilla et al. (2002),
there were no differences in muscle activation at the
L3 and the T12 paraspinals when performing three
repetitions of a 12RM deadlift between sumo and con-
ventional styles. Similarly, Camara et al. (2016) found
that erector spinae muscle activities were similar dur-
ing the concentric phase (lifting phase) of a low han-
dle hexagonal bar deadlift and a conventional straight
bar deadlift.

Alterations in biomechanics of the lumbar region
during repetitive lifting have been reported in work-
site settings. Unlike the deadlift, which requires lifting
extremely heavy weights, studies in the occupational
setting were performed that required lifting 10 — 13 kg
boxes from the floor to waist level (Bonato et al,
2003; Boocock et al., 2015, 2019; Dolan & Adams,
1998; Ebenbichler et al.,, 2002; Potvin & Norman,
1993; Sparto et al., 1997a, 1997b). Although substan-
tially different in the magnitude of the load compared
to deadlifts, results of these studies highlight changes
in biomechanics of the lumbar spine due to fatiguing
effects of repetitive lifting (see the following para-
graphs) — an effect that is likely to be much larger for
repetitive heavy deadlift (Gallagher & Heberger, 2013).
Repetitive lifting is further discussed in the following
paragraphs under two conditions: a self-selected pace
and a pre-selected pace (metronome).

Similar to studies of the deadlift, lumbar kinetics
have been characterized using measures of net
moment, and compressive and shearing forces at the
lower portion of the lumbar spine. Dolan and Adams
(1998) used a self-selected pace for a fatiguing lifting
task (100 lifts with 10 kg weight) and found a decrease
in compressive forces at the lumbar spine from
3,588+823N to 3,190+ 1139N. They also found an
increase in passive bending moments from 20% to
27.1% of the elastic limit of the osteo-ligamentous
lumbar spine, and that the net moment acting on the
L5/S1 significantly decreased by 11.9%. Sparto et al.

(1997b) conducted a maximal-lifting rate protocol that
involved lifting 25% of maximal iso-inertial lifting
capacity as many times as possible and compared kin-
etics during the initial and final three repetitions.
Although lifting frequency remained unchanged (39
lifts/minute), they reported a significant decrease in
average lifting force (ie, from 254+94N to
205+ 31 N) and adecrease in lumbar net moment (i.e.,
from 188 +39Nm to 159 +24 Nm).

Boocock et al. (2019) explored repetitive lifting to
exhaustion of a 13kg box at a pre-selected rate of 10
lifts/minute for 20 minutes, finding an increase in pas-
sive bending moment of the L5/S1 from 46.2Nm to
95.8Nm between the first and last minutes of the
task. Although passive bending moments did increase,
they reported no significant change in the L5/S1 net
moment. During a faster paced repetitive lifting task
(i.e. 20 lifts/minute for 20 minutes), these same
authors reported larger differences in the L5/S1 net
moment between younger versus older (179.6 Nm ver-
sus 153.1 Nm) manual material handlers throughout
the task. Bonato et al. (2003) also explored the effects
of repetitive lifting to fatigue while performing 12
lifts/minute for 4.5minutes of a 13kg box on lower
back kinetics. They reported a decrease in net
moment, an increase in peak compressive forces, and
an increase in peak absolute shear force at L4/5 at the
time of maximum vertical box acceleration. Using the
same load and rate of lifting as the Bonato et al.
(2003) study, Ebenbichler et al. (2002) found contra-
dictory results, specifically a significant increase in the
L4/5 net moment during the lifting task. Differing
methodologies of data collection and analysis may
have contributed to the conflicting results regarding
lumbar net moments and compressive forces in stud-
ies that used a pre-selected pace. Dolan and Adams
(1998) used a 3SPACE ISOTRAK to collect lumbar
spine kinematics and obtained electromyography
(EMG) of the erector spinae, and estimated compres-
sive force acting on the lumbar spine by dividing the
peak extensor moment by the equivalent level arm for
the back muscles. Ebenbichler et al. (2002), Bonato
et al. (2003), and Boocock et al. (2019), in contrast, all
implemented an inverse dynamics approach to esti-
mate lumbar kinetics using kinematic data along with
ground reaction forces each collected by a differ-
ent systems.

Kinematic alterations in the lumbar region have
been reported for repetitive occupational lifting using
trunk, lumbar, and lumbosacral angles. Boocock et al.
(2019) compared kinematic variables between the first
minute and the final minute of repetitive lifting to
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failure. They found that percent lumbosacral and
trunk flexion significantly increased from 71.7% to
98.4% and 63.9% to 87.7%, respectively. In a similar
methodological study, Boocock et al. (2015) explored
age-related differences among manual material han-
dlers. Changes in lumbosacral flexion were found to
be influenced by participant age, such that older par-
ticipants started with a greater percent lumbosacral
flexion compared to younger participants, but end up
completing the task at a lower percent of lumbosacral
flexion (98.5% vs 81.6%). Consistent with the results
of Boocock et al. (2019) and independent of age dif-
ferences, lumbosacral flexion of participants was
found to increase from the first minute to the final
minute of repetitive lifting. Bonato et al. (2003)
reported an increase in trunk range of motion and no
changes in postural index during repetitive lifting.
They also reported a trend over time, where those
that started with a stoop lift changed to a more squat
lift. Conversely, Ebenbichler et al. (2002) found a
transition from a squat lift to a stooped lifting style
while utilizing the same repetitive lifting task as
Bonato et al. (2003). Dolan and Adams (1998) also
found a significant increase in percent peak lumbar
flexion over time, which increased from 83.3% to
90.4%. The maximal-lifting rate protocol (as many
lifts as possible) use by Sparto et al. (1997b) induced
an increase in peak lumbar spine flexion (35+ 16° to
38£16°) over the duration of the lifting protocol,
which equates to approximately 34 +23% of the osteo-
ligamentous elastic limit. Similar to Ebenbichler et al.
(2002), Sparto et al. (1997a) found a postural strategy
shift from a squat lift to a more stooped lifting style.
Sparto et al. (1997a) also found an increases in both
the average lumbar spine phase angle (68+11° to
77 £13°) and the average hip-lumbar spine relative
phase angle (14+12° to 22+ 18°) were reported dur-
ing a repetitive lifting task to fatigue. But, frontal- and
transverse-plane motions of the trunk were not
affected by fatigue, showing sagittal plane motion was
mostly affected by the symmetrical lifting task.
Potential muscle fatigue in the erector spinae dur-
ing repetitive lifting is typically measured via changes
in EMG median frequency. Boocock et al. (2015)
found EMG median frequency intercepts decreased
pre- to post-repetitive lifting in young and old indi-
viduals. However, within the young individuals there
was a greater decrease in the lower erector spinae
median frequency intercept (12% decrease) compared
to the upper erector spinae (9.4% decrease). Dolan
and Adams (1998) also examing pre- and post- iso-
metric strength testing of the lumbar spine and found

significant decreases in median frequency intercept
and gradient at L3, indicating that the dynamic task
caused measurable fatigue. Similarly, Potvin and
Norman (1993) found a significant decrease in mean
power frequency in the lumbar muscles during a 20-
min lifting session and in the thoracic muscles during
a 2-hour lifting session.

4. Discussion

The purpose of this literature review was to summar-
ize earlier evidence of lower back biomechanics during
repetitive deadlifts in the sagittal plane. Deadlifting a
load representing 75 to 100% of an individual’s max-
imum lifting capacity, particularly among competitive
lifters, imposed very large mechanical demands on the
lower back. The “starting” or “lift off” was reported to
be the lifting position associated with the greatest
mechanical demand on the lumbar spine during the
deadlift. Specifically, the maximum compressive forces
reached 18 kN among men and 8kN among women,
and the maximum shearing forces reached 3kN
among men and 2kN among women (Cholewicki
et al., 1991; Eltoukhy et al., 2016). While several
research groups have investigated different aspects of
lower back biomechanics during one to three cycles of
deadlifting, we could not identify any earlier studies
of lower back biomechanics during repetitive deadlifts.

Shearing and compressive forces contribute to
intervertebral disk pathologies including disk protru-
sions and prolapse (Adams & Dolan, 2005; Gordon
et al, 1991; Seidler et al, 2003). Reported injury
thresholds for lumbar spine segments range between
5—10kN and between 1 —2kN for compressive and
shearing forces, respectively (Gallagher & Marras,
2012; Schmidt et al., 2012). Gallagher and Marras
(2012) reported a maximum shear limit of 1,000N for
occasional exposure to shear loading based on < 100
lifts/day; yet as was described in the results section,
this maximum shear limit is easily exceeded during
the deadlift, even with appropriate techniques
(Cholewicki et al., 1991; Eltoukhy et al, 2016).
Therefore, it appears that repetitive deadlifts, while
having physiological benefits (Stand, 2009), are associ-
ated with a high risk of spinal injury particularly if
performed wunder high repetitions. Additionally,
because the deadlift puts a high demand on lower
back musculature (Cholewicki et al., 1991; Gotshalk,
1984), fatigue-induced changes in posture can further
increase spinal loads and the subsequent risk of lower
back injury (Dolan & Adams, 1998). Specifically,
fatigue-induced increases in trunk flexion during
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repetitive heavy lifting will likely put larger mechan-
ical demands on internal trunk tissues (muscles and
ligament) to assure spine equilibrium and stability,
ultimately leading to higher spinal loads.

Only two studies were found that reported spinal
loads during the deadlift (Cholewicki et al, 1991;
Eltoukhy et al., 2016). However, the spinal loads
reported by Eltoukhy et al. (2016) were actually net
joint reaction forces and not spinal loads; this was
because the model used in Eltoukhy et al (2016) did
not include muscles, and as such the predictions rep-
resented reaction forces due to external loads. Muscle
contributions to spinal loads comprise up to 90% of
compression forces experienced at the lower portion
of the lumbar spine (i.e., L5-S1; Arjmand & Shirazi-
Adl, 2005; McGill & Norman, 1986). Therefore,
neglecting muscle contributions could result in a sig-
nificant underestimation of spine compressive force.
On the other hand, the Cholewicki et al. (1991) study,
though accounting for muscle contributions, used a
very simple single-muscle model. Compared to multi-
muscle models, single-muscle models of the spine
have been suggested to underestimate spinal compres-
sive and shearing forces by 45% and 70%, respectively
(Granata & Marras, 1995). However, the moment arm
and orientation of the single-muscle model in
Cholewicki et al. (1991) — 6 cm moment arm and 5°
posterior angles — were selected to best replicate the
estimation of compressive spinal loads by a 50-muscle
model of McGill and Norman (1986) for a range of
lifting loads and techniques (stoop vs squat).
Nevertheless, there is a strong need for the application
of a more robust computational models to quantify
spinal loads during the deadlift.

Reported changes in kinematics of lower back dur-
ing repetitive lifting were generally consistent and
included increases in lumbar flexion (Bonato et al.,
2003; Boocock et al., 2019; Sparto et al., 1997a). One
the other hand, reported changes in the net, passive,
and active moments at the lower back (i.e., measures
of lower back kinetics) were contradictory (Bonato
et al., 2003; Boocock et al, 2015, 2019; Dolan &
Adams, 1998; Sparto et al., 1997b); such differences
might have been due in part to the differences in
repetitive lifting protocols used (details can be found
in Appendix). Future research is thus required to not
only determine potential changes in kinematics and
kinetics of the spine during repetitive heavy lifting or
deadlift, but also to verify potential changes in spinal
loads during repetitive lifting of lighter loads.

Although the physiological effects of repetitive
deadlifts have been capitalized upon by rehabilitation

specialists and strength coaches alike to elicit muscle
adaptations (Dinyer et al., 2019), repetitive lifting has
been shown to fatigue the lumbar paraspinal muscula-
ture (Hart et al, 2006; Lattanizio et al, 1997;
Trafimow et al., 1993). Lumbar muscle fatigue has
been linked to a deterioration in postural control and
increase in injury risk in occupational settings (Lin
et al.,, 2012; Punnett et al., 1991). However, the effects
of lumbar muscle fatigue during repetitive deadlifting
on lower back biomechanics are not known. The
body’s ability to maintain postural control and stabil-
ity during repetitive deadlifting is a fundamental com-
ponent of injury prevention that should be accounted
for when implementing training regimens such as
repetitive deadlifting.

5. Conclusions and practical implications

Deadlift training programs that seek to maximize
strength and hypertrophy via muscle failure protocols
are promoted due to their known physiological bene-
fits. Despite the significant causal role of lower back
loading (or biomechanical loading) in musculoskeletal
injuries, there is very limited knowledge related to the
biomechanical impacts of deadlifting training on the
back and risk of injury.
Addressing such a knowledge gap is critical, particu-
larly when lifting capacity, quantified using the dead-
lift, is a requirement for military service retention and
recruitment for other occupations. In the absence of
such knowledge, trainers and practitioners should be
cautious in promoting a training protocol that is likely

lower the associated

to put the spinal column at extremely high risk of
injury. Furthermore, future research, aimed at evaluat-
ing lower back biomechanics during repetitive dead-
lifts with an emphasis on accurate quantification of
spinal loads, can be of value to practitioners in the
prevention of low back injuries during training aimed
at passing the ACFT deadlift test. Finally, the immer-
gence of exoskeletons (Antwi-Afari et al., 2021) is
likely to alter the physical demands of military tasks
members, changes that should be
accounted for in the design of physical readiness tests
like the ACFT.

Based on the results of the present review, we offer
the following key points and suggestions:

for service

e The physiological benefits of repetitive deadlifting
training may be overshadowed by the associated
risk of lower back injury during this type
of training.
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e While performing 75 to 100% of individual 1RM,
maximum compressive spinal forces can reach
18 kN among men and 8kN among women, and
maximum shearing spinal forces can reach 3kN
among men and 2kN among women. These values
are concerning given reported injury thresholds for
the lumbar spine segments that range between 5 -
10kN and 1 - 2kN, for compressive and shearing
forces, respectively.

e While more research is needed to characterize the
biomechanical impacts of repetitive deadlifts on
the spine, trainers and practitioners should be
aware that training protocols or physical readiness
tests that involve heavy deadlifts expose the spinal
column to an extremely high risk of injury.

e Knowledge of spinal loads and muscle forces dur-
ing repetitive deadlifting, specifically with changes
in posture, may inform the design of training
modalities involving repetitive deadlift that help
minimize the risk of low back injuries.
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