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Abstract

Professional military service involves high-intensity physical training, including field
training exercises and marching, which increase the risk of musculoskeletal injuries (MSKIs).
In the military, MSKIs represent a significant medical concern, leading to an increased financial
strain on military healthcare and a decrease in military preparedness. Acute and overuse lower
extremity MSKIs are more common in the knee, lower leg, and foot. The role of military
footwear in the development of overuse injuries is currently unresolved, and more research is
suggested on the relationship between military footwear and overuse injuries.

The purpose of this work was to determine the incidence of overuse MSKI in the lower
and investigate its possible relationship with military footwear usage among the Latvian
Land Forces.

The research was carried out on infantry soldiers during their annual medical
examinations at the Military Medical Support Centre of the Latvian National Army Logistic
Command from 2018 to 2020. In a cross-sectional study on the epidemiology of MSKI, a total
of n =227 active duty infantry soldiers participated. Among study participants, 42.7 % had
a history of lower extremity injuries, with a higher prevalence of overuse injuries in the lower
leg. Study participants who wore inappropriate size of military boots reported lower comfort
ratings for all parameters, irrespective of their history of injuries. Gait analysis was performed
barefoot and wearing military boots during the case-control study (n = 66) where subjects were
divided into groups according to their history of overuse injuries. Both groups showed an
elevation in the foot contact angle, while simultaneously showing a reduction in the eversion
of the rearfoot and the angular velocities of the ankle when wearing military footwear. The
conditional logistic regression model revealed that stride time variability (OR = 2.71, 95 % CI
1.31 - 5.60) during barefoot gait demonstrated statistical significance in predicting the risk of
lower leg overuse injury. The optimal threshold for stride time variability was determined to be
1.95 %, which could effectively predict the occurrence of lower leg overuse injuries, showing
a sensitivity of 56 % and a specificity of 88 %.

Based on research findings, walking in military footwear improves stability and
encourages gait symmetry, and the risk of overuse injuries to the lower extremities does not
appear to be influenced by gait with footwear. The research results support the importance of
further investigating gait variability as a possible risk factor for MSKI and lay the groundwork
for the establishment of guidelines for medical gait and foot screening in the military.

Keywords: gait analysis, infantry boot, military personnel, musculoskeletal injuries,

stride variability.



Anotacija
Militaro apavu valkasanas biomehaniskie aspekti
un to saistiba ar apaksejo ekstremitasu parslodzes traumam

Profesionals militarais dienests paredz augstas intensitates fizisko slodzi, ieskaitot
fiziskas sagatavotibas treninus, lauka taktiskas macibas un forsétus pargajienus, kas paaugstina
muskuloskeletala traumatisma risku. Karaviru vidi muskulu un skeleta traumas ir bitiska
mediciniska probléma, kas ne tikai rada paaugstinatu finansialu slogu uz militaro veselibas
apripi un samazina armijas kaujas gatavibu, bet ir galvenais prickslaicigas atvalinasanas
mediciniskais iemesls NATO dalibvalstu armijas. Akiitas un parslodzes kaju muskuloskeletalas
traumas (MSKI) ir biezakas cela locitavas, apaksstilba un p&das rajona. Militaro apavu loma
MSKI attistiba paslaik nav skaidra, un tiek ieteikta papildu p&tijumu veikSana par saistibu starp
militaro apaviem un parslodzes tipa traumam.

ST darba mérkis bija noskaidrot apak§Gjo ekstremitasu parslodzes traumu biezumu
Latvijas Sauszemes speku karaviriem un noskaidrot to saistibu ar militaro apavu izmantoSanas
paradumiem un p&du uzbtives Ipatnibam.

Epidemiologiskie un kliniskie dati tika iegiiti no 2018. 1idz 2020. gadam. Skérsgriezuma
pétijuma par MSKI izplatibu piedalijas n =227 aktiva dienesta karaviri un tas tika veikts
ikgad@jas mediciniskas parbaudes laika Nacionalo brunoto spéku Nodrosinajuma pavélniecibas
Medicinas nodro$inajuma centra. leprieks gutas kaju MSKI bija sastopamas 42,7 % gadijumos,
biezakas bija apaksstilba un pédas parslodzes traumas. P&tijuma dalibnieki, kuri izmantoja
pedas garumam neatbilstoSus militaros zabakus, neatkarigi no vinu traumu véstures, apavu
komfortu novertgja zemak. Gaitas analize gan ar basam kajam, gan n€sajot militaros zabakus
tika veikta gadijuma-kontroles p&tijuma laika (n = 66), grupas dalibnieki tika iedaliti atkariba
no vinu apaksstilba un pédas parslodzes traumu véstures. Abas grupas novéroja, ka militaro
apavu izmantosana palielina lenki, kada peédas pieskaras pie atbalsta laukuma, vienlaikus
stabiliz€ papeéza kaulu un samazina pédas locitavas kustibu atrumu. Nosacijuma logistiskas
regresijas modelis atklaja, ka tikai gaitas cikla ilguma mainiba (OR = 2,71, 95 % CI 1,31-5,60),
¢jot basam kajam, var statistiski nozimigi prognozét apaksstilba un pédu parslodzes traumu
risku. Gaitas cikla ilguma mainibas optimala robezvértiba tika noteikta ka 1,95 %, kas lauj
paredz&t apaksstilba un p&das parslodzes traumu ar 56 % jutigumu un 88 % specifiskumu.

P&tijuma tika secinats, ka militaro apavu izmantoSana Veicina gaitas stabilitati un
simetriju. Savukart, militaru apavu izmantoSana nav saistita ar apaksstilba un pédu parslodzes
traumu risku. Pétijuma datu parada, ka gaitas cikla mainiba ir potencials riska faktors kaju
MSKI attistiba, kas sniedz pamatojumu gaitas un p&du skrininga vadliniju izveidei militaras

medicinas joma.



Atsléegvardi: gaitas analize, gaitas mainiba, karaviri, militari zabaki, muskulo-

skeletalas traumas.
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Abbreviations used in the Thesis

3D Three-Dimensional

Al Arch index

AUC Area under curve

Cl Confidence interval

Cm Centimetres

DN Darja Nesterovica

DF Dorsiflexion

EU European Union

FPI Foot Position Index

ICD-10 International Classification of Diseases, Tenth Revision
Kg Kilogrammes

Ln Natural Logarithm

LNAF Latvian National Armed Forces
M Metres

Mm Millimetres

MSKI Musculoskeletal injury

MTH Metatarsal head

N Newton

OR Odds ratio

PF Plantarflexion

ROC Receiver Operating Characteristic
S Seconds

SD Standard deviation

Sl Symmetry (Robinson) index
STA Soft tissue artefacts

usS United States of America

VAS Visual analogue scale

WHO World Health Organization



Introduction

Military service requires a high volume of physical activities, such as prolonged load
carriage, marching, and running. Non-combat musculoskeletal injury (MSKI) in the military is
one of the leading causes of medical discharge, increases the financial burden of military health
care and reduces the readiness of the army (Dijksma et al., 2020; Fredette et al., 2021; Grimm
et al., 2019; M. Lovalekar et al., 2021). MSKI is defined as any injury that affects any of the
structures of the musculoskeletal system, such as bones, muscles, ligaments, nerves, or tendons,
and results in pain and functional limitation (Sharma et al., 2015). Reported injury rates are
consistently high despite years of military injury research and the implementation of injury
prevention programmes. Multiple injury risk factors have previously been identified, such as
load carriage, overweight, low physical fitness, female sex, and previous injury (Sammito et al.,
2021). However, according to a recent meta-analysis, the evidence base for MSKI preventive
strategies remains insufficient to provide strong recommendations for practice (Arslan et al.,
2021). The overall reported incidence of MSKI among Swedish soldiers is 47 %, 49 % in the
British army, and 53 % among US military personnel (T. Grier et al., 2020; Halvarsson et al.,
2018; Sharma et al., 2015).

Throughout history, the infantry soldiers of the Land Forces have played a crucial and
enduring role in the Latvian National Armed Forces (LNAF) (Andersons, 1992). Currently, the
largest branch of the LNAF is the Latvian Land Forces, which comprises approximately
3,000 infantry soldiers with an average age of 34.5 years (2018). The monitoring of MSKI
monitoring in LNAF is carried out by the National Army Medical Centre, according to medical
reports provided monthly by regional military medical centres. The incidence of MSKI based
on medical reports in 2018 among the Latvian National Armed Forces was 12.4 %; Most injured
sites were lower legs (2.5 %), foot and toes (1.7 %) with only three cases of stress fractures
reported (LNAF Joint Headquarters Medical Service, 2018). In contrast, a three-year
(2017-2020) analysis of extremity MSKI from a Latvian regional medical centre found that
extremity MSKI was common in 74 % of soldiers, which is consistent with findings from other
military populations, but detailed analysis of types of injury (acute or overuse) or locations
(upper or lower extremity) is not provided (Barovska, 2020).

The most common MSKI in the military with reported incidence from 70 % to 80 % are
cumulative microtraumatic injuries (overuse injuries) of the lower part of the body, e.g. lower
back, knee, calf, ankle and foot (Hauret et al., 2010; Molloy et al., 2020; Schwartz et al., 2018;
Wilkinson et al., 2011). Such injuries are patellofemoral syndrome, Achilles tendinitis, plantar
fasciitis, and stress fractures (Fredette et al., 2021; M. Lovalekar et al., 2021). Medical record-
based injury rates in the LNAF are significantly lower than in other military populations, and it
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is not known whether injuries were concealed from medical professionals or reports were
inaccurate, with only severe cases reported. However, systematic evaluation of MSKI incidence
and long-term monitoring of acute and overuse injury trends are essential elements of the injury
prevention strategy (Wardle & Greeves, 2017).

Footwear usage reduces lower extremity load, and this finding is promising in for
reducing the MSKI rate in the lower leg (Zhang et al., 2013). The use of military footwear
during combat training and in actual military scenarios varies between countries and military
services (Andersen et al., 2016). Although the main purpose of footwear is foot protection from
injury (Mawusi, 2019) and promotion of pain-free movement during locomotion (Menz &
Bonanno, 2021). Moreover, military footwear should be comfortable and should assist
a symmetrical gait cycle, provide mediolateral foot motion control and adequate stability on
uneven terrain, therefore, protect against injuries (Hamill, 1996). Although a soldier may not
prioritise footwear comfort and fit, it is crucial to address these aspects to achieve optimal gait
stability, and they can significantly affect both physiological well-being and military job
performance (Mawusi, 2019; Torrens et al., 2012). Additionally, footwear evaluation has been
recommended as part of the relevant medical evaluation to prevent lower leg MSKI and
improve overall foot health among the general population (Ellis et al., 2022). However, within
military personnel, no routine assessment of shoe stability, fit and comfort is performed, along
with an evaluation of foot posture. Several studies have reported an association between lower
extremity injuries and military boots (Andersen et al., 2016; Joseph J Knapik et al., 2015; R.
Orr et al., 2022), but a recent systematic review did not identify military boots as a possible risk
factor for MSKI (Sammito et al., 2021). The role of military footwear in the development of
overuse injuries remains unclear, and researchers suggest further investigation of the
association between military footwear and overuse injuries (Baumfeld et al., 2015).

Foot interaction with footwear has a direct effect on gait kinetics, kinematics, and
variability (Braunstein et al., 2010; S. J. Dixon et al., 2003; Franklin et al., 2015; Hollander
et al., 2022). Decreased shock absorption and altered gait kinematics have been recognised as
risk factors for overuse injuries in the lower leg and foot (Dowling et al., 2014; Willwacher
etal., 2022). Plantar pressure evaluation can be used to examine foot function and motion
during gait, although there is insufficient data linking plantar pressure values with risk of injury.
Previous research on maximum plantar pressures among Royal Marine recruits and young Navy
officers in the United Kingdom found that cases with high arch and greater plantar pressure on
the medial side of the foot are more likely to sustain a metatarsal stress fracture and ankle

inversion injury (S. Dixon et al., 2019; Rice et al., 2013). In a controlled training environment



for Navy officers, elevated plantar pressure was found to be a prognostic factor in the
development of lower extremity overuse injury (Franklyn-Miller et al., 2014).

Previous lower extremity MSKI in the military has been associated with subsequent
injury and altered gait biomechanics (Andersen et al., 2016; Baida et al., 2018; Hamill et al.,
2012; Toohey et al., 2017). Gait is a cyclic movement, and in healthy individuals, whether they
are soldiers or civilians, complex fluctuations of unknown origin arise in the typical pattern
(Hausdorff et al., 1995; Winter, 1984). Although significant variation in gait parameters is most
observed in movement disorders (Ahsan et al., 2023), few studies have examined changes in
gait variability as a risk factor or as a result of an injury among the military (Strongman &
Morrison, 2020). Further research is required to promote evidence-based strategies that could
minimise MSKI in the military across countries, and to establish medical gait and foot
screening guidelines.

Previously, extensive anthropometric studies have been conducted in the military
population of Latvia (Derums, 1940; Kokare, 1998). Derums (1940) have analysed body height,
weight, and chest circumference among Latvian military recruits, while Kokare (1998)
conducted an anthropometric study for various parameters among active-duty soldiers.
Although systematic assessments of the foot types of soldiers have not been performed before
and the role of foot posture and elevated plantar pressure as possible risk factors for lower
extremity MSKI has not been well explored. Additionally, military footwear comfort, a critical
element in soldiers' daily life, has not received prior research attention. Similarly, factors related
to gait with footwear, despite their potential importance in injury prevention, remain relatively
unexplored within the military setting. A comprehensive understanding of these interrelated

factors is essential to improve the safety and well-being of military personnel.

Aim of the Thesis
The aim of this Doctoral Thesis was to determine the incidence of lower extremity

overuse injury and investigate its possible relationship with the use of military footwear among

Latvian Land Forces.

Objectives of the Thesis
To achieve this aim, four objectives were set:
1. Explore the incidence of lower extremity musculoskeletal injuries among Latvian
Land Forces.
2. Investigate the relationship between a history of lower extremity overuse injury and
the functional status of the foot.
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3. Determine the association of lower extremity overuse injury with the use of military
footwear.

4. Assess gait-related changes while walking with military footwear.

Hypothesis of the Thesis
e The incidence of musculoskeletal injuries in Latvian Land Forces is similar to other
military populations.
e Previous lower extremity overuse injury is associated with elevated peak plantar
pressure and non-neutral foot position.
o Military footwear comfort ratings are related to a history of lower extremity injury.
e Inadequate foot stability and lower foot and ankle angular velocities during gait

with military footwear are risk factors for lower extremity overuse injury.

Novelty of the Thesis

Although there have been extensive studies on MSKI and gait-related risk factors among
different military populations, there is still a need for a comprehensive view of the relationships
of gait with military footwear and lower extremity overuse injury risk. The study focuses on
a detailed analysis of both acute and overuse MSKIs, systematised using the Barell injury
matrix, within a specific military population, infantry soldiers.

Data on foot posture and length, as well as footwear comfort ratings for the Latvian
Land Forces, as well as for other armies of the Baltic States, are currently unavailable. This
Thesis investigates foot posture and the biomechanical aspects of military footwear usage.
Additionally, the Thesis explores potential military footwear usage and the non-neutral foot
posture relationship with lower extremity overuse injuries among infantry soldiers.

The Thesis combines exploration of non-modifiable (history of injury, foot posture) and
modifiable (military footwear, plantar pressure) lower leg overuse injury risk factors among
infantry soldiers. To the best of the author's knowledge, for the first time, a case-control study
aimed to assess shod and barefoot gait parameters as potential risk factors for lower leg overuse
injuries among infantry soldiers.

Furthermore, a systematic assessment of perceived military footwear comfort was
conducted for the first time, considering the cushioning and support provided by tactical boots.
The Thesis contributes to a more profound understanding of the fit and comfort of military
footwear by comparing infantry soldiers with and without previous injuries. The findings of
this Thesis emphasise the importance of gait variability as a possible predictive risk factor for

lower leg overuse injuries among infantry soldiers.
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1 Literature review
1.1  Injury incidence and aetiology

Military training involves prolonged standing, load bearing, and long-distance running,
which increases the risk of lower extremity MSKI (Scher et al., 2009; Taanila et al., 2015).
Additionally, physiological stress during service time decreases immune response and increases
the inflammatory response, which can increase injury susceptibility among the military (J. R.
Hoffman et al., 2015).

Lower extremity injuries account for 40 to 60 % of all military MSKI, with the knee,
lower leg, and foot being the most prevalent anatomic sublocations for injuries (Abt et al., 2014;
M. Lovalekar et al., 2018; M. T. Lovalekar et al., 2016). Physical training has been associated
with approximately 50 % of MSKIs among infantry personnel, with running being associated
with 30 % of these injuries (T. A. Smith & Cashman, 2002).

Acute and overuse injuries are the two most common types of MSKI. Acute injury
occurs suddenly due to blunt, crushing, or penetrating trauma (lannotti JP, Parker RD, 2013),
while overuse injury develops as a result of repeated overstretching, overloading, deformation,
compression, or friction (J. R. Hoffman et al., 2015; Kernan et al., 2008). Sprains, strains,
ligament ruptures, and joint dislocations, for example, are classified as acute injuries, while
bursitis, fasciitis, and tendinopathies are classified as overuse injuries (Franklyn-Miller et al.,
2014). In the case of acute injury, it is easy to determine when it started, but overuse injuries
develop gradually and it is impossible to identify a single event that caused an injury (Roos &
Marshall, 2014). Table 1.1 lists ICD-10 codes for lower extremity overuse injuries found in
various military populations (World Health Organization, 2019). It should be noted that no
established operational definition of an “overuse injury” is currently in use and existing injury
surveillance systems may be under-reporting the occurrence of overuse injuries (Neil et al.,
2018; Roos et al., 2019).

The incidence of lower extremity injury varies by service and country. For example, in
Finland 51 % of young conscripts during the 6 months training programme sustained an overuse
injury (Taanila et al., 2015), but the self-reported one-year incidence of MSKI among US
infantry was 43 % (M. K. Anderson et al., 2015). The incidence of lower leg overuse injuries
observed among Israeli Defence Forces ranged from 8 % in the foot to 22 % in the knee region
and 34 % in the calf and ankle (Schwartz et al., 2018). In the US Army, the overall MSKI rate
was 82 %, with a one-year incidence of lower extremity overuse injuries of 35 %. Overuse

injuries were most common in the lower leg (57 %), followed by the foot (33 %), with
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patellar/Achilles tendinitis and plantar fasciitis being the most common injured body regions
(Hauret et al., 2010).

Table 1.1

ICD-10 codes for musculoskeletal injuries in the military

Body ICD-10 Disease
region | diagnosis
M75.1 Rotator cuff syndrome or supraspinatus tear or rupture
' (complete)(incomplete), not specified as traumatic; supraspinatus syndrome
Shoulder |M75.2 Bicipital tendinitis
M75.4 Impingement syndrome of the shoulder
M75.5 Bursitis of the shoulder
Elbow M70.2 Olec.ranon bursitis . _
M77.0/.1 |Medial and lateral epicondylitis
Hand and |G56.0 Carpal tunnel syndrome
wrist M70.1 Bursitis of the hand
Back M54.5 Low back pain
Hip M70.6 Trochanteric bursitis (trochanteric tendinitis)
M70.7 Other hip bursitis (ischial bursitis)
Thigh M76.3 Iliotibial band syndrome
M22.2 Patellofemoral disorders
Knee M70.4 Prepatellar_pursitis
M70.5 Other bursitis of the knee
M76.5 Patellar tendinitis
Other lower limb enthesopathies (anterior tibial syndrome; posterior tibial
M76.8 L
Lower leg tendinitis)
S86.9 Shin splints, medial tibial stress syndrome
M72.2 Plantar fascial fibromatosis, plantar fasciitis
Footand |M76.6 Achilles tendinitis (bursitis)
ankle M76.7 Peroneal tendinitis
M77.4 Metatarsalgia
Various M84.3 Stress fracture not classified elsewhere

Source: adapted by author from ICD-10; WHO, 2019.

Table 1.2
Risk factors for lower extremity overuse injuries

Non-modifiable Modifiable

o Female sex o Muscle strength

o Age e High volume of training
e Caucasians race e Smoking

o Lower extremity morphology o Footwear

e Previous injury

o Load carriage

Source: adapted by author from Andersen et al., 2016, M. K. Anderson et al., 2015, Fulton et al., 2014.
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Lower extremity overuse injury is a multifactorial condition, with previously identified
non-modifiable and modifiable risk factors (Table 1.2), including higher BMI, female gender,
age, previous injury (Andersen et al., 2016; M. Anderson et al., 2015; Fulton et al., 2014), lower
level of previous exercise (Cosman et al., 2013) and peak plantar pressure (Roberts et al., 2017).

The longer a soldier is absent from the military service, similar to professional sports,
the greater the impact on the individual and unit mission. Returning too soon, before the
individual has fully recovered, can put the individual at risk of sustaining another MSKI (Rhon
et al., 2022). Inadequate recovery time combined with high-intensity training (overtraining
syndrome) is a significant contributor to overuse injury in the military (Kaufman et al., 2000).
Overtraining symptoms develop when training intensity or volume becomes excessive and is
combined with insufficient recovery and rest time. Initially subjective fatigue appears and if
overtraining continues, then performance decreases (J. Hoffman, 2014; J. R. Hoffman et al.,
2015). If the amount of training is reduced and rest is provided, complete recovery can occur in
1-2 weeks (Kreider et al., 1998), and overcompensation and enhanced performance (functional
overtraining) can occur (Meeusen et al., 2013). This training programme helps the competitive
athlete to achieve peak conditioning for a specific period of time (e.g., competition season or
championship). However, a tactical or military athlete (e.g., infantry soldier) is not focused on
a known time frame and should remain at a high level of physical functioning throughout the
period of service. If the balance between military training and recovery is inappropriate,
overtraining can progress severely and the risk of overuse injuries is significantly increased
(J. R. Hoffman et al., 2015).

1.2  Gaitcycle

Gait is a cyclical series of highly synchronised movements of the entire body that
incorporate pelvic sway and rotation, hip and knee swing, tibia rotation, and ankle joint flexion
and extension (Haskell, 2020). The purpose of normal human gait is to enable movement from
one point to another while minimising effort and maintaining sufficient stability in a wide range
of walking circumstances (Webster & Darter, 2019). The spine requires a stable base in the
lower extremities to provide both great mobility and the necessary stability when lifting the
upper body during the gait cycle (McGregor & Hukins, 2009). However, no clear relationship
between foot position and the spine during walking was previously found (Hmida et al., 2023).

The gait cycle is typically divided into two phases: the stance phase and the swing phase,
which occur for each lower extremity (Dang, 2023). During walking, one lower extremity
provides support (stance phase), while the other lower extremity advances forward (swing

phase) and prepares to provide support. The stance phase makes up 60-65 % of the gait cycle
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and the swing phase makes up 35-40 % of the gait cycle (Magee & Manske, 2021). The stance
consists of initial double limb support, single limb support, and terminal double limb support
(Figure 1.1). During the swing phase, the reference limb is not in contact with the ground.
A stride is a fundamental unit of the gait cycle. One stride is equivalent to one gait cycle
(0-100 % gait) and occurs between the initial contact of one limb and the subsequent initial

contact of the same limb (Haskell, 2020; Webster & Darter, 2019).

VNUV.ERIVA

Gait cycle 100%

Stance phase 60% Swing phase 40%
0% 0-10% 10-30% || 30-50% || 50-60% ||| 60-73% 73-87% 87-100%
Initial Loading Mid- Terminal Pre- Initial Mid- Terminal
Contact || Response || Stance Stance Swing Swing Swing Swing
Initial Double Support Single Support Terminal
0-10% 10-50% Double
Support |l Toe off
50-60%

Figure 1.1 Normal gait cycle periods and timing
Source: Webster & Darter, 2019.

Spatiotemporal, kinematic and kinetic measures are used to describe the gait pattern.
Phase timing, step length and width, number of steps per time period (cadence) and gait velocity
are the basic spatio-temporal characteristics of the gait cycle. Gait kinematics describe joint
angles and orientation of body segments. Gait kinetics are the forces and torques that occur
throughout the body and can be assessed using ground reaction force and plantar pressure
(Webster & Darter, 2019).

External loading is represented by ground reaction force, and according to Isaac
Newton's third law of motion (Reinker & Ozburne, 1979), the same forces should be
experienced internally. On the other hand, internal body structures of the musculoskeletal
system are likely to experience forces differently and with a distinct risk of injury
(Joseph J Knapik et al., 2015).
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Plantar pressure measurement is test-retest reliable (Hafer et al., 2013), allows
interpretation of the rate of loading of the foot and estimation of arch height in the military
population (Goffar et al., 2013), correlates with foot posture index assessment, and has shown
good intraclass correlation coefficients with ground reaction force data from force plate
comparison (Low & Dixon, 2010). Plantar pressure correlates with intrinsic biomechanical
abnormalities (Hagman et al., 2002) and the greater the perceived abnormality, the greater the
risk of MSKI (De Cock et al., 2005). Gait interpretation based on dynamic pressure plate can
be predictive of lower limb MSKI in the military; however, formal screening of initial military
recruits is uncommon (Franklyn-Miller et al., 2014), and where it has been undertaken, it
provides a possible injury prevention strategy (Reynolds et al., 2000).

Gait measures are individually specific and interrelated to each other. Due to variances
in body segment length and mass distribution, each individual exhibits slight distinctive
gait motion and muscular force differences (Haskell, 2020). The length of the gait phases is
influenced by gait velocity; as walking velocity increases, the stance phase shortens, and the
double support phase disappears during the transition from walking to running (Dang, 2023;
Hombach-Klonisch et al., 2019; Webster & Darter, 2019). Furthermore, age, height, and
gender, as well as the existence of disorders that cause pathologic gait patterns, can alter gait
measures (Hof, 1996; Sekiya, 1996; Webster & Darter, 2019).

1.2.1 Gait variability

Although walking is a rhythmic and cyclical activity, each step is different from the
previous or the following one (Pappas et al., 2018; Winter, 1984). Existing variations among
subsequent strides (variability) are derived from the underlying gait-producing mechanisms
(Stergiou et al., 2004). The standard deviation and coefficient of variation of kinematic or
spatio-temporal measures are used to assess gait variability (Brach et al., 2005).

Individuals can modify step length and gait velocity to accommodate walking
conditions, and can slow down or speed up without stopping, as well as increase foot clearance
if an obstacle is present (Cavanaugh & Stergiou, 2020). Fluctuation of individual gait
parameters or gait variability can be present even in a controlled environment (Cavanaugh &
Stergiou, 2020). Gait variability alters with age (Kyvelidou et al., 2008), body composition
(Y. Lee & Shin, 2022), load carrying, and fatigue (Qu, 2012). Significant gait variability shows
a shift in gait parameters, which is most commonly found in individuals with neurological
disorders (Moon et al., 2016; Patel et al., 2022), adults with a history of MSKI (Blyton et al.,
2023; Nakayama et al., 2010) and patients with psoriatic arthritis (Walha et al., 2022). Higher

fluctuation of stride time and step width, as well as increased variability of running gait

16



parameters, has been observed previously (Nakayama et al., 2010; Niechwiej-Szwedo et al.,
2007; Walha et al., 2022).

Although significant variation in gait parameters is most frequently reported in
movement disorders, few studies have examined changes in the coefficient of variation of gait
parameters as a risk factor or as a result of injury (Strongman & Morrison, 2020). A history of
MSKI, according to the authors of a recent systematic review, could lead the neuromuscular
system to explore alternate motor strategies and improve gait kinematic variability, which could

protect musculoskeletal structures from further injury (Blyton et al., 2023).

1.2.2 Foot and ankle role during gait cycle

In theory, optimal biomechanical movement minimises the risk of injury by increasing
the efficiency with which the body absorbs the load and responds to external stimuli (Hewett
& Bates, 2017). The human foot is interconnected with other parts of the musculoskeletal
system, and failure of one part to function effectively, whether caused by disease or external
factors, will affect the functions of the other parts of the system during locomotion, such as
walking or running. Suprapedal movements require certain functions of the foot and the way
the foot functions may be reflected in movement patterns in other parts of the body. Likewise,
changes in biomechanics above the foot caused by knee hyperextension or a stiff hip, may be
expressed below by changes in foot motion (Haskell, 2020). The ability to adjust for undesirable
movements can vary, allowing individuals to better adapt to suboptimal movement patterns
than others and reduce their risk of injury. As a result, even if movement is poor, it may not
always result in a higher risk of injury among individuals who can adapt effectively (Rhon
etal., 2022).

The structures of the ankle and foot determine multiaxial mobility to assist human gait
(Brockett & Chapman, 2016). Foot and ankle mobility are important determinants of gait
economy (Saunders et al., 1953). The angular rotation of the foot around the lateral axis of the
tibia is used to calculate ankle dorsiflexion and plantarflexion (Nair et al., 2010), and the
alignment of the foot in the sagittal plane influences the angle of the ankle (Louey & Sangeux,
2016). After initial contact, ankle plantarflexion allows the foot to assume a flat foot position
and decreases the rise of the centre of gravity; during terminal stance, ankle plantarflexion
allows the heel to rise and prevents rapid tibial progression from causing a precipitous drop in
the centre of gravity (Webster & Darter, 2019).

The main functions of the foot during gait are mobility for adaptability to uneven terrain,
rotation of the tibia and fibula, and the capacity to serve as a rigid lever during push-off (Magee

& Manske, 2021). Therefore, during locomotion, the lower leg, foot, and ankle joint act
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simultaneously as one functional group, and functional limitations of one component might lead
to alterations in another. For example, disturbances of ankle mediolateral control decrease foot
placement stability (van Leeuwen et al., 2020). Furthermore, disorders of the foot and ankle
joint structures that provide shock absorption, static body support, and propulsion throughout
the gait have a significant impact on individual levels of physical activity (Mojica & Early,
2019). Changes in foot and ankle mobility, for example, limited ankle dorsiflexion and
increased hindfoot inversion observed among the Naval Forces of the United States Army, have

been reported as significant risk factors for lower extremity MSKI (Kaufman et al., 1999).

1.2.3 Foot posture

The posture of the feet is related to gait. Sensory information on lower limb movement
during walking is provided by the position of the foot and the forces applied to the foot (Arnold
& Bishop, 2013; Landorf & Keenan, 2000). For example, forefoot instability functionally
restricts the first metatarsophalangeal joint, making the stance phase of the gait inefficient
(Payne & Dananberg, 1997). Changes in stance phase cause postural perturbations, prolongs
forefoot inversion, and reduce pelvic stability during the gait cycle (Dananberg, 1993, 1997).

Foot posture index (FPI) is being used for the assessment of static foot and ankle
position (Redmond et al., 2006). Previous research has indicated good FPI inter- and intrarater
reliability regarding foot type (valgus, varus, neutral) quantification (Cornwall et al., 2008;
Morrison & Ferrari, 2009; Redmond et al., 2006). Previously, a relationship between overuse
lower leg MSKI and varus (pes cavus) and valgus (pes planus) foot postures was identified
among the US Naval Forces (Kaufman et al., 1999). Valgus foot position results in excessive
pronation during the stance phase of the gait and is associated with increased medial plantar
load and strain of plantar fascia (Dananberg, 2000; Sanchez-Rodriguez et al., 2012). Excessive
pronation has been linked to overuse injuries such as plantar fasciitis, stress fractures of the
lower leg (Barnes et al., 2008; Kaufman et al., 1999; Neal et al., 2014) and patellofemoral pain
syndrome (Levinger & Gilleard, 2007). The position of the varus foot and the high arched foot
have been associated with a significantly higher risk of MSKI in the lower extremity due to
increased lateral plantar pressure during the late midstance and propulsion phases (Ghani Zadeh
Hesar et al., 2009; Riegger et al., 2022). The risk of lower leg MSKI is increased in non-neutral
foot position in both barefoot and footwear conditions (T.M. Willems et al., 2006; Tine Marieke
Willems et al., 2007).
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1.3 Biomechanical effects of footwear on gait

Footwear usage is an external factor that interacts with the foot and acutely modifies
gait kinematic and kinetic parameters (D’ Aofit et al., 2009; Franklin et al., 2015; Haskell, 2020),
as well as gait variability (Baumfeld et al., 2015; Hollander et al., 2022; R. Orr et al., 2022).
Footwear also has the potential to be a tool to promote energy storage and release of the ankle
during the gait cycle (Ogaya et al., 2022). Moreover, footwear influences foot position
perception through the effect of plantar sensibility (Robbins et al., 1995).

The observed effects of footwear on the gait pattern depend on the design and material
differences. During gait with common footwear, the range of ankle plantarflexion decreased,
the maximum ground reaction forces were reduced, and the stride length increased compared
to the gait with barefoot (Spencer, 2020). Furthermore, it has been reported that gait with
common footwear reduces ankle stability (Ramanathan et al., 2011), increases plantar
aponeurosis length (Lin et al., 2013), minimises peak Achilles tendon force, and reduces first
metatarsophalangeal joint dorsiflexion angle (Greve et al., 2019). The gait with running
footwear showed the same ankle dorsiflexion as the barefoot gait (Louey & Sangeux, 2016),
while the gait with military boots demonstrated a restricted range of ankle mobility (Schulze
et al., 2014). Unstable common footwear models showed reduced gait variability at the foot and
ankle, but increased angles of spine rotation (Khoury-Mireb et al., 2019). Occupational
footwear plays a role in postural stability (Chander et al., 2017), lower extremity impact (Chong
et al., 2017) and lumbar biomechanics (Vu et al., 2017), and increases muscle activity in the
lower extremities (Goto & Abe, 2017). Previous studies have also shown that occupational
footwear can affect physiological parameters such as aerobic capacity, heart rate, temperature,
muscle activity, and performance in selected occupations (Chander et al., 2017; R. Orr et al.,
2022). Anderson et al. (2021) have pointed out the significance of focusing on the fit and
comfort of occupational footwear when providing footwear to employees.

The occupational footwear used by military personnel while on duty is military (tactical)
boots and running shoes, and shoe styles vary by country and service, making it difficult to
identify inadequacies in military footwear design difficult to identify (Andersen et al., 2016).
Military boots are designed for a specific activity and environment and can be used for
marching and running (Hamill J, 1996). The contribution of military footwear to task
performance is primarily protection and stability of the foot (Torrens et al., 2012). The use of
military footwear leads to significant changes in foot motion and gait parameters (Majumdar
et al., 2006; Morio et al., 2009), and, therefore, it may also be necessary to examine gait while
barefoot.
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1.4 Footwear comfort and fit

Footwear comfort is a complicated combination of characteristics such as proper fit,
cushioning and support, interior temperature, humidity, plantar pressure distribution, and
ground impact force (Jordan & Bartlett, 1994; Miller et al., 2000; West et al., 2019). Foot
position, as well as footwear stiffness and cushioning, all contribute to the perception of
footwear comfort (Miller et al., 2000).

The results of the systematic review showed that a considerable proportion of the
common population wears ill-fitting shoes, leading to foot pain and foot disorders (Buldt &
Menz, 2018). The appropriate footwear fit can help decrease or even avoid toe deformation and
misalignment (Torrens et al., 2012). Foot skin and nail disorders such as corns, calluses, and
blisters have been linked to improper footwear fit (Carr & Cropley, 2019). Skin disorders can
also imply asymmetric lower limb behaviour during shod gait (Grouios, 2005). It has been
discovered that improper footwear fit contributes to overuse injury of the lower extremity due
to gait alterations (Finestone et al., 1992). Furthermore, footwear comfort has been identified
as a key component in all MSKIs of the lower extremities caused by movement (Nigg et al.,
2015; Tine Marieke Willems et al., 2019). However, military footwear, as well as other types
of occupational footwear, appear to be developed for occupational safety without regard for
comfort (Dobson et al., 2017),

Keratotic lesions of the plantar skin or foot blisters that result from friction, pressure,
shearing, or a combination of these mechanisms between surface of the foot, sock, and insole
of military footwear are common injury type sustained during load carriage (R. M. Orr et al.,
2014; R. M. Orr & Pope, 2016). Uncomfortable military footwear, as well as inappropriate
military footwear fit, is being reported to be a precursor to more serious issues of blisters
(Torrens et al., 2012) and lower leg overuse injuries (Finestone et al., 1992). Although foot
blisters are a minor condition, recruits who experienced foot blisters were found to be up to
50 % more likely to sustain additional training-related injury due to altered gait movement
patterns caused by blisters (Bush et al., 2000). Furthermore, Grier et al. discovered that poor
shoe fit and cushioning were related to foot pain and discomfort, but extra cushioned footwear
did not reduce the incidence of MSKI in the military (T. L. Grier etal., 2011).

Previous military footwear research conducted in 1976 concentrated on various acute
and overuse lower extremity MSKI without uniform injury definitions, while military footwear
comfort data were not systematically evaluated (Bensel, 1976; Bensel & Kish, 1983). Muniz
et al. reported only overall footwear comfort among Brazilian army recruits, with softer
midsoles and lower military boot weight providing more comfort (Muniz & Bini, 2017). Paisis

et al. assessed comfort perceptions in the Greek army, and the study demonstrated that
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participants preferred to walk in the lightest weight military boot. Reduced weight, increased
stiffness, and the construction of military boots have all been indicated to be useful for increased
footwear comfort (Paisis et al., 2013). Peak plantar pressures have been linked to military boot
comfort, and military boot modifications based on plantar pressure variables can improve
comfort while lowering the risk of foot overuse problems (Lange et al., 2009).

Despite previous studies on military footwear comfort, Dijksma et al. (2020) consider
that previous footwear comfort research in military populations may no longer be applicable
due to innovations in military boot design. Furthermore, the complexities of what makes well-
fitted footwear more comfortable, as well as the impact of comfort of footwear on gait and

injury, are still not well understood (Branthwaite & Chockalingam, 2019).

1.5 Injury prevention

To date, there is no current universal strategy for reducing MSKI in the military. The
current evidence base for injury prevention strategies in the military population is broad, as
MSKI is multifactorial in nature. In total, 57 different possible risk factors were discovered in
a qualitative systematic evaluation of publications on risk factors for musculoskeletal injuries
in the military that attempted to be all inclusive (Sammito et al., 2021). A methodology for
prioritising risk factor classification was presented by Sammito et al. (2021) to help the
development and implementation of intervention strategies, presenting the idea that targeting
risk factors in a higher order will result in a greater risk reduction. Jones et al. (2018) suggested
that the five-step public health strategy (Table 1.3) is an effective approach for use in the
military. Although each step of this strategy is important, steps may not be taken in the

order listed.
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Table 1.3

Five-step public health method to develop and build an injury prevention program

1) Surveillance to define the magnitude of the problem

2) Research and field investigations to identify causes and risk factors

3) Intervention trials and systematic reviews to determine what works to address leading risk factors
4) Program and policy implementation to execute prevention

5) Program evaluation to assess effectiveness.

Source: Jones, B. H., Hauschild, V. D., & Canham-Chervak, M. Musculoskeletal training injury prevention
in the US Army: Evolution of the science and the public health approach (2018).

MSKI rates can be reduced by improving leadership/supervision/awareness of injuries,
as well as injury prevention initiatives (Farzadi et al., 2017; Wardle & Greeves, 2017). Any
type of previous injury that can increase the likelihood of a variety of lower extremity injuries
after injuries should be considered when establishing future preventive strategies (Toohey et al.,
2017). When evaluating preventive methods, it is critical that they target the key factors that
contribute to the risk of MSKI (Kaufman et al., 2000).

Physical fitness level before preadmission to the military service plays a role in overall
MSKI rates (Wardle & Greeves, 2017). Musculoskeletal screening is recommended to
target military recruits at elevated risk, such as those with insufficient muscular strength and
flexibility (Andersen et al., 2016). To avoid overtraining, the physical limits of military
personnel endurance must also be examined (Kaufman et al., 2000; R. Orr et al., 2010). The
changes in the physical training programme for soldiers of various military occupational
specialisations resulted in the most effective reduction in total injury rates (Bunn et al., 2022;
J. J. Knapik et al., 2004; Wardle & Greeves, 2017).

Lower extremity biomechanical movement patterns that place individuals at increased
risk for lower extremity MSKI may also be important targets for injury prevention interventions
(Jacobs et al., 2014). MSKI among athletes can be significantly reduced by preventive
biomechanical practices (Hewett & Bates, 2017), and it is similar for military athletes.
Movement retraining interventions that target high-risk biomechanical movement patterns play
a key role in the primary prevention of lower extremity MSKI (Dunn et al., 2018; Jacobs et al.,
2014). Through gait retraining, vertical ground reaction forces in running shoes and military

footwear can be significantly reduced (Zimmermann et al., 2019).
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Changes in gait biomechanics with foot orthotics remain insufficient to reduce the
incidence of lower limb injuries during military training. However, few studies have shown that
foot orthotics could help reduce the occurrence of lower limb injury in the military (Bonanno
etal., 2018, 2019; Schwellnus et al., 1990; Snyder et al., 2009). Furthermore, the results of the
systematic review showed that foot and ankle bracing can be suggested for high-risk activities
to minimise MSKI, but no clear indication of the benefit of footwear modification was found
(Wardle & Greeves, 2017).
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2 Materials
2.1  Study population

A study was carried out among Latvian Land Force soldiers at the Latvian National
Army Logistic Command Military Medical Support Centre in 2018-2020. To mitigate possible
variations in physical activity levels and routines, only active duty infantry soldiers were
eligible for participation. Before starting the study, permissions from Riga Stradin$ University
Ethics Committee (Nr.40/26.10.2017) (Annex 5) and LNAF were admitted (Annex 6).

All available infantry soldiers were asked to participate in a research during the annual
medical check-up. Participation was completely voluntary and the study results did not
influence the results of the medical check-up or the functional status of the soldier.

The research was conducted in two stages: Stage | — cross-sectional study and
Stage Il — case-control study. The flow chart of the research design is illustrated in Figure 2.1.
(Annex 3). In 12 consecutive interview sessions total, n = 228 or 16 % of all active duty infantry
soldiers (males, n = 214; females, n = 14) were invited to participate. Written informed consent
was provided for each study participant prior to starting the interview (Annex 7). For further
activities, n = 227 infantry soldiers were selected, n = 1 person refused to participate and did

not sign the informed consent.

Stage |
Cross-sectional study . "-.228. n=1 individual did not signed informed
soldiers invited to consent
participate
[
v v
No history of overuse History of overuse
injury within last 6 injury within last 6
months moths

} !

Females Males Males Females
=9 =121 n=92 n=5

Y h 4

F 3

Subjects with history
Age-matched
controls of lower leg overuse

n=34 fnjury

r 1

Stage Il
Case-control study

Figure 2.1 Flow-chart of the research process
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3 Methods

3.1  Cross-sectional study

During the annual medical check-up, the soldiers were asked to recall all injuries during
the last 6 months of service. The interviewer filled in (DN) the injury matrix and additional data
from medical records (injury history, age of the individual, service time) was extracted.

The injury was considered if the soldier had a medical record or reported
musculoskeletal injury (e.g. injury of bones, muscles, tendons), which did not allow
participation in at least one activity during the last 6 months.

MSKIs were classified by type, acute or overuse, and by body regions according to the
Barell injury matrix (Barell et al., 2002). Acute injuries are sprains, strains, ligament ruptures,
and fractures (excluding stress fractures). MSKI caused by repetitive or forceful tasks resulting
from repeated overstretching or overloading that occurred without a single identified event were
defined as overuse injuries (Kernan et al., 2008; Nesterovica, 2020).

For injury coding and classification, ICD-10 was used (World Health Organization,
2019). The injury coding was performed by a person (DN). Acute injuries are coded with codes
ICD-10 S00-T32, overuse injury codes are shown in Table 1.1. For example, ankle sprain was
defined as acute injury (ICD-10 code S93.4) and posterior tibial syndrome (ICD-10 code
M76.8) was defined as overuse injury. The aetiology and pathophysiology of medial tibial stress
syndrome or shin splints (S86.9) have not been definitively established (Jamal et al., 2016;
Milgrom et al., 2021; Zimmermann et al., 2017) and biomechanical factors related to running
have been confirmed (Willwacher et al., 2022). Therefore, in this study, medial tibial stress
syndrome was coded as overuse injury, but participants with this diagnosis were not included

in the case-control study.

3.1.1 Military footwear comfort assessment

In stage I, study participants rated the comfort of their military boots. All participants
were infantry soldiers who used the same personal protective equipment, including identical
footwear. The same military boot models for hot and cold weather conditions were issued to all
infantry soldiers during their service. Therefore, even in the event of a lower extremity injury,
infantry soldiers were using the same military boot models. Latvia’s average annual air
temperature is + 5.9 °C (Latvian Environment, Geology and Meteorology Centre), and for most
of the year soldiers wear boots for hot weather conditions, so the comfort rating was assessed
for this type of military boot only issued (Figure 3.1.).
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Figure 1.1 Military boot example

Source: author’s photograph.

1. Overall military boot comfort

Not comfortable at all Most comfort imaginable

2. Forefoot cushioning

Not comfortable at all Most comfort imaginable

3. Arch cushioning

Not comfortable at all Most comfort imaginable

4. Heel cushioning

Not comfortable at all Most comfort imaginable

Figure 3.2 Footwear Comfort Tool Example

Source: author’s diagram adapted from Mills, K., Blanch, P., & Vicenzino, B.
Identifying Clinically Meaningful Tools for Measuring Comfort Perception of Footwear (2010).

Military boot comfort rating tool was constructed accordingly to previously used
methodology (MILLS et al., 2010). A VAS with a ten-centimetre length was used to rate overall
boot comfort, forefoot, arch cushioning and heel cushioning, arch, and heel support. Best
comfort (10) was at the right end and label ‘not comfortable’ (0) at the left end (Figure 3.2).
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3.2  Case-control study

Cases and controls for the second stage of the research were identified from the cross-
sectional study population. Groups were based on the injury status of the participants.
Participants with a history of the lower leg, ankle, and foot overuse injuries n = 32 (14 %) were
invited for more detailed testing. Participants with diagnosed medial tibial stress syndrome were
not included. Controls n = 34 (15 %) were subjects without injury matched in age from the
same population. The case-control matching procedure was performed using MedCalc Software
Ltd (v.18.5, Belgium). During detailed testing study subjects’ height, weight and size of the
footwear used were documented. Foot posture, foot arch, and bare footprint length were
assessed; additionally, plantar pressure, barefoot, and shod gait were examined. Two subjects

in the control group did not participate in gait analysis.

3.2.1 Foot posture

Before foot posture assessment, visual inspection of the skin and nails of the foot was
performed. The presence of blisters, calluses, or corns, as well as ingrown toenails and
subungual haematoma, were documented according to the classification of Carr &
Cropley (2019).

Foot posture was analysed according to FPI (Redmond et al., 2006). Each foot was
assessed separately and each factor was rated from -2 to +2 (Table 3.1). The neutral FPI range
is from O to +5, the pronated foot from +6 to +9, the highly pronated +10, the supinated FPI
range from —1 to —4, the highly supinated foot from —5 to —12. For recording the FPI

assessment, the data sheet adapted from Redmond et al.

Table 3.1
Foot Position Index Datasheet
Factor Plane
Talar head palpation Transverse
Rearfoot Curves above and below the lateral malleolus Frontal / transverse
Inversion /eversion of the calcaneus Frontal
Prominence in the region of the talonavicular joint Transverse
Forefoot Congruence of the medial longitudinal arch Sagittal
Abd / Adduction forefoot on rearfoot Transverse

For FPI usage in Latvian author’s (professor Anthony Redmond) permission for
translation was obtained. The adaptation of the FPI adaptation to Latvian was performed using
forward-backward translation according to the recommendations of Beaton et al. (2007). For
FP1 measurement, subjects were asked to look straight forward and stand in a relaxed position
with double-limb support (Redmond et al., 2006).
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3.2.2 Footprint length and fit of the footwear

Digital image of the bare footprint for the length assessment was obtained using
apressure platform (2mx0.4m x0.02m, RSscan International, Belgium). For the
measurement procedure, participants were asked to stand on the platform in a relaxed manner.
Calibration was performed before each measurement. Plantar pressure analysis software
(Footscan® v.7.11, RSscan International) was used to detect the length of the foot arch and the
length of the foot footprint in millimetres. Foot arch classification was performed using the arch
index (Al): high-arch (Al <0.21), normal arch (0.22 < Al <0.26), low arch (Al >0.27)
(Cavanagh & Rodgers, 1987; Hernandez et al., 2007).

Footprint length was converted to shoe size according to the Mondopoint system (Celko,
2010). This system is an international metric footwear (sports shoes, military boots, skiing
boots, etc.) system that is based on statistically constructed foot. According to the Mondopoint
system, the shoe size is based on the length of the footprint in millimetres (International
Organisation for Standardisation). If the lengths of the left and right footprint differ, the longer
foot was chosen for the analysis of the footwear size. A comparison of the self-selected military
shoe size with an appropriate shoe size was performed according to the length of the bare
footprint. The appropriate fit of the military boot was defined if the used boot size matched the

Mondopoint sizing, and toe clearance was not analysed.

3.2.3 Dynamic plantar pressure assessment

Plantar pressure was examined on the pressure platform described above. The platform
was embedded in the centre of a 5-meter long walkway in the Rehabilitation Research
Laboratory of Riga Stradin$ University. Before each examination, weight calibration was
performed. Study participants were instructed to walk barefoot at a comfortable and self-
selected speed and not look at the ground. A two-step initiation protocol was used, so
participants were placed 2 steps from the edge of the platform. This protocol was used to reduce
the influence of walking speed on plantar pressure measurement. Few walking trials were used
for acclimatisation and mean data from 3 successful trials were included in each foot plantar

pressure analysis.
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The plantar pressure analysis software measured plantar pressures in N/cm?. Software
automatically masks the foot into 10 regions: hallux, lesser toes, each metatarsal head (1 MTH,
2nd MTH, 3rd MTH, 4th MTH, and 5th MTH), midfoot, medial, and lateral heel. After
checking if the automatic masking was correct, peak plantar pressure values and contact area
values were extracted. The plantar pressure symmetry for each region was determined between

the right and left feet using the symmetry index (SI):

|Xr_Xl|

SI = G5eaotxy)

«100 % (3.2)

where:

Xrand X are pressure parameters of the right and left foot. In case of perfect symmetry
between the right and left foot Sl value is 0, a higher value indicates higher asymmetry
(Robinson et al., 1987; Wafai et al., 2015).

3.2.4 Gait analysis

Gait analysis was performed in the same laboratory mentioned before. During the gait
evaluation procedure, study participants were instructed to wear shorts. All study participants
used the same military boot model for hot weather conditions with 25 cm height (Figure 3.1.).
The boot could not be used for gait evaluation if visual signs of attrition were found. Two
familiarisation gait trials (Hamacher et al., 2017) were used for barefoot and shod gait
conditions and were not included in the analysis.

For the gait assessment, participants had to walk at comfortable speed on the walkway
barefoot and in military boots until full n = 50 gait cycles (Konig et al., 2014; Kroneberg et al.,
2019) were video-recorded with two high-speed camera motion capture systems
(100 samples/s). For two-dimensional kinematics and spatiotemporal gait analysis (Maykut
etal., 2015; Zult et al., 2019), data from marker tracking and Quintic v31 biomechanics
software (Quintic Consultancy Ltd., United Kingdom) were used. During the stance phase of
the gait cycle, rearfoot eversion and ankle plantar/dorsiflexion angles were evaluated. The
initial contact was defined as heel contact. The angle formed between the foot and the ground
during a heel strike was defined as the foot contact angle (Pipkin et al., 2016). The
anteroposterior distance between the left and right heel markers at each initial contact was used

to calculate the length of the step.
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Gait variability as well as spatio-temporal characteristics of straight walking patterns
were statistically analysed. The definitions and calculations of the spatio-temporal gait
parameters were the same as in a previous study among military recruits (Springer et al., 2016)
(Table 3.2).

Table 3.2

Calculations of selected spatio-temporal gait parameters

stride time SD
mean stride time

Stride time variability 100 x

stride length SD
mean stride length

Stride length variability 100 x

right step length
" left step length

Step length asymmetry 100 x 1

In, natural logarithm; SD, standard deviation.

All study participants were fitted with retroreflective spherical markers (n = 12) using
double-sided tape for gait spatiotemporal analysis and for tracking lower leg motion during the
gait cycle. A single examiner bilaterally marked the anatomical landmarks of the bare foot and
shank: the middle shank, lateral and medial femoral epicondyles, lateral and medial malleoli,
first, second, and fifth metatarsal heads, and posterior calcaneus. Markers were placed at the
same locations as in previous studies of bare feet and shod (Chen et al., 2022; Peng et al., 2020).
After palpation of the anatomical landmarks through the military boot, markers were inserted
for evaluation of the gait with a shoe. The marker set of this study (n = 22) is identical to the
conventional lower limb gait model marker set and has shown strong test-retest reliability
(ICC > 0.80) (Molina-Rueda et al., 2021).
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4 Statistical analysis

4.1  Sample size

Sample size calculation was determined by the medical-record based 1-year (2017,
Latvian National Army Logistic Command Military Medical Support Centre) musculoskeletal
lower extremity injury incidence among Latvian Land Forces (12.4 %) and same year
population size of Latvian Land Forces (n = 1418). An open source calculator (OpenEpi, Open
Source Statistics for Public Health) was used for representative sample size calculation (Kelsey
L, Fleiss K, 2010). The statistical power was set to 0.9, p < 0.05 (two-tailed) was considered
significant. To maintain statistical power, for the cross-sectional study, 150 participants were

needed and 60 participants for the case-control study (n = 30 in each group).

4.2  Data analysis

For statistical analysis, IBM® SPSS® Statistics for Windows (Statistical Package for the
Social Sciences), software version 22.0 was used. Categorical variables in the tables are
presented as frequencies, and quantitative variables are presented as means =+ standard deviation
if not stated otherwise.

All variables were explored for distribution using the Kolmogorov-Smirnov test for the
cross-sectional study and the Shapiro-Wilk test for the case-control study. The choice of the
normality test was based on the sample size (Mishra et al., 2019) during different stages of the
study. If data did not meet normal distribution assumptions, non-parametric tests (e.g. Mann-
Whitney test, Kruskal-Wallis test) were applied.

In the article assessing MSKI injury incidence (Annex 1), relative and absolute
frequency distributions were used. Injury incidence calculated as number of injuries divided by
the population at risk of an injury in a one-year period, results were expressed as the number of
injuries per 1000 person-years.

Logarithmic transformation was used in the case-control study for continuous gait-
related variables if needed to obtain a normal distribution; If an approximately normal
distribution after logarithmic transformation was not achieved, non-parametric tests were used.
Within-group differences in gait were assessed by paired t test or Wilcoxon signed rank test
(Breslow & Day, 1980).

For statistically significant gait-related differences between groups and between
barefoot and shod conditions, an index of effect size point biserial correlation, r, is reported
(Nakagawa & Cuthill, 2007); effect sizes were defined as 0.1 —small, 0.3 medium, and 0.5 large
(Cohen, 2016).
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Data from the right and left sides were used for plantar pressure analysis, stride time,
stride length, and step asymmetry calculations; foot contact angle, rearfoot angle, and angular
velocities from the right side only were used for statistical analysis.

The COXREG function in SPSS was used for conditional logistic regression analysis to
investigate the effect of statistically significant gait-related factors on the likelihood of lower
limb overuse injury. Additionally, for significant gait parameters, receiver operating
characteristic (ROC) analysis was used to examine the area under the curve (AUC). Specificity,

sensitivity, and cutoff value were based on the Youden index (Fluss et al., 2005).
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5 Results

5.1  Cross-sectional study results

N = 227 active duty infantry soldiers participated in Stage I, 94 % of study participants

were male (Table 5.1).

Table 5.1
Characteristics of the population of the cross-sectional study

Total Males Females

(n=227) | (n=213) | (n=14)

Age, years* 295+72|294+70 | 32.1+8.3
Service time, years 72+64 | 71+64 | 8.3+65
Smoking, % (n) 43.2(98) | 45.1(96) | 14.3(2)
History of lower extremity injury during service time, % (n) | 42.7 (97) | 43.2(92) | 35.7(5)
Foot blisters after long marching, % (n) 46.3 (105) | 46.5(99) | 42.9 (6)
Usage of foot orthotics, % (n) 4.9 (11) 4.7 (10) 7.1(1)

*Continuous variables are presented as mean with standard deviation (SD); categorical variables are
presented as % (n).

5.1.1 Incidence of self-reported injury
Active duty infantry soldiers reported 197 musculoskeletal injuries and the overall
incidence rate of injuries in 2017 was 867.8injuries per 1000 person-years

(95 % CI1 824.8-913.0). The incidence rate of acute injuries was 436.1 injuries per 1000 person-
years (95 % CI 376.1-505.6); the incidence rate of overuse injuries was 431.7 injuries per
1000 person-years (95 % CI 371.8 — 501.2). 13 % of the study participants reported three or
more injuries (n = 30), 26 % reported two injuries (n =59), and 45.6 % of the participants
reported only one injury (n = 108).

The most prevalent acute injuries were observed in the lower leg and ankle, knee, wrist,
and shoulder regions. The most common acute injuries were sprains (n = 29), superficial
contusion injuries (n = 24), fractures (n = 21), and joint dislocations (n = 21). Acute trunk and
abdomen injuries, crush injuries, and amputations or blood vessel injuries were not reported.
The Barell injury matrix with the acute and overuse injuries listed is shown in Annex 1
(Table 2).

Overuse injuries were reported by 43 % of the study participants (n = 98). The most
common overuse injuries occurred in the lower back, knee, lower leg, and foot. Typical overuse
injuries were lower back pain (n = 42), patellofemoral pain syndrome (n = 11), medial tibial
stress syndrome (n = 9) and plantar fasciitis (n = 8). Stress fractures were reported in two cases.
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5.2  Military footwear comfort rating

Differences in military boot comfort rating between male and female groups were
independent of the history of overuse injury. The highest rating was 6.7 for overall comfort in
the non-injured male group. Heel cushioning rating of 5.2 was the lowest and was observed
among the non-injured female group for the heel cushioning. Mean military boot comfort
ratings among males were higher across all dimensions, but the difference with the female

group was not statistically significant (Table 5.2).

Table 5.2

Military footwear comfort ratings among infantry soldiers

Males (n = 213) Females (n = 14)
with prior non-injured with prior non-injured pP*

injury (n =92) (n=121) injury (n =5) (n=9)

Overall comfort 6.3 +1.8* 6.7+1.7 56+2.1 6.1+2.2 0.16
Forefoot cushioning 6.0+1.9 6.4 +1.8 56+1.7 57+20 0.12
Arch cushioning 6.1+1.8 6.2+2.0 56+1.8 6.1+17 0.67
Heel cushioning 6.2 +1.8 6.2+2.0 56+1.3 52+20 0.84
Arch support 6.0+1.9 6.4+1.9 6.0+1.7 57+19 0.19
Heel support 6.2+1.9 6.7+1.8 58+1.6 6.0+2.4 0.05

*Comfort ratings with SD; one-way ANOVA test compared injured and non-injured groups.

5.3  Case-control study results

After stage I, n=66 participants were assigned to the cases and control groups
according to their history of overuse injuries (Table 5.3). The foot arch for the study subjects
was classified as normal (Al = 0.26). The total FPI score ranged from -5 to 10 (median 3.00)
for both groups. The pronated (n =7) left foot was observed in both groups, the supinated
posture (n = 6) of the left foot was observed more frequently between cases. The FPI values did
not differ significantly between the feet or groups (x2(1) = 0.15, p = 0.70).

34



Characteristics of the case-control study participants

Table 5.3

Cases Controls p
(n=32) (n =34)
Age, years 285+5.2 30.24 £5.4 0.07
Height, m 1.81 £ 0.08 1.77 +£0.07 0.93
Weight, kg 80.5+12.6 81.1+12.6 0.93
BMI, kg/m? 246 £2.7 25.7+2.3 0.05
Footprint length, mm 275+ 1.26 273+1.28 0.15
Position of the left foot, n — 0.70
Supinated foot n==6 n=2
— Neutral foot n=19 n=25 -
Pronated foot n="7 n=7
Left foot arch index 0.26 +0.06 0.26 +0.08 0.60
Position of the right foot, n - 0.70
Supinated foot n=4 n=1
- Neutral foot n=25 n=27 -
Pronated foot n=3 n==6
Arch index of the right foot 0.26 £ 0.07) 0.26 £0.7 0.60

*P values based on the Mann-Whitney test, foot posture determined using FPI.

5.3.1 Footwear sizing analysis

To establish a possible relationship between shoe comfort and lower leg overuse injury,

self-selected military footwear sizes were converted to millimetres using the Mondopoint

system and compared with the foot length measurement of the Footscan® software (Table 5.4).

The median difference in footprint length between the left and right foot was 1 mm

(range 0-5 mm).

The sizes of the self-selected boot differed between the groups (p = 0.04). Footwear size

analysis showed that 57.6 % (n = 38) of all study participants used inappropriate military boot

size: 30.3 % among cases (n = 20) and 27.3 % in the control group (n = 18). Only n = 6 study

participants used a larger boot size, others (n = 31) used a smaller boot size than would be

recommended according to their footprint length.

Table 5.4
Military shoe size preferences among infantry soldiers
Total (n =66) Cases (n =32) | Controls (n = 34) P*
Self-selected shoe size, EU 43+ 1.5 435+1.6 43+ 14 0.04
Measured shoe size, EU 43.6 +1.6 43.9+£1.6) 434+1.5 <0.01
Suitable shoe size usage, % (n) 42.4 (28) 375 (12) 47.1 (16) 0.16

*European footwear sizes (EU) compared using the Chi-square test; significant results are marked in bold.
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5.3.2 Military footwear comfort and overuse injury history

Study participants who wore an inappropriate military footwear size among cases and

controls showed lower perceived comfort ratings for military footwear in all dimensions,

regardless of the history of lower extremity overuse injury (Table 5.5).

Table 5.5
Military footwear comfort rating comparison among study participants
. SUbJeCFS wearing Subjects wearing suitable
inappropriate shoe sizes shoe sizes (n = 28) (SD)
(n = 38) (SD) 1) | px
with prior | non-injured | with prior non-injured
OlI*(n=20)] (n=18) Ol (n=12) (n=16)
Overall comfort 6.69+1.22 | 6.91+1.11 7.29+1.04 7.28 +1.33 5.23 | 0.02
Forefoot cushioning | 6.24 +1.57 | 6.18+1.78 7.00+0.98 6.59+1.72 4.17 | 0.04
Arch cushioning 6.24+157 | 6.15+£1.79 6.88 + 1.36 6.53 + 2.00 3.61 | 0.06
Heel cushioning 6.29+1.38 | 6.26+1.52 | 6.92+1.38 6.66 = 1.66 5.06 | 0.03
Arch support 590+1.79 | 6.15+1.74 6.75+1.59 6.63 +1.88 438 | 0.04
Heel support 6.38+1.61 | 6.47+1.58 7.58 +£1.02 7.19+1.18 11.07 |<0.01

*QOl — overuse injury; Kruskal Wallis test results, significant results are marked in bold.

5.3.3 Plantar pressure assessment

Plantar pressure distribution differences among forefoot, midfoot and rearfoot were

observed between groups. Wide variation of peak plantar pressure values (Figure 5.1.) was

observed in cases group. Higher and statistically different values have been observed in the

forefoot and rearfoot regions (Table 5.6). Mean peak plantar pressure values of left and right

foot among cases in the hallux region was 49.85 N/cm? (SD = 40.26) and at the medial and
lateral rearfoot regions, 55.26 N/cm? (SD = 37.31) and 58.2 N/cm? (SD = 34.94) respectively.
Peak plantar pressure values in the midfoot appeared to be similar among both groups.

Both groups showed higher mean peak plantar pressure values under the 3" MTH, 50.38 N/cm?
(SD = 38.53) and 45.43 N/cm? (SD = 28.12) respectively. Differences observed between the
groups were not statistically significant except for the hallux (x*(1) = 6.8; p = 0.01), for medial
(x*(1) = 5.18; p = 0.02) and lateral (y%(1) = 12.12; p < 0.01) rearfoot.
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Figure 5.1 Peak plantar pressure distribution during barefoot walking
among cases and control groups for different foot regions

Table 5.6
Peak plantar pressure values among the case and control groups for each foot
Cases | Controls
Foot v(@)| P*
Left Right Left Right

Hallux 48.87 £42.22 | 50.82 +38.84 | 34.39+28.03 | 30.35+26.55| 6.8 | 0.01

Lesser toes | 23.40 +£29.70 | 29.70 £ 32.07 | 29.09 £29.44 | 31.91+29.95| 1.47 | 0.23
Fore- 1*MTH 24,40 £ 27.10 | 33.95+35.06 | 18.06 +£26.56 | 17.72+19.53 | 3.68 | 0.06
foot 2" MTH 46.18 £ 33.83 | 49.53 +35.35 | 41.14+32.75 | 42.85+34.57| 1.10 | 0.29

34 MTH 54.40 +33.83 | 46.37 +35.36 | 49.16 £28.87 [41.70+27.29 | 0.11 | 0.74

4" MTH 41.11 £ 35.05 | 30.00 + 32.18 | 36.22 +24.88 | 27.76 + 23.66 |0.001| 0.98

50 MTH 28.24 +37.01 | 25.25+41.12 | 15.34 +£19.72 |15.15+23.35| 0.98 | 0.33
Midfoot 53.12 +37.59 | 43.77 +42.07 | 47.84+29.97 | 41.82+3042| O 0.99
Rear- |Medial heel | 56.53 +40.79 | 53.99 + 34.07 | 40.62 +33.87 | 40.55+29.90 | 5.18 | 0.02
foot |Lateral heel| 59.10 +37.98 | 57.30 +£32.17 | 37.06 +£24.51 | 38.89 +29.35 |12.12| <0.01

*All pressure values are in N/cm?; Kruskal-Wallis test results, significant results are

MTH — metatarsal head.

marked in bold;

The median range of the degree of peak plantar pressure asymmetry (SI) in the case

group was in the range of 1 % to 45 % in different foot regions, perfect symmetry was found in

the medial heel. A lower range of Sl values between ~7 % to 16 % was observed between 7 %

and 16 % in the control group. Perfect symmetry was found for the peak plantar pressure below

the 5th MTH in both groups, for the medial heel in the case group and under the lower toes and
below the 3rd MTH in the control group (Table 5.7).
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Median peak plantar pressure asymmetry percentage

Cases Controls p*
Hallux —45.95 + 67.87 -16.44 £ 63.70 0.40
Lesser toes 9.52 +96.26 0.00 54,53 0.12
I MTH 22.22 £91.23 0.00 £47.55 0.02
I MTH 16.80 + 54.67 13.12 +58.48 0.25
I MTH —3.60 + 50.54 -16.81 +£59.80 0.51
IV MTH -23.52 £ 71.60 —15.34 +40.37 0.11
V MTH 0.00 £72.86 0.00 £34.41 0.95
Midfoot —29.37 +62.37 —8.97 +57.36 0.22
Medial heel 0.00 £57.91 13.65 +36.09 0.53
Lateral heel —1.76 £ 54.24 7.82 £55.41 0.81

Table 5.7

*Results of the Mann-Whitney test results; MTH — metatarsal head; negative value indicates higher pressure on
the left foot; significant results are marked in bold.

5.3.4 Gait analysis results

Barefoot and shod gait characteristics differ significantly between both groups
(p < 0.001). Shod gait stride was prolonged (r = 0.64), step asymmetry index was reduced and
the stride time was less variable (r = 0.52) when comparing with barefoot gait among the cases
and control groups (Table 5.8). The stride time (p =0.053; r =0.31) and the stride time
variability (p = 0.030; r = 0.85) were statistically different between the study groups during the
barefoot walk. During shod walk differences between the case and control groups were
observed only for stride time (p = 0.048, r = 0.36).

Foot and ankle motion analyses during shod and barefoot walking differed in both
groups, but no differences were found between cases and controls. During shod walking, the
foot contact angle increased, but the eversion angle of the rearfoot and the angular velocities
decreased (Table 5.9).

Table 5.8
Spatiotemporal gait parameters for the case and control groups

| Cases | Controls | p*
Walking barefoot
Stride time 1.11 £ 0.09 1.04 £0.12 0.05
Stride variability, % 1.98 £0.79 1.27 £ 0.66 0.03
Step length asymmetry index 0.56 £5.55 0.42 +£3.74 0.89
Stride length, m 1.14+0.32 1.08 +0.33 0.18
Stride length variability, % 1.88£1.72 1.97 £1.88 0.17
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Table 5.8 continued

| Cases | Controls | p*
Shod walking
Stride time 1.24 +£0.01 1.19+£0.09 0.05
Stride variability, % 1.24 +0.85 1.21+0.73 0.63
Step length asymmetry index 0.53 £4.56 0.12 £1.03 0.33
Stride length 1.34 £0.26 1.32 £0.30 0.57
Stride length variability, % 0.81 £0.73 0.72 £0.63 0.63

*Significant results are marked in bold.

Table 5.9
Foot and ankle complex kinematics
Group
Barefoot Cases Controls P

Foot contact angle (°) 16.41 +5.86 17.04 +£5.18 0.49
Rearfoot eversion (°) 5.64 +1.96 4.97 £1.65 0.69
Peak angular velocity, PF (°/s) | 242.17 £36.71 | 256.4 +30.17 0.14
Peak angular velocity, DF (°/s) | 157.38 £28.62 | 149.52 + 14.04 0.20
Shod
Foot contact angle (°) 2531 +4.77 2538 £4.63 0.90
Rearfoot eversion (°) 3.28 £1.10 2.88 £1.11 0.15
Peak angular velocity, PF (°/s) | 157.47 £23.99 | 162.32 +26.79 0.48
Peak angular velocity, DF (°/s) | 119.14 £36.36 | 120.07 +30.69 0.92

PF — plantarflexion, DF — dorsiflexion, s — seconds.

5.3.5 Regression analysis

Odds ratio was determined using the conditional logistic regression model. After
univariate and multivariate analysis, stride time variability during barefoot gait was the only
factor that statistically significantly can predict the risk of lower leg overuse injury (Table 5.10).
To determine an optimal cut-off point of stride-time variability, a univariate ROC analysis and
Youden index were used. The AUC for the ROC analysis of barefoot stride time variability was
0.77 (p =0.001; 95 % CI 0.648-0.883). The optimal cut-off value for stride time variability,
according to the Youden index, was 1.95 %, which could predict lower leg overuse injury with

sensitivity 56 % and specificity 88 % (Figure5.2.).

Table 5.10
Summary of conditional logistic regression analysis
Barefoot Shod
Variable Unadjusted OR Adjusted OR Unadjusted OR Adjusted OR
\S/t;?:bti'lri?e 2.59 2.71 1.01 1.00
© y (1.30 - 5.18) (1.31-5.60) (0.99 -1.01) (0.97 - 1.04)
p-value 0.009 0.007 0.928 0.131

OR — odds ratio, 95 % confidence interval (Cl) is given in brackets.
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6 Discussion

Musculoskeletal injury is the leading cause of disability among the military population
that results in socioeconomic burden and negatively affects military readiness between different
countries (Bulzacchelli et al., 2014; Molloy et al., 2020). Despite years of MSKI research in the
military, the lower extremities remain the most common site of injury. Infantry soldiers' feet
are continually exposed to large forces and must adapt to a variety of conditions. Therefore, the
lower leg, especially foot health, is critical to the physical condition of soldiers.

Military personnel wear specialised occupational footwear appropriate for their service
branch while on duty. For example, infantry soldiers wear military or tactical boots. Footwear
usage has a direct impact not only on the foot and ankle complex, but also on gait kinematics.
According to a recent systematic review, the role of footwear in the development of injuries in
the military remains controversial (Lavigne et al., 2023), thus, recommendation for research
that incorporates footwear usage and injury status (Baumfeld et al., 2015) remains necessary.

The purpose of this thesis was to evaluate the incidence of lower extremity overuse
injuries and to analyse their probable association with the use of military footwear among
infantry soldiers of the Latvian Land Forces. According to the study results, acute and overuse
lower extremity injuries are still common in infantry soldiers. The use of military footwear
significantly modified gait parameters and improved foot and ankle stability. The main finding
of this thesis is that lower extremity overuse injuries are not related to the use of military
footwear. Furthermore, after a thorough examination of the comfort of military footwear, it was
discovered that inappropriate footwear sizing had an adverse effect on the comfort of the
footwear regardless of the history of injury. Additionally, barefoot stride time variability was
significantly associated with lower leg overuse injury in the military.

The findings of the present study contribute to the growing body of evidence on gait-
related parameters in military personnel who have experienced lower leg overuse injuries, both

while walking barefoot and while wearing tactical boots.

6.1  Injury incidence

The results of the present study provide survey-based acute and overuse MSKI data that
were classified using the Barell injury matrix (Barell et al., 2002). The MSKI of the lower
extremities remains most common among Latvian infantry soldiers, which is consistent with
other study findings among British army infantry soldiers (Wilkinson et al., 2011). The lower
back and lower extremities were the locations where most injured, and these findings are similar

to those of the US Army Operational Forces and among the Netherlands Armed Forces (Abt
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etal., 2014; Dijksma et al., 2020). According to Abt et al. (2014), lower extremity overuse
injuries, as well as dislocations and sprains, can be classified as preventable in nature and
prevention strategies should be implemented. A high incidence of self-reported lower extremity
injuries was also observed during marching with load carriage among the Australian Army
Corps (R. M. Orr et al., 2017).

The most prevalent MSKI in the military occurs as a result of the cumulative effects of
recurrent microtrauma, often known as overuse (Hauschild et al., 2019). The definition of
overuse injury varies, but this study followed the definition that emphasises the gradual onset
and underlying pathophysiology of overuse (Roos & Marshall, 2014). The overuse injury rate
observed among study participants was 43 %, which is similar to 49 % reported among the
US Air Forces (M. T. Lovalekar et al., 2016). The observed differences in the incidence of
injuries could appear due to different research designs and assessed data types.

Higher injury rates among female soldiers compared to their male counterparts have
previously been reported (B. H. Jones etal., 2017; Nye et al., 2016). A limited number of female
soldiers participated in the cross-sectional study and the incidence of observed injuries may not
be representative of other female military employees. Furthermore, based on the sample size
calculation methodology (Section 4.1.), a group of n = 14 females is insufficient to achieve the
required statistical power (0.9). More research on female soldiers is necessary because gender,
specifically being female, is a risk factor for MSKI (Andersen et al., 2016; Geary et al., 2002).

The injury incidence rate calculation was based on self-reported data and helps to gain
a more comprehensive understanding of the injury incidence. However, high accuracy of self-
reported data has been revealed compared to medical record-based data (Schuh-Renner et al.,
2019), and half of MSKI have been reported to have been concealed from medical personnel
(L. Smith et al., 2016).

6.2 Functional status of the foot

Foot health status among infantry soldiers with and without a history of lower extremity
overuse injury was assessed using FPI, SI, and peak plantar pressure data. Foot posture was not
associated with a history of previous lower leg overuse injury, although a non-neutral foot
position appeared in the case group more frequently compared to controls. This finding is in
agreement with previous studies, where overuse injury was linked to a non-neutral foot position
(Neal et al., 2014; Tong & Kong, 2013; Yates & White, 2004).
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Plantar pressure data are practical for assessing foot function, but assumptions cannot
be based solely on peak plantar pressure values. Wide variations in plantar pressure data have
been observed among Latvian infantry soldiers, and the single plantar pressure value that could
indicate the onset of foot MSKI is unknown (Wafai et al., 2015).

According to the study results, the peak plantar pressure differences in the hallux and
heel regions between the cases and the control were statistically significant, which coincide
with the non-neutral foot position, heel contact, and toe-off during the gait cycle. The larger
range of motion in the healthy foot during walking is associated with lower plantar pressure
values (Giacomozzi et al., 2014). Foot orthotics with different stiffness and cushioning
components can be used for plantar pressure management (Bonanno et al., 2019; Chatzistergos
et al., 2020). More research is needed to investigate how plantar pressures could be related
to MSKI.

The motion of the lower extremities throughout the gait cycle among the healthy
population has been considered universally symmetric (Sadeghi, 2003), and the range of plantar
pressure symmetry (SI) in the control group was from 0 % to 16 %, which is comparable to the
normal range of asymmetry in healthy individuals (10-18 %) (Wafai et al., 2015). The range of
Sl in the group of cases ranged from 0 % in the medial heel to 46 % in the hallux region. In
15t MTH, there was a statistically significant higher peak plantar pressure asymmetry between
the cases (22 %) and the control group (0 %). The asymmetry between feet indicates an uneven
load on the lower extremities and an imbalance during walking, which requires the attention of
physiotherapists. Improving the aberrant biomechanical characteristics of the lower extremity
during military training can help prevent lower extremity overuse injuries (Zhao et al., 2020).
However, lower limb dominance is task dependent and could influence the roles of lower limbs
during the gait cycle, contributing to local asymmetry. Plantar pressure was measured in a gait
laboratory, and asymmetric patterns should not occur due to the even testing surface and the

easy task of walking at the preferred speed.

6.3 Footwear size and comfort

Soldiers' feet are continually exposed to large forces and must adapt to a variety of
conditions. Footwear should be comfortable to reduce the pressure, shear, and shock forces
generated by the foot. Consequently, it is necessary to analyse foot function, as well as military

footwear comfort, and proper footwear fit.
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The Latvian Army's footwear sizes are self-selected by the soldier, and incorrect
footwear size may have been used. The present study compared self-selected military footwear
sizes with suitable sizes according to the universal Mondopoint footwear size measurement
system for size conversion based on foot length in millimetres. Toe clearance was not analysed
since there is no universal requirement for toe gap (P. Jones et al., 2020; McWhorter et al.,
2003; Oke et al., 2015), but few studies recommend up to 20 millimetres between the foot and
the length of the footwear (Byrne & Curran, 1998; Merriman, 2002; Nancarrow, 1999).
According to the findings of the present study, 56 % of the study participants wore smaller
footwear sizes and there was no toe gap, which is comparable to the findings of a study carried
out among the Canadian Land Forces infantry, which found that the footwear size of the
personnel was not appropriate according to the foot length and width (Dyck, 2000). Foot pain,
toe abnormalities, and foot skin and nail problems have all been linked to poorly fitted footwear
in the general population (Buldt & Menz, 2018; Carr & Cropley, 2019; Schwarzkopf et al.,
2011). However, in this study, skin disorders were not prevalent and nail problems were more
prevalent among cases that used inappropriate military shoe sizes. Furthermore, foot skin
inspection should be done regularly since foot skin disorders could be an indicator of
asymmetric motion of the lower extremities during gait (Grouios, 2005).

The overall comfort rating of the military footwear ranged from 6.69 to 7.29, which is
comparable to the results of a previous study. The overall comfort of the footwear reported
previously among Brazilian Army recruits ranged from 5.5 to 7.7 points (Muniz & Bini, 2017).
Shock-absorbing insoles have been recommended to increase footwear comfort (T. L. Grier
etal., 2011; Lullini et al., 2020), although what makes appropriate footwear size to be more
comfortable and the impact of footwear comfort on gait disorders is not well understood
(Branthwaite & Chockalingam, 2019). Significantly lower military footwear comfort ratings
for all measured dimensions were observed among study subjects who used an inappropriate
size. Previous studies have reported that inappropriate footwear size use leads to discomfort
and could contribute to lower extremity overuse injury due to gait adaptations (Finestone et al.,
1992). According to the results of the present study, no relationship was found between military
footwear comfort and lower leg overuse injury history was found.

Footwear comfort ratings were provided for only one footwear model, and we did not
inspect whether the same model was used for the last 6 months before the testing period.
Although all soldiers of the Latvian Land Forces use the same military footwear model, comfort
ratings were provided for the same military boot. Additionally, footwear comfort ratings can be
distorted due to fatigue after physical activity (Hintzy et al., 2015) and for this reason, our study

participants provided military footwear ratings during a day off. According to the study results,
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the fit of military footwear is a significant factor that leads to comfortable footwear usage. and
it is difficult to develop a universal military footwear size recommendation system. Based on
these results, foot dimension measures with the Brannock device or a 3D foot scan are needed
to provide comfortable military or other occupational footwear usage. It is noteworthy that the
preference for shoe fit and perception of footwear comfort is individual (Wannop et al., 2019).
Establishing a universal footwear recommendation system requires the assessment of individual
variances in foot shape and personal preferences for footwear comfort. This involves the
development of an extensive database that integrates foot scan data and subjective evaluations

related to fit and comfort of the specific target population (Nacher et al., 2006).

6.4  Changes of gait biomechanics during shod walk

An investigation of the gait pattern and foot ankle motion was performed to establish
the association with the lower leg injury. Military footwear reduced stride time and stride
length, and these findings correspond to previous studies (Franklin et al., 2015; Hollander et al.,
2022). Previous studies indicated that military shoe design elements assisted in body balance
(DeBusk et al., 2018; Hill et al., 2020).

Shod gait analysis revealed that military boots reduced ankle joint mobility, stabilised
the rearfoot, and slowed ankle movement during walking, which is consistent with previous
research on barefoot and shod gait while running and walking (Franklin et al., 2018; Hollander
et al., 2022; Majumdar et al., 2006; Tine Marieke Willems et al., 2007). Compared to barefoot
walking, gait with military footwear showed less variability. Despite less variable and more
symmetric gait when walking with military footwear, stride variability remains a notable risk
factor for overuse injury, considering that study participants gained injury while wearing tested
footwear, and the use of military footwear does not change the potential risk of MSKI. The
normal range of stride variability between healthy individuals varies from 0.6 % to 2.0 % (Tan
etal., 2022). The mean stride time variability observed among cases with previous overuse
MSKI in this study was 1.98 +0.79 which is within the normal range for the common
population. Based on these results, a reference range restriction of stride time variability could
be considered among military and other physically active populations.

Stride time variability was found to be significant in relation to previous lower leg
overuse injury, according to the findings of the study. Stride time variability greater than 1.95 %
can predict lower leg overuse injuries with 88 % specificity and 56 % sensitivity. Prediction
based on stride time variability is not perfect, it should have high sensitivity (true cases, those
who will experience an event) and high specificity (correctly identify true non-cases).

In practice, higher specificity is important during military recruits screening for a low
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prevalence outcome. However, this study was not a prospective study and it cannot be
confirmed that changes in stride time variability are a protective mechanism after sustaining an
injury or aresult of an overuse injury. However, this study finding is in accordance with
prospective study results among soldiers of the Israeli Defence Forces who reported an
association between stride time variability and overuse injury (Springer et al., 2016). On the
contrary, a previous study among runners with patellofemoral pain syndrome has hypothesised
that increased motion variability may aid recovery through varying tissue loading patterns
(Bonacci et al., 2020). Additionally, increased variability in spatiotemporal gait parameters may
also be a sensitive indicator of joint stiffness (Gouelle & Mégrot, 2016), which could occur due
to incomplete rehabilitation after overuse of MSKI (Whittaker & Roos, 2019). Future
prospective studies among healthy individuals are needed to assess stride time variability as an

overuse injury risk factor.

6.5  Strengths and limitations

The present Thesis is pioneering in its investigation of gait biomechanics in lower
extremity MSKI while also considering the usage of military footwear. A small number of
research studies conducted in 1976 and 1983 investigated the impact of footwear on lower
extremity MSKI in the military (Bensel, 1976; Bensel & Kish, 1983). The strength of this Thesis
lies in its contribution to improving awareness of the biomechanical aspects of gait kinetics and
kinematics, both with and without military boots, in terms of injury status. Furthermore, it offers
valuable data on foot function, footwear comfort and fit, and gait variability by comparing
groups of previously injured and noninjured infantry soldiers.

The studies included in the Thesis have few limitations, mainly related to the designs of
the conducted studies. Causal sequences of gait-related parameters and overuse MSKI history
cannot be established through cross-sectional and retrospective case-control studies. The
strength of the cross-sectional study lies in its use of a highly homogeneous infantry population
for the study, with a significantly larger and representative study population compared to the
initial projected sample size (n = 150, n = 227, respectively). Therefore, the cross-sectional
study sample is a subset of soldiers that accurately represents the characteristics of military
personnel in the Latvian Land Forces. The grouping of the case-control study could change the
results due to recall bias of the injury history, therefore, the analysis of medical records was
performed to confirm the injury status. Furthermore, the author believes that the interview
responses were true, since study participants were assured that the study results would not affect

their annual medical check-up status and were granted a day off during the research period.
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Calculating the incidence rate of the injury based on self-reported data is both a strength
and a limitation. The survey is a cost-effective way to collect data from large populations and
despite the constraints of a cross-sectional study, the strength of this study is that it presents
self-reported incidence statistics of acute and overuse MSKI sites among Latvian Land Forces
infantry personnel in a Barell injury matrix. Previous research found that self-reported injury
data were more accurate than medical record data, supporting the use of survey data for injury
assessment (Schuh-Renner et al., 2019). According to L. Smith et al. (2016), 50 % of
musculoskeletal injuries among infantry populations are not reported to medical personnel
(L. Smith et al., 2016). The number of self-reported injuries can include injuries for which the
soldiers did not seek medical help or were hidden from the doctors at the Military Medical
Support Centre, providing a more complete picture of the prevalence of MSKI. Therefore,
systematic injury monitoring should continue as it allows implementation and assessment of
the effectiveness of injury-orientated prevention strategies.

Evaluation of the functional status of the foot based on plantar pressure data should be
considered with certain limitations. Although plantar pressure measurement is commonly used,
it is not possible to make general assumptions based solely on plantar pressure levels. The
utilised plantar pressure system (RSscan International, Belgium) can accurately measure the
force directed perpendicular to the pressure sensor, but lacks the capability to measure other
types of force, such as shear forces. Additionally, plantar pressure analysis software (Footscan®
v.7.11) automatically executed the masking process, potentially causing a shift in foot region-
specific plantar pressure values. Regardless the limitations, plantar pressure is a simple gait
kinetic measurement that allows evaluating the symmetry of lower extremity loading during
walking. Although wide variations in plantar pressure data have been observed among Latvian
infantry soldiers, a single plantar pressure value that could indicate the onset of foot MSKI
remains unknown (Wafai et al., 2015). The plantar pressure assessment showed a significant
degree of asymmetry in previously injured infantry soldiers. This suggests that there is an
uneven distribution of lower limb loads and an imbalance during the gait cycle, despite the fact
that the evaluation was carried out in a controlled gait laboratory environment without external
load, and all study participants had recovered from their injuries. Spine deformity could explain
plantar pressure asymmetry, but posture assessment was not performed due to the inconsistency
in the findings on gait parameter differences in patients with scoliosis, some studies reporting
such differences, while others do not (Boulcourt et al., 2023; Schizas et al., 1998; Yang et al.,
2013). Furthermore, a recent systematic review found that there is no significant connection

between the feet and the spine during walking in healthy adults. (Hmida et al., 2023).
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Furthermore, plantar pressure measurement and Footscan® software provided reliable
digital footprint length measurement that is admitted to be similar to 3D foot scan measurement
(Y.-C. Lee et al., 2014). Based on the Mondopoint system, the footprint length in centimetres
was used to compare the appropriate size of self-selected military footwear. This comparison is
limited to length alone, and foot width analysis was omitted because it had no effect on the
measurement of the size of military shoes used.

Another strength of the current study is the systematic evaluation of the comfort of
military footwear for different dimensions of footwear in the infantry soldier population.
Furthermore, because the most comprehensive approach to footwear comfort was used for the
first time to analyse military footwear comfort. The scores obtained for comfort, cushioning,
and support of footwear in various areas of the military boot cannot be compared with previous
studies. Study participants who wore the wrong shoe sizes had statistically significantly lower
evaluations of perceived comfort of military footwear on all criteria, which implies that
providing a proper fit is crucial for achieving more comfort. Several factors such as different
military footwear models, wear and tear of the shoes, shock absorption capabilities,
microclimate characteristics, width and weight of the shoes were not considered. Consequently,
military footwear comfort ratings can only be applicable to tactical boots designed for hot
weather conditions. While there are limitations to the application of comfort, the methodology
used in footwear fit and comfort research is valuable for other military specialities, as well as
for occupational footwear users such as firefighters, construction workers, and law
enforcement personnel.

Gait kinematics assessment with motion tracking markers limits the precision of the
results. Due to soft tissue artefacts (STA), markers can be a source of error in bare foot and
ankle joint kinematic data. Additionally, shoe-mounted markers are unlikely to fully represent
foot and ankle motion in shod analysis. To reduce potential errors during the study, a single
examiner (DN) placed all markers according to a standardised marker placement scheme.
Although heel markers were used to calculate spatiotemporal gait parameters such as step
length and stride time, STA in the heel is likely to be small (Alcantara et al., 2018; Benoit et al.,
2006), and rearfoot kinematic findings are consistent with earlier research (Chuter, 2010).
Furthermore, for the evaluation of shod gait, a good accuracy of rearfoot and forefoot shoe
marker placement was found without additional holes in the heel region (Alcantara et al., 2018;
Bishop et al., 2011). A hole in the heel of the tactical boot is required for precise rearfoot
motion; however, military boot with holes could not be worn by soldiers afterwards and would

have to be replaced, raising study expenses, and causing issues for study participants.
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Finally, variations in stride duration can result from anthropometric variances; however,
gait biomechanical data were not adjusted or normalised for body height or foot sole length.
This decision was made since no statistically significant variations in these parameters were

identified between the study groups.
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Conclusions

The knee, lower leg, and foot are the most common sites of musculoskeletal injuries among
male soldiers of the Latvian Land Forces aged 2049 years, and the incidence rate of 43 %
is comparable to those reported in other countries.

Non-neutral foot posture and elevated peak plantar pressures are more prevalent in
individuals with a history of lower leg injuries, while military footwear comfort ratings
remain unaffected by foot position.

The comfort ratings of military footwear are influenced by improper size selection,
regardless of an individual's history of lower extremity overuse injuries.

Wearing military footwear improves stability and encourages a more balanced gait, while
the risk of the lower extremity overuse injuries is not related to the shod gait characteristics.
Barefoot stride time variability of more than 1.95 % is the strongest indicator of lower leg

overuse injury in male infantry soldiers.
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Proposals

Implementing a Barell injury matrix-based monitoring system in the military to identify
acute and overuse musculoskeletal injuries would facilitate the establishment and
evaluation of injury prevention initiatives.

It is advisable to specify the foot posture evaluation criteria to assess possible injury risks
and prevent individuals with overpronated or highly supinated feet from enlisting in the
military.

Foot dimension measurement is recommended to provide adequate footwear size to ensure
better military or other occupational footwear comfort.

During medical check-up, it is recommended to incorporate a plantar pressure assessment
and barefoot gait variability analysis as tools to identify military personnel at an elevated

risk of injury.
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Abstract. Musculoskeletal injury is the leading cause of disability among different military
populations that results in socioeconomic burden and negatively affects military readiness.
Study aim was to describe self-reported musculoskeletal injuries among Latvian infantry
soldiers during one-year period. Survey-based cross-sectional study was carried out. Data was
assessed using survey about injuries that occurred in one-year period during annual medical
check-up. Musculoskeletal injuries were classified according to body regions as it is in Barell
injury matrix and by injury type — acute or overuse. Study results showed in one-year injury
incidence rate was 867.8 cases per 1000 person-years (95% CI 824.8 — 913.0) with total 197
musculoskeletal injuries reported among active duty infantry soldiers. 1ypical acute injuries
were superficial contusion injuries (n=24), fractures (n=21), joint dislocations (n=21) and
sprains (n=29). Typical overuse diagnoses were lower back pain (n=42), patellofemoral pain
syndrome (n—11), medial tibial stress syndrome (n—9), plantar fasciitis (n-8). Present study
showed high incidence of overuse back injuries and overuse and acute lower leg injuries.
Mostly of reported injuries could be classified as preventable and should be reduced through
injury reduction programmes.

Keywords: Barell matrix, military personnel, musculoskeletal injuries, occupational health.

Introduction

Musculoskeletal injuries remain leading cause of disability among military
population that results in socioeconomic burden and negatively affects military
readiness among different countries. Half of all outpatient medical visits in U.S.
appear to be due to injuries (Knapik et al., 2004). In the United Kingdom,
musculoskeletal injuries are the primary cause of medical discharge among
military population (UK Ministry of Defence, 2018).

Studies conducted in military injury epidemiology field usually are based on
medical-record analysis; however, recent study showed high self-reported injury
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data accuracy when comparing with medical-record based data (Schuh-Renner
etal., 2019).

Important aspect of injury prevention process is systematic injury
surveillance, which monitors injury rates and trends (Jones et al., 2010; Schuh
et al., 2017). For better understanding impact of injury reducing strategies, long-
term monitoring of injury rates is recommended by Wardle & Greeves (2017).

Latvian Land forces is the biggest branch of Latvian National Armed forces
and infantry soldiers have consistently high physical demands. No epidemiologic
data on musculoskeletal injuries among Latvian infantry soldiers have been
published previously and first step for injury rates monitoring is survey usage for
injury rate assessment. Therefore, purpose of this study is to describe self-reported
musculoskeletal injuries among Latvian infantry soldiers during one-year period.

Methods

To assess self-reported musculoskeletal injury data we performed survey-
based cross-sectional study. Latvian infantry soldiers were asked to fill in the
survey about injuries that occurred in one-year period during annual medical
check-up in State Military Medicine Centre. Participation was voluntary and
written informed consent was retrieved after providing information on study
purpose. Approvals for this research from Riga Stradin§ university Ethics
committee (Nr.40/26.10.2017) and Land forces of Latvia were admitted.
Musculoskeletal injury was defined as an injury of any musculoskeletal system
elements (bones, muscles, tendons etc.). Injuries were classified according to
body regions as it is in Barrel injury matrix (Barell et al., 2002) and by injury
type — acute or overuse. Barrel injury matrix is a basic tool for injury analysis; it
displays twelve types of injury in columns and thirty six body regions in rows.

Musculoskeletal injuries due to blunt, crushing or penetrating trauma were
classified as acute (lannotti & Parker, 2013). Injury caused by repetitive and/or
forceful tasks as the result of repeated overstretching, overloading, deformation,
compression, friction, or ischemia was classified as overuse injury (Kernan 2008;
McCarty et al., 2017). For example, strains, sprains, ligament ruptures and
fractures are acute injuries and overuse injuries are different tendinitis, bursitis
etc. Stress fractures were included in overuse injury group due to micro-traumatic
aetiology.

To describe injury incidence relative and absolute frequency distribution was
used. Injury incidence calculated as number of injuries divided by the population
at risk of an injury in a one-year period, results expressed as the number of injuries
per 1000 person-years. For non-normally distributed data median values with
standard deviation was reported.
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Results
Totally 227 soldiers participated in survey, 94% of survey participants were
males at the mean age of 29.6 + 7.2 years and with mean service time 7.1 + 6.4

years. Participant characteristics are shown in Tablel.

Table 1 The demographics of the subjects

Service Smoking
Total Age, time Foot N <10 11<
= years £ v blisters, % on= . .
n=227 SD years + (n) smokers, cigarettes cigarettes
SD % (n) perday  per day
Males 213 296+72 71+£64 43,7(93) (5141‘79) 34.7(74) 104 (22)

Females 14 298+74 74 +66 423(6) 857(12) 7.14(1) 7.14(1)

Overall, incidence rate reported 867.8 injuries per 1000 person-years (95%
CI 824.8 —913.0) with total 197 musculoskeletal injuries reported in 2017 among
active duty infantry soldiers. 45.6% of participants reported only one injury
(n=108), 26% reported two injuries (n=59), and others reported three or more
injuries (n=30).

Acute injury rate was 436.1 injuries per 1000 person-years (95% CI 376.1 —
505.6); reported overuse injury rate was 431.7 injuries per 1000 person-years
(95% C1371.8 —501.2). Barrel injury matrix with listed acute and overuse injuries
is in Table 2. Most common acute injury sites were lower leg and ankle, knee,
wrist and shoulder.

Typical acute injuries were superficial contusion injuries (n=24), fractures
(n=21), joint dislocations (n=21) and sprains (n=29). Acute injuries of abdomen
and trunk, as well as any crush injuries, amputations or blood vessel injuries were
not reported.

Overuse injuries were reported in 43% of cases (n=98). Most commonly
injured locations due to overuse were lower back, knee, lower leg and foot.
Typical overuse diagnoses were lower back pain (n=42), patellofemoral pain
syndrome (n=11), medial tibial stress syndrome (n=9), plantar fasciitis (n=8).
Metatarsal (n=1) and fibular (n=1) stress fractures were not common in this study.
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Table 2 Barrel injury matrix for acute and overuse injuries

Acute injuries by type

Total
§ B g S3 acute Total
 region of 2 2 82 2 85 9 8 inudes OVOUS
oy egion o 5 & 8 g 2 % H g o ~ > injuries, n
injury s 2 88 % 232 & 2 n ;
< %2 2% B B3
R = S o©o°
Chest ) ) ) ) ) ) | |
(thorax)
Pelvis
g and - - - - 1 - - 1 -
o .
= urogenital
Back and - 5
buttock } 2 & 8
Shoulder
L S 1) 4
upper
arm
8  Forcarm
2 - i & 2 5
5 and clbow 2 4 . .
Whrist,
= o A 1 2 2 1 - 10 1
g and
2 fingers
& Hip « = - . 1 = = 1 =
Upper leg
andthigh =~ =~ 1 r o = 1 6 :
8 Knee -2 5 - 5 - - 12 15
3 Lower
leg and 11 14 16 - - - - 41 17
ankle
WY g & 1L = A s = 8 12
toes
Total by injury type 21 21 29 2 24 11 99 98

Note: *Injuries with incidence >10% are highlighted in bold
Discussion
Present study assessed self-reported musculoskeletal injury data among

infantry soldiers. To authors’ knowledge, this is the first descriptive study on
epidemiology of injury data among Latvian infantry soldiers. Current research
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data provides information about most common acute and overuse injury types and
locations based on survey data among infantry soldiers.

Acute and overuse injuries of lower extremity remain common among
military populations, especially in infantry soldiers which is consistent with this
study findings (Knapik et al., 2006). Most commonly lower back, knee, lower leg
and foot were injured and these findings are similar to Abt et al. findings in US
Army Operational Forces and Dijksma et al. recently reported injury locations in
Netherlands Armed Forces (Abt et al., 2014; Dijksma et al., 2019). Orr et al. at
self-reported injury study found bones and joints of lower extremity injuries as
most commonly injured structure where most injuries occurred during marching
(Orr et al., 2017). In this survey, few female soldiers participated and it reduces
representativeness of injury rates found in this study. However, it has been
reported that in military population females are have higher injury risks when
comparing to males (MoD, 2018).

Acute musculoskeletal injuries, such as dislocations and sprains, according
to Abt. et al. (2014), as well as overuse injuries identified in this study among
infantry soldiers are classified as preventable in nature and prevention strategies
should appear.

Observed overuse injury rate among all body regions at present study was
43%, which is similar to 49% reported by Lovalekar et al. in 2018 for U.S. Air
Forces (Lovalekar et al., 2016).

Among all locations, lower extremity overuse has been reported with higher
rates and it is similar to another study findings. For example, Ruscio et al. reported
lower extremity overuse as the leading cause of limited duty in U.S. army (Ruscio
et al., 20006).

Injury incidence rate calculation based on self-reported data is a strength and
weakness at the same time. Smith et al. report, that approximately half of
musculoskeletal injuries among infantry populations are not reported to medical
personnel (Smith et al., 2016). However, self-reported injury data can also include
injuries for which soldier did not seek any medical help or which were concealed
from State Military Medicine centre doctors, so it helps to gain more
comprehensive insight of injury prevalence.

Cross-sectional study design is a serious limitation in interpretation due to
relatively small and heterogeneous study population, recall bias and honesty.
Using surveys remain cost-effective method to gain data from large populations
so in spite of study limitations, strength of this research is that it helps to gain
insight to musculoskeletal acute and overuse injury sites. Recent study showed
high self-reported injury data accuracy when comparing with medical-record
based data, thereby additionally supporting survey data usage for injury
assessment (Schuh-Renner et al., 2019).
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Conclusions

Overall self-reported injury incidence rate was 867.8 injuries per 1000
person-years. Present study showed high incidence of back and lower leg injuries.
Reported injuries could be reduced through injury reduction programmes and in
order to evaluate effectiveness of these programmes it is important to report
injuries regularly and compare injury trends over time. Continuing injury
monitoring allows implementing injury-oriented prevention strategy and
assessing it effectiveness.
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The majority of reported injuries among military populations are injuries due to cumulative repeti-
tive microtrauma — overuse injuries. Plantar pressure measurement is a simple tool to analyse
lower limb biomechanics through the assessment of forces applied to the foot. This study aimed
to determine the relation between peak plantar pressure and lower extremity overuse. Sixty-six
active-duty infantry male soldiers, with mean age 29.7 years (range 22—40 years), and mean ser-
vice time 5.2 years (range 1-15 years) participated. The highest peak plantar pressure (PPP) at
the forefoot occurred at the hallux (cases: 50.82 n/cmz, SD = 38.84; control: 34.39 n/cm?, SD =
28.03) and 39 metatarsal head (cases: 54.40 n/em?, SD = 33.83; control: 49.16 n/cm?, SD =
28.87). The study demonstrated elevated PPP among cases. Statistically significant results were
found at the hallux (y2(1) = 6.8; p = 0.01), medial heel (y2(1) = 5.18; p = 0.02) and lateral heel
(x2(1) = 12.12; p < 0.01) regions. The results show that plantar pressure assessment could be

used as a useful screening tool for early lower extremity overuse injury detection.
Key words: military personnel, cumulative trauma disorder, baropodometry.

INTRODUCTION

Sustaining an injury reduces military readiness, increases
the financial burden of additional health care and is a lead-
ing cause of medical discharge among military personnel
(Geary et al., 2002; Jones et al., 2010; Ruscio et al., 2010;
Lovalekar er al., 2018). Musculoskeletal injuries (MSKI)
are common among different countries and the reported in-
jury rates are consistently high. Reported acute and overuse
injury incidence in the British army is 49% and it is 53% for
military personnel in the USA (Sharma et al., 2015; Grier et
al., 2020). The majority of reported MSKI among different
military populations are injuries due to cumulative repeti-
tive microtrauma (Hoffman ez al., 2015). Repetitive high-
intensity training with a short recovery period is a signifi-
cant contributor to injury with gradual onset — overuse in-
jury (Kaufman er al., 2000). For example, it has been re-
ported that 51% of young conscripts in Finland during six
months sustained an overuse injury (Taanila et al., 2015).

Previous studies showed that a history of injury is a strong
risk factor for the next injury (Knapik er al., 2003; Fulton et
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al., 2014). For this reason, systematic injury rate assessment
and long-term injury trend monitoring are important parts of
the injury prevention process (Wardle and Greeves, 2017).
Regional Logistics Command (LC) military medical care
centres in Latvia provide written acute musculoskeletal in-
jury monthly reports to the National Armed Forces LC Mil-
itary Medical Support Centre. Medical reports contain data
on the injured person, injury date and place, injured body
part and side, and injury type similar to the Barell injury
matrix (Barell er al., 2002). Medical-record based on one-
year injury incidence in the Latvian Army is 12.4%; most
injured locations are lower legs (2.5%), foot and toes
(1.7%) with only three cases of stress fractures reported.

The Latvian Land Forces are one of the biggest military
branches of the Latvian Army, with three thousand soldiers
involved at average age 34.2 years. A large portion of the
Latvian Army is formed by infantry soldiers, also known as
“foot soldiers”. According to survey results among infantry
soldiers, the lower extremity is the most injured body site
(56%), where self-reported lower extremity overuse injury
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occurs in 45% subjects. In comparison, self-reported upper
extremity overuse injury occurrence is only 11% (Nestero-
vica, 2018).

Foot health for infantry is essential in not only providing
adequate shock-absorbing and normal gait cycle on uneven
terrain, but also in maintaining good health status and the
highest state of military readiness. Foot type as well as
forces applied to the foot are important. Studies have shown
good Foot Posture Index (FPI) inter- and intra-rater reliabil-
ity with the ability to quantify foot type (Redmond er al.,
2006; Cornwall et al., 2008; Morrison and Ferrari, 2009) .
Plantar pressure measurement with a pressure plate is a sim-
ple method to assess the direction and force applied to the
foot and it is a key tool to analyse lower limb biomechanics
(Landorf and Keenan, 2000). For plantar pressure manage-
ment, foot orthotics with different stiffness and cushioning
components have been used among pathological and
healthy populations (Bonanno et al., 2019; Chatzistergos et
al., 2020). Different foot orthotics have shown good results
in lower limb injury incidence reduction during military
training (Snyder er al., 2009; Bonanno et al., 2018).

Limited evidence regarding plantar pressure values and in-
jury risk exists. Few studies previously investigated peak
plantar pressure among injured and healthy Royal Marines
recruits and young Navy officers. High arch and greater
peak plantar pressure at the medial side of the foot in-
creased risk for a metatarsal stress fracture and ankle inver-
sion injury among Royal Marines; Dixon et al., 2019). Plan-
tar pressure has been reported to be a predictive factor of
sustaining an overuse injury of the lower limb in a con-
trolled training environment of Navy officers (Franklyn-
Miller et al., 2014).

This study aimed to investigate the relation between peak
plantar pressure and lower extremity overuse injuries
among Latvian infantry soldiers.

MATERIALS AND METHODS

Subjects. Sixty-six active-duty infantry soldiers partici-
pated in the case-control study. all were males at mean age
29.7 years (range 22-40 years) and with mean service time
5.2 years (range 1-15 years). Cases were soldiers with prior
lower leg (knee, ankle, or foot) overuse injury during the
last six month period (cases); persons who did not sustain
any lower extremity injury during the same period were the
control group). Overuse injury was defined as MSKI caused
by repetitive and/or forceful tasks or appeared as a result of
repeated overstretching or overloading (Cheron and Scanff,
2016). Overuse lower limb injuries included in this defini-
tion were: plantar fasciitis, metatarsalgia, Achilles tendino-
pathy, stress fracture, medial tibial stress, patellofemoral
syndrome, chronic exertional compartment syndrome, and
iliotibial band syndrome.

Information about injuries was obtained from surveys dur-
ing the annual medical check-up and from medical record
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data. During the data collection period, all of the partici-
pants were not injured and were free of any musculoskeletal
pain. Participation was voluntary and all study subjects pro-
vided written informed consent. Ethical approval was ob-
tained from the Ethics Committee of Riga Stradin$ Univer-
sity (No. 40/26.10.2017).

Procedure and data extraction. A pressure platform
(2 m x 0.4 m x 0.02 m, RSscan International, Belgium) was
embedded in the centre of a S-metre long walkway. Firstly,
weight calibration was performed. Participants were asked
to walk barefoot in a relaxed manner at a self-selected com-
fort speed, and not to look at the ground. To minimise walk-
ing speed influence on plantar pressure measurement, a
two-step initiation protocol was used, such that participants
were positioned two steps from the platform edge. Two
walking trials were used for acclimatisation; mean data
from three successful trials were analysed for each foot.

Plantar pressure analysis software (Footscan v.7.11, RSscan
International) was configured to measure plantar pressures
in n/ecm’. Software masks the foot into 10 regions: hallux,
lesser toes, each metatarsal head (1st MTH, 2nd MTH, 3rd
MTH, 4th MTH, and 5th MTH), midfoot, heel medial and
heel lateral. Peak plantar pressure (PPP) values, contact
area, and foot length values were extracted. The degree of
plantar pressure asymmetry for each region was determined
between the left and right foot in both groups using the
symmetry index (Robinson er al., 1987; Wafai et al., 2015).
A value of 0 indicates perfect symmetry between feet plan-
tar loading, while a higher value indicates higher asymme-
try in plantar loading.

For FPI measurement, the subjects were asked to stand in a
relaxed stance position with double-limb support, arms re-
laxed and looking straight forward. Additionally, foot arch
types were classified based on arch index (AI) measure-
ment. Three categories were used based on values in previ-
ous studies: high-arch (AI £0.21), normal arch (0.22 < AI <
0.26), low arch (Al > 0.27) (Cavanagh and Rodgers, 1987;
Hemnandez et al., 2007). All measurements were made by
the same examiner.

Data analysis. Statistical analyses were performed using
the SPSS 22.0 software package. Firstly, all data were as-
sessed for normality using the Shapiro-Wilk test. Mostly,
data were not normally distributed; nonparametric tests
were applied in order to determine differences between
groups. Data are presented as means with standard deviation
if not stated otherwise. The Mann—Whitney test was used to
determine SI differences among groups. The significance
level was set to p < 0.05 (two-tailed).

RESULTS

In total, 32 subjects were included in the case group and 34
subjects were included in the control group. Case and con-
trol group characteristics are shown in Table 1. Both group
demographic characteristics as well as foot posture vari-
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Table 2. Peak plantar pressure values among cases and controls for each foot, n/cm2, (SD)

Cases I Controls
Foot Zz( 1)* p-value
Left Right | Left Right
Hallux 48.87 (42.22) 50.82 (38.84) 34.39 (28.03) 30.35 (26.55) 68 0.01
Lesser toes 23.40 (29.70) 29.70 (32.07) 29.00 (29.44) 31.91 (29.95) 147 023
' MTH 2440 (27.10) 33.95 (35.06) 18.06 (26.56) 17.72(19.53) 3.68 0.06
. 2 MTH 46.18 (33.83) 49.53 (35.35) 41.14 (32.75) 42.85 (34.57) 1.10 029
39 MTH 54.40 (33.83) 4637 (35.36) 49.16 (28.87) 4170 (27.29) 0.11 0.74
4" MTH 41,11 (35.05) 30.00 (32.18) 3622 (24.88) 27.76 (23.66) 0.001 0.98
s MTH 28.24 (37.01) 25.25 (41.12) 1534 (19.72) 15.15 (23.35) 0.98 0.33
Midfoot 5312 (37.59) 4377 42.07) 47.84 (20.97) 41.82 (30.42) 0 0.99
Medial heel 56.53 (40.79) 53.99 (34.07) 40.62 (33.87) 40.55 (29.90) 5.18 0.02
Rearfoot ;. teral heel 59.10% (37.98) 57.30 (32.17) 37.06 (24.51) 38.89(29.35) 12.12 0.01

*Kruskal Wallis test results; SD, standard deviation; MTH, Metatarsal head: significant results are marked in bold; differences relate to both left and right

feet.

Table 3. Median peak plantar pressure assymetry percentage in casc and
control groups with standard deviation

Cases Controls
Median assymetry, % p-value
Hallux —45.95 (67.87) -16.44 (63.70) 0.40
Lesser toes 9.52 (96.26) 0.00 (54.53) 0.12
1st MTH 2222 (91.23) 0.00 (47.55) 0.02
2nd MTH 16.80 (54.67) 13.12(58.48) 0.25
3rd MTH -3.60 (50.54) —-16.81 (59.80) 0.51
4th MTH —23.52 (71.60) —15.34 (40.37) 0.11
5th MTH 0.00 (72.86) 0.00 (34.41) 0.95
Midfoot —29.37 (62.37) -8.97 (57.36) 0.22
Medial heel 0.00 (57.91) 13.65 (36.09) 0.53
Lateral heel ~1.76 (54.24) 7.82 (55.41) 0.81

Mann-Whitney test results; a negative value indicates higher pressure at
the left foot; standard deviation is given in brackets; MTH, metatarsal
head; significant results are marked in bold.

Plantar pressure measurements are very useful for foot
function assessment, but generalised assumptions based
only on levels of PPP cannot be made. Plantar pressures
vary widely among individuals and there is no single plan-
tar pressure value that can be used as an indicator for the
onset of a foot injury (Wafai et al., 2015). Our study data
indicated that statistically significant PPP differences be-
tween cases and control groups exist at the hallux and heel
regions, which correspond to heel-contact and toe-off gait
cycle phases. It has been reported that for a healthy foot,
larger motion in the foot joints during walking was associ-
ated with lower plantar pressure in almost all regions (Gi-
acomozzi et al., 2014). It is recommended to investigate
gait pattern as well as foot and ankle motion to establish a
possible association with lower extremity injury.

Scoring of foot type with the FPI-6 was not significantly as-
sociated with a history of previous lower extremity overuse
injury. Despite that, cases appeared to have a non-neutral
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foot position more frequently when compared with controls.
This finding is consistent with a previous study, where
lower extremity overuse injury was linked with a non-
neutral foot position (Yates and White, 2004).

Our findings showed asymmetry in both FPI and PPP
among cases and controls. Foot posture and function can be
affected by injuries. The site of injury is often reflected not
only in the plantar pressure distribution but also in the
measures of asymmetry between the feet (Wafai er al.,
2013). SI was used for plantar pressure symmetry assess-
ment. The normal range of asymmetry determined among
healthy individuals is approximately 10-18% (Wafai et al.,
2015), which is similar to ST values found in our control
group (SI values from 0% to 16%). Larger and statistically
significant PPP asymmetry between cases and controls was
found at the 1° MTH. The presence of asymmetry between
feet means unequal lower limb loading and imbalance dur-
ing walking, which requires the attention of physiothera-
pists. However, lower limb motion during the gait cycle has
been considered as globally symmetrical (Sadeghi, 2003).
Lower limb dominance is task-dependent and it can impact
the roles the lower limbs play during the gait cycle and con-
tribute to a local asymmetry. Improving the abnormal bio-
mechanical parameters of the lower extremity during mili-
tary training can prevent stress fracture of the lower limbs
(Zhao et al., 2020).

Infantry soldier’s feet are regularly exposed to large forces
and are constantly adapting to various environments. Foot-
wear should be comfortable to reduce pressure, shear, and
shock forces from the foot. Consequently, it is important to
analyse foot function as well as military footwear comfort
and proper fit. Footwear sizes in the Latvian Army have
been self-selected by the soldier and an improper size may
have been used. It is known that a large proportion of the
common population wear incorrectly sized footwear, which
is associated with foot pain and foot disorder (Schwarzkopf
et al., 2011; Buldt and Menz, 2018). Our study identified
that cases used bigger shoe sizes than controls (p = 0.04),
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but the difference between groups was not statistically sig-
nificant. Such a difference might appear due to different
foot width or lack of footwear comfort among injured sub-
jects and these factors were not included in data analysis.

Our study findings should be considered in context with
limitations of the study. The retrospective case-control
study design was a limitation due to the relatively small
study population, inability to establish causal sequences,
and recall bias of history of injury. The study grouping also
depended on medical-record quality. It has been reported
that approximately half of MSKI among infantry popula-
tions are not reported to medical personnel (Smith er al.,
2016). The used plantar pressure system is able to measure
the force that is perpendicular to the pressure sensor and it
is not possible to measure other forces, for example, shear
forces. The masking process was performed automatically
by the software, which could shift plantar pressure values. It
has been reported that automated masking reduces overall
pressure values (Deschamps er al., 2009). Gait kinematic
and EMG data were not collected and therefore conclusions
about overall lower limb biomechanics and their influence
on injury risk could not be made.

CONCLUSIONS

To the authors’ knowledge, this is the first study of peak
plantar pressure and symmetry index among infantry sol-
diers in Latvia with and without a history of lower extrem-
ity overuse injury. The study results demonstrate elevated
peak plantar pressures among cases with prior lower ex-
tremity injury. Significantly high results were found at fore-
foot (hallux, xz(l) =6.8; p=0.01) and rearfoot (medial heel
(1) = 5.18; p = 0.02; lateral heel (3%(1) = 12.12; p <
0.01)). Cases demonstrated asymmetrical peak plantar pres-
sures and foot posture. The results showed that plantar pres-
sure assessments could be a useful screening tool for early
lower extremity overuse injury detection or in planning im-
plementation of an injury prevention programme.
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MAKSIMALAIS PLANTARAIS SPIEDIENS KA APAKSEJO EKSTREMITASU PARSLODZES TRAUMU RISKA FAKTORS
KAJINIEKU VIDU

Karaviru populacija liels ipatsvars no novérotam muskuloskeletalam traumam ir kumulativa rakstura parslodzes traumas, kas skar apaksgjas
ekstremitates. Pedas plantaro spiedienu jeb uz pédam izdarita speka sadalijuma izmekleSana ir vienkarSa apak$ejo ekstremitasu
biomehanikas analizes metode. Sis pétijums analizé saistibu starp maksimalo plantaro spiedienu (MPS) un apakigjo ekstremita§u parslodzes
traumam. Gadijumu—kontroles pétijuma piedalijas seSdesmit seSi aktiva dienesta kajnieki, vidéjais vecums 29,7 gadi (vecuma diapazons
22-40 gadi); vidgjais izdienas ilgums 5,2 gadi (no 1 lidz 15 gadiem). MPS pédas priekigja dala tika registréts T pirksta rajona (gadijumi:
50,82 n/cmz, SD = 38,84; kontroles: 34,39 n/cmz, SD = 28,03) un pie IlI pleznas kaula (gadijumi: 54,40 n/cmz, SD = 33,83; kontroles:
49,16 n/cmz, SD = 28,87). Paaugstinati MPS tika novéroti gadijumu grupa. Statistiski ticamas at3kiribas atrastas pie I pirksta (xz (1)=6.,8;
p = 0,01), papéza rajona mediali (xz (1)=5,18; p = 0,02) un laterali 3~ (1) = 12,12; p < 0,01). Pétijuma rezultati rada, ka pedu plantara
spiediena izmekl&Sana ir noderiga skrininga metode agrinai apak3gjo ekstremitasu parslodzes traumu diagnostikai.
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Abstract

Background: High rates of musculoskeletal injuries such as plantar fasciitis and stress fractures have been observed
among physically active military personnel. During service time, infantry soldiers use issued boots daily that should fit
well and provide comfort to prevent injuries and decrease lower extremity pain effectively. The association of military
boot comfort with overuse injuries remains unclear. This study investigates the relationship between the chosen mili-
tary boot size, perceived boot comfort and lower leg overuse injury.

Methods: During the cross-sectional study, 227 (males, n =213; females, n = 14) active-duty infantry soldiers at a
mean age of 29.5years old, and with an average service time of 7.2 years were assessed for a history of overuse injury,
footprint length, appropriate shoe size, and footwear comfort. Males with a history of overuse injury (n=32) and non-

between footwear comfort and lower leg overuse injury.

wear comfort ratings significantly.

associated with a history of lower leg overuse injury.

injured age-matched controls (n = 34) were selected for detailed testing and establishing the possible relationship

Results: No relationship was found between footwear comfort and a history of lower leg overuse injury. N = 38
(57.6%) of study subjects were wearing an inappropriate shoe size daily. Inappropriate shoe size usage affected foot-

Conclusions: Study results showed that improper boot size was significantly related to comfort ratings but was not

Keywords: Military personnel, Footwear comfort, Overuse injuries, Military boot

Background

Most military personnel require high physical demands
during service time. It has been reported that 41-67%
of sustained injuries in the military affect the lower
extremities [1-3]. Typical injuries associated with physi-
cal training and prolonged load carriage are cumulative
micro-traumatic lower extremity overuse injuries [4].
Injuries such as stress fractures, shin splints, patellofem-
oral pain, plantar fasciitis, and Achilles tendinopathy

*Correspondence: darja.nesterovica@rsu.lv

! Military Medicine Research and Study Centre, Riga Strading University,
14 Balozu Street, Riga LV-1048, Latvia

Full list of author information is available at the end of the article

B BMC

reduce military readiness and could even be a reason
for medical discharge [5, 6]. This study explores military
boot comfort and its relationship with musculoskeletal
overuse injury in detail.

During training or actual combat scenarios, military
personnel use military boots that protect the shank and
foot from environmental hazards such as irregular and
uneven terrain. Foot health and footwear comfort are
crucial for the military readiness of infantry soldiers.
Shock absorbance and stability on uneven terrain are
also very important military footwear features. Footwear
shock-absorbance study results among Israeli infantry
recruits showed that soldiers who used basketball shoes
during basic training had a lower incidence of overuse

©The Author(s) 2021. Open Access This article is licensed under a Creative Commcns Attribution 4.0 International License, which
permits use, sharing, adaptation, distributicn and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

1o the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need 1o obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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injuries of the foot (18%) than those who wore infantry
boots (34%). The authors of the study concluded that the
basketball shoes’ shock attenuation reduced foot overuse
injuries, but not injuries at other lower extremity loca-
tions [7]. Other studies showed that military footwear
specifically made for prolonged standing and marching,
adverse weather conditions, and with a proper fit may
effectively prevent injuries and decrease lower extremity
pain [8, 9].

Footwear comfort is a complex combination of sev-
eral factors including good fitting, internal temperature,
humidity environment, plantar pressure distribution, and
ground impact force [10-12]. As reported by a recent
systematic review, a large proportion of the population
wears ill-fitting shoes that contribute to foot pain and
foot disorders [13]. Research evaluating shoe sizing on
the subjective fit and comfort of shoes is encouraged [14].
Pressure-induced skin lesions and toenail problems are
clinical effects of poor-fitting or uncomfortable footwear
observed in the general population, especially those with
chronic foot disorders [15, 16]. Footwear comfort has
been proposed as an important factor for all movement-
related lower extremity injuries [17, 18]. Associations of
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chronic foot disorders (e.g., pes planus, hallux valgus)
and acute injuries (ankle fracture or sprain) with boot
usage among military populations, as well as military
boot functional needs were established previously [19,
20]. This study compares the used infantry boot size
(subjective fit) with correct fit according to bare footprint
length among infantry soldiers with and without a his-
tory of lower extremity overuse injury.

Methods

We carried out a study designed in two stages: stage I -
cross-sectional study and stage II case-control study.
Flow chart of the study design is seen in Fig. 1.

In 12 consecutive interview sessions total, 228 (16%) of
all active-duty infantry soldiers of Latvian Land Forces
(males, n=214; females, n=14) were invited to partici-
pate in our study during the annual medical check-up at
the Latvian National Army Logistic Command Military
Medical Support Centre. Participation was voluntary,
and the study results did not change the annual medi-
cal check-up results. Before entering the study, writ-
ten informed consent was provided for each potential
study participant; one person did not sign the informed

Stage |
i | B B n=1 individual did not signed informed
soldiers invited to consont
participate
I
No history of overuse History of overuse
injury within last 6 injury within last 6
months moths
Fer::;es 5| Males Males | Fer::;es
Tl =121 n=92 ™
Subjects with history
Age-matched of lower leg overuse
controls 308
n=34 mniury
n=32
Stage Il
Case-control study
Fig. 1 Flowchart of the study design
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consent, and according to the protocol, 227 infantry sol-
diers were selected for further activities. Their mean age
was 29.5+7.1years old (range 20-49years), service time
7.2+ 6.4years (range 0.5-25years). Study population
characteristics are shown in Table 1.

The musculoskeletal injury was considered if soldier
either reported or had a medical record of injury, which
did not allow participation in at least one activity dur-
ing the last 6 months of service. Musculoskeletal injuries
were classified into two groups: acute and overuse inju-
ries and the coding was performed by the interviewer
(DN). The acute injury was defined as an injury due to
blunt, crushing, penetrating trauma. Acute injuries are
strains, sprains, ligament ruptures, fractures [excluding
stress fractures] and were classified by ICD-10 (Interna-
tional Classification of Diseases, Tenth Revision) codes
S00-T32 [21]. Overuse injuries were defined as inju-
ries caused by repetitive or forceful tasks resulting from
repeated overstretching or overloading [22]. Injuries such
as anterior or posterior tibial syndrome (ICD-10 code
M76.8), plantar fasciitis (M72.2), Achilles tendonitis (or
bursitis, M76.6), peroneal tendinitis (M76.7), and stress
fractures (M84.3) were classified as overuse injuries. For
both types of injury, body regions were classified in the
same manner as in the Barell injury matrix [23].

For this study, we have prepared a military com-
fort assessment tool according to the previously used

Table 1 Cross-sectional study population characteristics
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methodology [24]. A visual analogue scale with a ten-
centimetre length was used to rate the footwear comfort
for six dimensions: overall comfort, forefoot cushioning,
arch cushioning, heel cushioning, arch support, heel sup-
port, according to a previously used method. The left end
was labelled as ‘not comfortable’ (0) and the right end
was labelled as ‘best comfort’ (10). Example is shown in
Additional file 1.

For the second stage of our study, we have invited all
32 (14%) subjects with a history of the lower leg, ankle,
and foot overuse injury and 34 (15%) age-matched non-
injured subjects for more detailed testing. Visual inspec-
tion of the skin and nails of the foot and bare footprint
length were additionally assessed. The presence of blis-
ters, corns, or calluses, as well as ingrown toenails and
subungual haematoma, were documented according
to the classification by Carr&Cropley [25]. Character-
istics of the case-control study population are shown in
Table 2.

For footprint length assessment, participants were
asked to stand in a relaxed manner on a pressure plat-
form (2m x 0.4m x 0.02m, RSscan International, Bel-
gium). Platform calibration was performed before each
measurement. Plantar pressure analysis software (Foots-
can® v.7.11, RSscan International) was used to detect the
precise footprint length in millimetres. Footscan® pres-
sure plate has shown good repeatability and is commonly

Total (n=227)

Males (n=213) Females (n=14)

Age, years (SD) 295(7.2) 294 (7.0) 321(83)
Service time, years (SD) 7.2 (64) 7.1(64) 83(6.5)
History of total lower extremity overuse injury, % (n) 427 (n=97) 432(n=92) 357(n=5)
History of lower leg and foot overuse injury, % (n) 150 (n=34) 150(n=32) 143 (n=2)
Foot blisters after long marching, % (n) 463 (n=105) 46.5(n =99) 429(n=6)
Usage of foot orthotics, % (n) 49(n=11) 47 (n=10) 71 (n=1)

2 Standard deviation (SD) is given in brackets

Table 2 Case-control study population characteristics

Total (n=66) Subjects with prior OI* Non-injured subjects Pvalue®
(n=32) (n=34)
Age, years 29.7 (5.5) 29.0(5.7) 305 (5.3) 0.12
Height, m (SD%) 1.81(0.13) 1.81(0.13) 1.81(0.13) 096
Weight, kg (SD) 81.3(129) 813(133) 81.2(12.6) 096
Foot length, mm (SD) 274(13) 275(13) 273(13) 0.19
Usage of foot orthotics, % (n) (n=4) 125(h=4) 0 0.04
Foot blisters after long marching, % (n) 57.6 (n=138) 531(n=17) 618(n=21) 0.16
Foot skin lesions, % (n) (n=14) (n=6) (n=8) 0.58
Toenail problems, % (n) (n=18) (n=14) (n=4) 0.01

20l - overuse injury. "One-way ANOVA test results; significant results are marked in bold. “Standard deviation (SD) is given in brackets
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used in foot pressure and foot area data assessment [26,
27]. To detect the correct shoe size, bare footprint length
was converted to shoe size using the metric footwear siz-
ing — Mondopoint system [28]. In the case of footprint
length difference, the longer foot was chosen to analyse
footwear sizing. A comparison of the used self-selected
shoe size with a correct shoe size was made according to
the bare footprint length. The correct fit was defined if
the self-selected footwear size matched the Mondopoint
sizing.

The size of issued military boots was self-selected
based on soldier’s previous shoe fitting experience; each
size has only one width and half-sizes have not been
provided. The footprint width was not analysed. Given
that Latvia’s average annual air temperature is +5.9°C
[29], and for most of the year soldiers use boots for hot
weather conditions, we assessed the footwear comfort
rating for this type of issued infantry boot only.

Statistical analysis was performed using the SPSS 22.0
software package (Statistical Package for the Social Sci-
ences). Data were explored for distribution; normality
was investigated using the Kolmogorov-Smirnov test. If
data did not meet normal distribution assumptions, non-
parametric tests were applied. Quantitative variables are
presented as means with standard deviation; categorical
variables are presented as frequencies if not stated oth-
erwise. The study sample was defined as an “availability
sample”. Sample size calculations were based on one-year
musculoskeletal lower extremity injury among Latvian
Land Forces (12.4%) and performed using the open-
source calculator (OpenEpi, Open Source Statistics for
Public Health) [30, 31]. The significance level was set to
p<0.05 (two-tailed), and statistical power was set to 0.9.

Results

Footwear comfort rating

Footwear comfort rating was assessed for all study par-
ticipants (n=227). Differences in footwear comfort
rating between gender groups were independent of the

Table 3 Mean military footwear comfort ratings
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previous history of overuse injury. The highest over-
all footwear comfort rating was 6.7 in the non-injured
males group. The lowest rating of 5.2 was observed for
the heel cushioning among the non-injured females
group. Mean footwear comfort ratings among females
were lower across all dimensions, but the difference
with the male group was not statistically significant (see
Table 3).

Footwear sizing analysis

In total, #=66 male subjects were additionally tested
to assess the relationship between footwear com-
fort and lower leg overuse injury. For the addition-
ally tested group, self-selected military footwear sizes
were converted to mm (millimetres) using the Mon-
dopoint system and then compared with the footprint
length measurement from the Footscan® software. As
a result, 57.6% (n=38) of all study subjects daily were
wearing an inappropriate shoe size: 30.3% among sub-
jects with a history of overuse injury (n=20) and 27.3%
among subjects without a history of overuse injury
(n=18). Only six subjects wore bigger shoe sizes, and
others (n=31) used a smaller shoe size than would be
recommended according to their foot measurement.
Self-selected shoe sizes were statistically significantly
different among groups (p=0.04). The median foot-
print length difference between the left and right sides
was 1 mm (range 0—5mm). See Table 4 for details.

Lower extremity overuse injury and comfort rating
Subjects who wore the wrong shoe size in both (injured
and non-injured) groups showed lower military footwear
perceived comfort ratings across all dimensions, inde-
pendent of previous lower extremity overuse injury. For
most of the comfort dimensions, the difference between
injured and non-injured groups was statistically signifi-
cant. Detailed results are shown in Table 5.

Males (n=213)

Females (n=14) P-value®

With prior O Non-injured With prior O (n=5) Non-injured (n=9)

(n=92) (n=121)
Overall comfort 6.3(1.8)° 6.7(1.7) 56(2.1) 6.1(2.2) 0.16
Forefoot cushioning 6.0(1.9) 64(1.8) 56(1.7) 5.7 (2.0) 0.12
Arch cushioning 6.1(18) 6.2 (2.0) 56(1.8) 6.1(1.7) 067
Heel cushioning 6.2(18) 6.2(2.0) 56(1.3) 52(20) 084
Arch support 6.0(19) 6419 6.0(1.7) 5709 0.19
Heel support 6.2(1.9) 6.7 (1.8) 58(1.6) 6.0 (24) 005

20l - overuse injury;  Standard deviations are given in brackets;  One-way ANOVA test results comparing injured and non-injured groups
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Table 4 Military footwear sizing preferences
Total (n=66) Subjects with prior OI* Non-injured subjects P value®
(n=32) (n=34)

Self-selected EUY shoe size, (SDY) 43(1.5) 435 (1.6) 43(1.4) 0.04
Measured EU shoe size, (SD) 436(1.6) 439(1.6) 434(1.5) <0.01
Suitable shoe size usage, % (n) 424 (n=28) 375(h=12) 47.1 (n=16) 0.16
Inappropriate shoe size usage, % (n) 576 (n=38) 62.5 (n=20) 529(n=18)
20l - overuse injury. °Chi-square test results; significant results are marked in bold. “Standard deviation (SD) is given in brackets
¢ EU - European shoe size
Table 5 Military footwear comfort rating comparison among study subjects

Subjects wearing inappropriate shoe sizes  Subjects wearing suitable shoe sizes (n=28) x*(1) P value®

(n=38)

With prior Ol Non-injured (n=18) With prior Ol Non-injured (n=16)

(n=20) (n=12)
Qverall comfort 6.69 (1.22) 6.91(1.11) 7.29(1.04) 7.28 (1.33) 523 0.02
Forefoot cushioning 6.24 (1.57) 6.18(1.78) 700(0.98) 6.59(1.72) 417 0.04
Arch cushioning 6.24(1.57) 6.15(1.79) 6.88(1.36) 6.53 (2.00) 361 0.06
Heel cushioning 6.29 (1.38) 6.26 (1.52) 6.92(1.38) 6.66 (1.66) 5.06 0.03
Arch support 5.90(1.79) 6.15(1.74) 6.75 (1.59) 6.63 (1.88) 438 0.04
Heel support 6.38 (1.61) 6.47 (1.58) 7.58(1.02) 7.19(1.18) 11.07 <0.01

Ol - overuse injury. "Kruskal Wallis test results; standard deviation is given in brackets.

Discussion
To the author’s knowledge, this is the first attempt to
systematically evaluate perceived footwear comfort for
different boot dimensions in a relationship with previ-
ous foot overuse injury among infantry soldiers. The
present study assessed military boot comfort ratings and
footwear fit among infantry soldiers with and without a
history of lower extremity overuse injury. However, the
overuse injury definition used widely is not uniform,
we used the definition that emphasises a mechanism of
gradual onset and underlying pathogenesis of repetitive
microtrauma as was recommended by Roos et al. [32]
Previous military footwear research performed in 1976
focused on different lower extremity disorders, both
acute (ankle fractures) and overuse injuries (heel contu-
sions, toe paresthesia, and retrocalcaneal bursitis), and
military boot comfort data for different boot dimen-
sions remained unknown [19, 20]. According to Dijksma
et al. findings of previous footwear research among mili-
tary populations may no longer apply due to the design
of military boots evolving [33]. Current military boot
design should contribute to better perceived comfort and
a standardised military footwear comfort evaluation tool
is needed.

Footwear comfort measures are difficult to compare
with other studies due to methodological differences.
Perceived comfort perception in our study was measured
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using a visual analogue scale, not only for overall comfort
but also for cushioning and supporting different parts
of the foot [24]. Muniz et al. only reported overall foot-
wear comfort among Brazilian army recruits that varied
from 5.5 to 7.7 points, with higher comfort provided by
softer midsole and lower boot weight [34]. Paisis et al.
investigated perceived comfort among the Greek army,
and study results showed that participants also pre-
ferred walking with the lightest weight boot. It has been
reported that reduced weight, increased stiffness, and
the construction of military boots could be beneficial for
higher footwear comfort [35]. Types of military footwear
materials, shock-absorbing possibilities, microclimate
features, footwear width, and footwear weight, as well as
gait kinematics, were not assessed in our study.

Footwear sizes in the Latvian Land Forces are self-
selected by the soldier. Footwear sizes vary among pro-
ducers, and the soldier’s choice of footwear size is based
on previous experience, which can be wrong. Study find-
ings conducted among infantry of Canadian Land Forces
showed that personnel footwear was not appropriately
fitted according to foot length and width [36].

We compared self-selected footwear sizes with recom-
mended footwear sizes (based on footprint length). We
used a universal Mondopoint footwear size measurement
system for size conversion, which is performed on a sta-
tistically constructed human foot and uses foot length in
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millimetres. Our study findings showed that 56% of study
participants wore inappropriate shoe sizes, and these
results are consistent with the previously mentioned
study [36]. Wearing incorrectly sized footwear is a com-
mon problem, and it has been associated with foot pain
and foot disorder [13]. The shoe’s fit has been associated
with skin disorders of the foot such as corns and cal-
luses. In our study, foot skin disorders were not prevalent
among both study groups, and recently it has been pro-
posed that corns and calluses could indicate the asym-
metrical behaviour of the lower limbs during gait [37].
Toenail disorders, which could result from the tight toe
box of footwear [25], were more prevalent among sub-
jects with prior overuse injury who used an inappropriate
shoe size. Highly rated footwear comfort is possible if the
proper fit is provided, and our study results show moder-
ately low comfort ratings.

Study subjects who used inappropriate shoe sizes
showed statistically significantly lower military footwear
perceived comfort ratings across all dimensions, and
these results are partly consistent with previous findings.
It has been reported that inappropriate shoe fit could lead
to discomfort and contribute to lower extremity overuse
injury due to gait adaptations [38]. However, the com-
plexity of what makes the appropriately fitted shoe more
comfortable, and the impact of shoe comfort on gait and
pathology is not yet well understood [39].

Our study results found no relationship between foot-
wear comfort ratings and lower extremity injury history.
Grier et al. have identified that better cushioned footwear
did not lower injury incidence, although poor footwear
fit and cushioning were associated with foot pain and
discomfort. Our study results showed that subjects wear-
ing the wrong shoe size reported lower footwear com-
fort ratings. To potentially increase footwear cushioning
and comfort shock-absorbing insoles have been recom-
mended [8, 40]. Prefabricated foot orthoses were found
to be effective in preventing lower limb overuse injuries
[41].

Current study findings should be considered in the
context of study limitations. The cross-sectional study
design is a limitation due to the inability to estab-
lish causal sequences and recall bias of injury history.
Although the study population is relatively small, it is
representative (#=227) and considerably larger than
calculated sample size (n=150). Grouping of the case-
control study also depends on participant honesty, and it
has been reported that approximately half of the injuries
among military populations are not usually reported to
medical personnel [42]. We believe that answers to the
interviewer were honest because soldiers were informed
that the study results would not affect the medical annual
check-up status. Also, comfort ratings could influence
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the fact that only one type of infantry boot (for hot
weather conditions) was assessed. Additionally, including
foot width could provide more detailed comfort ratings,
but since it did not impact boot size measurements, it
was not included in the analysis. We did not check if the
same boot pair was used for the last 6 months; however,
all soldiers of the Land Forces of Latvia use the same boot
model, and in any case, comfort ratings were provided
for the same boot model. Given that perceived footwear
comfort rating could change during physical activity due
to fatigue [43], our study participants rated footwear
comfort during a day-off to avoid the possible skewing
of comfort data. The use of Footscan® software for foot
length measurement was selected as reliable since digi-
tal footprint measurement for foot length assessment
was found to be similar to a 3D (three-dimensional) foot
scan [44]. Despite these limitations, the strength of this
research is that it comes from a relatively homogeneous
population and helps to gain a deeper understanding of
military footwear fit and comfort by comparing previ-
ously injured and non-injured infantry soldiers groups.

According to our study, proper fit is an essential factor
that leads to more comfortable military footwear usage. It
is recommended to issue adequate military footwear size
according to foot dimension measurement using a Bran-
nock device or 3D foot scan to provide better footwear
comfort. The findings of this study can also provide valu-
able information on footwear comfort to other users of
work boots.

Conclusions

To the authors’ knowledge, this is the first study of sub-
jective infantry boot fit and comfort among infantry sol-
diers considering a history of lower extremity overuse
injury. Study results showed that inappropriate infantry
boot size significantly affects footwear comfort ratings.
History of previous lower extremity overuse injury was
not related to either shoe size selection or footwear com-
fort ratings. Based on our study results, we recommend
footprint length assessment for proper footwear size
selection.
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Abstract: Footwear usage could be a promising focus in reducing musculoskeletal injury risk in
lower extremities commonly observed among the military. The goal of this research was to find
potential gait-related risk factors for lower leg overuse injuries. Cases (1 = 32) were active-duty
infantry soldiers who had suffered an overuse injury in the previous six months of service before
enrolling in the study. The control group (n = 32) included infantry soldiers of the same age and
gender who did not have a history of lower leg overuse injury. In the gait laboratory, individuals
were asked to walk on a 5-m walkway. Rearfoot eversion, ankle plantar/dorsiflexion and stride
parameters were evaluated for barefoot and shod conditions. Barefoot walking was associated with
higher stride time variability among cases. According to the conditional regression analysis, stride
time variability greater than 1.95% (AUC = 0.77, 95% CI (0.648 to 0.883), p < 0.001) during barefoot
gait could predict lower leg overuse injury. Increased barefoot gait variability should be considered
as a possible predictive factor for lower leg overuse injury in the military, and gait with military boots
masked stride-related differences between soldiers with and without lower leg overuse injury.

Keywords: musculoskeletal injuries; military personnel; gait analysis; stride variability; infantry boot

1. Introduction

Military service is physically challenging and requires high volumes of marching and
running activities. Non-combat musculoskeletal overuse injuries of the lower extremities
have military readiness and socioeconomic impacts [1-4]. Despite years of musculoskeletal
injury research and the injury risk prevention strategies implemented in the military, the
prevalence of lower leg overuse injuries remains high. The reported prevalence of lower leg
overuse injuries vary from 8% in the foot, to 22% in the knee region, and 34% in the calf and
ankle [5]. Reduction in physical activity volume, bracing for high-risk activities, high level
of pre-accession physical fitness, and awareness of injury prevention strategies are reported
to reduce injury rates in military populations [6]. According to a recent meta-analysis,
the evidence base of musculoskeletal injury preventive strategies remains insufficient to
provide strong recommendations for practice [7].

Several risk factors for lower extremity overuse injury have been previously identified,
including age, gender and peak plantar pressure [8,9]. Jacobsson et al. discovered an
elevated risk of sustaining a subsequent injury in athletes with inadequate primary injury
recovery [10]. In the military and athletic populations, previous injury increased the risk of
subsequent lower limb injuries, and altered gait biomechanics [9,11-13].

Gait is a functional rhythmical movement, and complex fluctuations of unknown
origin appear in the normal pattern among healthy individuals [14,15]. Although significant
variation of gait is most often observed in movement disorders [16], few studies have looked
at changes in the coefficient of variation of gait parameters (variability) as a risk factor or as
a result of an injury [17]. Psoriatic arthritis patients showed higher stride variability [18],
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while patients with traumatic brain injury had increased step width variability [19]. Adults
with a history of musculoskeletal injury had higher running gait variability than injury-free
individuals [20,21].

Footwear usage impacts physical task performance and acutely affects gait stability
and variability [22-24]. During service time, military personnel use military boots and
running shoes, and shoe usage differs between countries and services [9]. The role of
military footwear in protecting military personnel against musculoskeletal injuries of
the lower extremities remains debatable. Considering the impact of footwear on gait
biomechanics, the goal of this study was to identify a gait-related predictor for lower
leg overuse injury in previously injured and non-injured infantry soldiers while walking
barefoot and in military boots.

2. Materials and Methods
2.1. Study Population

Case-control study subjects were active-duty infantry male soldiers from the Latvian
Land Forces. Subjects were selected after a cross-sectional study regarding the status of
musculoskeletal injury. Injuries that occurred due to repetitive or forceful tasks and resulted
from repeated overstretching or overloading were defined as overuse musculoskeletal
injuries [3,25]. Common lower leg overuse injuries in the military are anterior or posterior
tibial syndrome (ICD-10 code M76.8) [26], plantar fasciitis (M72.2), Achilles tendonitis (or
bursitis, M76.6), peroneal tendinitis (M76.7), and stress fractures (M84.3) [9,27]. A detailed
selection process was presented in a previous article [28]. Cases (1 = 32) were subjects
with a history of overuse injury in the lower leg, ankle, or foot during the last 6 months
of service before entering the study. The injury was considered if a soldier had a medical
record or reported an injury that restricted at least one activity. The recovery time from
a musculoskeletal overuse injury ranged between 3 and 12 weeks [29,30], and the study
started from 4 to 6 months after the injury occurred. The cases experienced complete
recovery from injury before the research period, did not have functional limitations, and
could participate in all kinds of physical activities. Controls were age and gender-matched
infantry soldiers (1 = 32) with no history of lower leg overuse injury. The characteristics
of the study population are shown in Table 1. Participation was voluntary, and all study
subjects provided written informed consent before entering the study. The study protocol
was approved by the Ethics Committee of Riga Stradin$ University (No. 40/26.10.2017).

Table 1. Characteristics of study subjects (Mean + SD).

Case (n = 32) Control (n = 32) p-Value
Age, years 1 29.13 + 5.77 30.78 + 5.13 0.087
Height, m 1.81 £ 0.08 1.77 £0.07 0.103
Weight, kg 81.09 &+ 13.54 81.75 £12.53 0.731
BMI 24.74 + 2.90 2594 + 2.85 0.100
Foot sole length, mm 275112 272412 0.488

I SD—standard deviation, BMI—body mass index, mm—millimeters.

2.2. Gait Assessment

Subjects in shorts were advised to walk comfortably barefoot on a straight 5-m walk-
way (active area). Shod walking trials were used to evaluate the effects of military boots on
gait. During the shod gait analysis, a standardized infantry boot model for hot weather
conditions with a 25 cm height was used; the worn boots had no visible attrition signs. Two
gait trials were used for familiarization [31] with each gait condition (barefoot, shod) and
were not investigated for reliable gait parameter measurement. Walking trials continued
until full n = 50 gait cycles were recorded, and only straight walking patterns were included
in the research to access gait variability; spatiotemporal stride parameters before/after
turns were not evaluated [32,33].
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All study subjects were fitted with spherical retroreflective markers (n = 12) using
double-sided tape for motion tracking and gait cycle analysis. A single examiner placed
markers bilaterally on the subject’s anatomical landmarks of the foot and shank. Mark-
ers were attached to the middle shank, the lateral and medial femoral epicondyles, the
lateral and medial malleoli, the heads of the first, second, and fifth metatarsals, and the
posterior calcaneus. During the shod condition, markers were placed after palpation of
the anatomical landmark through the shoe. The marker set used in this study is similar
to the conventional lower-limb gait model marker set (1 = 8) and showed good test-retest
reliability (ICC > 0.80) [34]. The markers were placed in the same locations as in previous
studies for barefoot and shod conditions [35,36].

The study was carried out in the Riga Strading University gait laboratory, which was
equipped with two high-speed camera motion capture systems (100 samples/s) for video
recording of gait. Data from marker tracking and Quintic v31 Biomechanics software
(Quintic Consultancy Ltd., United Kingdom) were used to analyze 2D kinematics and
spatiotemporal gait parameters [37,38]. Rearfoot eversion and ankle plantar/dorsiflexion
angles were measured throughout the gait cycle’s stance phase. Heel contact was defined
as the initial contact [39]. The foot contact angle was defined as the angle created between
the foot and the ground during a heel strike. The anteroposterior distance between the left
and right heel markers at each initial contact was used to calculate the step length. The
definitions of spatiotemporal gait parameters presented in this study were the same as in a
previous study that investigated lower-limb overuse injuries among military recruits [40].
The stride time variability was calculated as 100 x (stride time SD/mean stride time), the
stride length variability was calculated as 100 x (stride length SD/mean stride length), and
the step length asymmetry was calculated as 100 x In (right step length/left step length).

2.3. Data Processing and Statistical Analysis

Sample size was calculated using the open-source calculator (OpenEpi, Open Source
Statistics for Public Health) [41], estimate based on one-year musculoskeletal lower extrem-
ity injury among Latvian Land Forces (12.4%) [8].

Statistical analysis was performed using the SPSS 22.0 software package (Statistical Pack-
age for the Social Sciences). Data distribution was investigated using the Kolmogorov-Smirnov
test. Data are presented as mean with standard deviations (SD) if not stated otherwise.

Continuous variables were log-transformed if needed to obtain a normal distribution;
when the log transformation did not give an approximately normal distribution, nonpara-
metric tests were used. The paired t-test or Wilcoxon signed-rank test was used to compare
differences in gait parameters between matched cases and controls [42].

An index of effect size point biserial correlation, r, is reported for statistically significant
differences among groups and between shod and barefoot conditions [43]; effect sizes were
defined as 0.1—small, 0.3 medium and 0.5 large [44]. The p-value < 0.05 was considered
statistically significant. A strong correlation between data of left and right side was found.
Data from both sides were used for stride time, stride length and step asymmetry calcula-
tions; from right side only loading response, foot contact angle, rearfoot angle and angular
velocities were used for statistical analysis. Conditional logistic regression analysis was
performed using the COXREG function in SPSS to determine the effect of the statistically
significant gait parameters on the risk of lower leg overuse injury. Furthermore, for the
statistically significant gait parameters receiver operating characteristic (ROC) analysis was
used to examine the area under the curve (AUC), and the specificity, sensitivity, and cut-off
value were based on the Youden index [45].

3. Results
3.1. Gait Parameters

Both groups’ barefoot and shod conditions showed statistically different gait stride
characteristics (p < 0.001). The barefoot walking showed shorter stride length (r = 0.64) but
increased stride time (r = 0.52) and increased stride length variability (r = 0.74) compared
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to the shod condition in both study groups. Barefoot stride time (p = 0.053) and stride
time variability (p = 0.030) were statistically different between the cases and control group,
effect sizes r = 0.31 and r = 0.85, respectively. During the shod walk the stride time was
statistically different between the study groups (p = 0.048, r = 0.36). Table 2 presents the
gait characteristics for barefoot and shod conditions.

Table 2. Gait characteristics of case and control groups (Mean -+ SD).

Case Control P
Barefoot
Stride time, SD 1.11 % 0.09 1.04 + 0.12 0.053 *
Stride variability, % 1.98 +0.79 1.27 + 0.66 0.030
Loading response, % 1211 £ 226 1212 £2.04 0.962
Step length 0.56 4 5.55 042 +374 0.893
asymmetry index
Stride length, m 1.14 + 0.32 1.08 4 0.33 0.176
Shuidelengh, 188+ 172 197 +1.88 0.165
variability, %
Shod
Stride time, SD 1.24 4 0.01 1.19 £ 0.09 0.048 *
Stride variability, % 1.24 +0.85 121 4+0.73 0.629
Loading response, % 11.83 4+ 245 10.69 + 1.53 0.132
S 0.53 & 4.56 012 4+1.03 0.332
asymmetry index
Stride length 1.34 +£0.26 1.324+0.30 0.571
Sde Leuath 0.81 4073 0.72 4 0.63 0.630

variability, %
* Significant results marked in bold; SD—standard deviation.

3.2. Foot and Ankle Joint Kinematics

Foot and ankle motion analysis during shod and barefoot walking differed in both
groups and showed no dissimilarities between cases and control subjects. Foot contact
angle increased during the shod walking, but rearfoot eversion angle and angular velocities
decreased. See Table 3 for details.

Table 3. Foot and ankle complex movements with standard deviations during barefoot and shod gait.

Barefoot Group

Case Control 4
Foot contact angle (°) 16.41 £ 5.86 17.04 + 5.18 0.487
Rearfoot eversion (°) 5.64 £1.96 497 +1.65 0.692
Peak angular velocity, PF ! (°/s 24217 £ 36.71 256.4 + 30.17 0.138
Peak angular velocity, DF ! (°/s) 157.38 4 28.62 149.52 + 14.04 0.201

Shod Case Control 4
Foot contact angle (°) 25.31 +4.77 25.38 +4.63 0.896
Rearfoot eversion () 3.28 £1.10 288+ 1.11 0.147
Peak angular velocity, PF (°/s) 157.47 £ 23.99 162.32 + 26.79 0.475
Peak angular velocity, DF (°/s) 119.14 + 36.36 120.07 =+ 30.69 0.915

1 PF—plantarflexion, DF—dorsiflexion, s—seconds.

3.3. Regression Analysis

In univariate and multivariate analysis, only stride time variability during barefoot
gait could significantly predict the risk of lower leg overuse injury. See details in Table 4.
Univariate ROC analysis showed an AUC of 0.77 (p < 0.001; 95% CI 0.648-0.883), a sensitiv-
ity of 56%, and a specificity of 88%, with an optimal cutoff value for barefoot stride time
variability of 1.95%.
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Table 4. Summary of conditional logistic regression analysis.

Barefoot Shod
Variable Unadjusted OR Adjusted OR Unadjusted OR Adjusted OR !
(95% CI) (95% CI) (95% CI) (95% CI)
Stride time 2.59 2.71 1.01 1.00
variability (1.30-5.18) (1.31-5.60) (0.99-1.01) (0.97-1.04)
p 0.009 * 0.007 * 0.928 0.131

I OR—odds ratio; Cl—confidence interval; * significant results marked in bold.

4. Discussion

According to our findings, infantry boots have significant effects on gait parameters,
with gait with boots becoming faster, less variable, and more symmetric. Shod gait results
support prior research that found military boots design features contributed to body
balance [46,47]. The study’s findings on increased stride time and stride length when
walking in boots are consistent with earlier research. [24,48]. Furthermore, shod gait
analysis shows that military boots decrease ankle joint motion, stabilize the rearfoot and
slow the ankle movement during walking, which is consistent with earlier research that
investigated barefoot and shod gait during running and walking [24,48-50]. Our findings
on the maximum angular velocities during ankle dorsiflexion and plantar flexion, as well
as range of rearfoot eversion, are comparable with the previously reported data observed
in healthy populations [51,52]. Infantry boots usage significantly alters gait parameters,
and the evaluation of shod gait can mask the musculoskeletal injury risk of a lower leg.
Therefore, barefoot gait assessment protocols can be recommended for the evaluation of
military personnel.

The main result of this study is that barefoot stride time variability is significantly
related to previous lower leg overuse injuries. The normal range of stride variability in
healthy individuals varies from 0.6-2.0% [53], and based on our study results stride vari-
ability value among previously injured infantry soldiers is 1.98 4= 0.79. Based on our study
findings, a more restricted reference range of stride time variability could be considered in
specific physically active populations, such as the armed forces. Furthermore, regression
analysis showed that stride time variability is greater than 1.95%, and lower leg overuse
injuries can be predicted with 88% specificity and 56% sensitivity. Our prediction should
have both high sensitivity (true cases—those who will experience an event) and high speci-
ficity (correctly identify true non-cases). However, in practice, there is a trade-off between
sensitivity and specificity, and high specificity is more important when screening recruits
for a low prevalence outcome. Nevertheless, our finding regarding increased barefoot
stride variability is consistent with previous prospective study reporting an association of
stride time variability with the musculoskeletal injury risk among Israeli Defense Forces
soldiers [40], but the possible cutoff value for the stride time variability has not been set
previously. Prospective studies on healthy individuals are needed to evaluate stride time
variability cutoff value as a potential lower leg overuse injury risk factor. For possible mus-
culoskeletal injury mitigation, stride variability could be corrected through knee extension
and hip abduction strength training or during gait retraining [54,55].

Our study results are limited due to several factors. This study was a case-control
study and it could be discussed whether change in barefoot stride time variability is a result
of an overuse injury or a protective mechanism. We did not find significant differences
in body height or foot sole length between the research groups, so we did not modify the
gait data for these characteristics that might shift the results, even though stride duration
differences may emerge due to anthropometric factors [56,57]. Gait variability may have
been influenced by a history of musculoskeletal overuse injury. Although recovery from
injury can vary widely among individuals [58,59], all study subjects were free of any injury,
felt healthy, and did not report any symptoms or functional limitations that could influence
walking patterns throughout the gait testing. We also tested our study subjects in a gait
laboratory, and stride data measured under certain conditions cannot be easily transferred
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to other conditions [24]. Nevertheless, soldiers during the walking trials used the same
infantry boots they use daily and not an experimental pair, which could lead to a more
natural gait pattern. Additionally, our study results cannot be generalized to all types
of shoes worn in the military, because soldiers also use running shoes during service
time. Only one infantry boot type was used and we did not investigate different military
boot features that could impact the result. For example, Helton et al. found that running
shoes with mild to moderate lateral-torsional stiffness were effective in reducing the lower
extremity injury risk among military cadets [60].

Additionally, we did not analyze shoe attrition, but Chen et al. recently postulated that
running shoe attrition impacts the kinematics and kinetics of lower extremity joints [36],
and we do not know if it is the same for the infantry boot. Footwear in the Latvian
Land Forces is changed regularly if visible shoe attrition persists, and no visual damage
(e.g., asymmetrical shoe heel abrasion) of the infantry boots was found before marker
placement during the study period.

Moreover, the rearfoot and ankle joint motion tracking with markers during barefoot
gait analysis can be a source of error due to soft tissue artifacts (STA); however, the STA
in the heel is likely to be small [61,62], but STA could influence ankle joint motion results.
The marker set for the foot motion analysis, as well as marker placement errors, might
shift the results. However, during the study, all markers were placed by one examiner
following the standardized scheme of marker placement. The rearfoot motion findings are
also consistent with previous study results with a similar marker set (11 markers, without
a second metatarsal head marker) [63].

For shod analysis, we have used shoe-mounted markers that do not fully represent
foot motion [64]. Other study findings obtained from shoes with holes in the heel have
reported differences from the findings of shoes with an intact heel, but high accuracy of the
placement of the shoe marker was reported for the hindfoot and forefoot [61,65]. Addition-
ally, infantry boots with holes could not be used by soldiers afterward and would need to
be replaced, which would have increased the study expenses and caused inconvenience for
the study participants.

Despite these limitations, this study adds knowledge to gait-related parameters in
military personnel in terms of lower leg overuse injuries. To the author’s knowledge, this is
the first case-control study to evaluate gait parameters as possible risk factors for lower leg
overuse injuries in infantry soldiers. The findings of our study emphasize the importance
of gait variability as a possible lower leg overuse injury risk factor among infantry soldiers,
and gait analysis can be considered for screening and training purposes.

5. Conclusions

Overuse injury risk is independent of stride-related characteristics during walking
in infantry boots. Shod gait analysis may underestimate the risk of a lower leg overuse
injury because military boots modify gait parameters. A stride time variability of more
than 1.95% during barefoot walking is the strongest predictor of lower leg overuse injury
in infantry soldiers. In the military, increased gait variability should be considered as a
possible predictive factor for lower extremity overuse injury.
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R.Miirniece

SRR SANEMTS

Rigas Strading universitate

B
01-6/523 [ dos
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Annex 7

INFORMACIJA PAR PETIJUMU UN PACIENTA PIEKRISANAS VEIDLAPA
Militaro apavu valkasanas biomehaniskie aspekti un to saistiba
ar apaks€jo ekstremitasu parslodzes traumam

Apaksgjo ekstremitasu traumas ir biezi sastopamas karaviru vidi visad pasaule un ar1 Latvija.
Smagumu neSana, fiziskas sagatavotibas trenini un ar sportu saistitas aktivitates ir c€lonis 90 %
kustibu-balsta sist€mas traumam karaviru populacija, no kuram ap 80 % ir apaks&jo ekstremitasu
biomehaniskas parslodzes rakstura traumas. Biomehaniskas parslodzes rakstura traumas tiek
defingtas ka kumulativas mikrotraumas nepareizas slodzes sadalfjuma del. Biezak sastopamas $ada
veida apaks$€jo ekstremitasu traumas ir: patelofemorals sapju sindroms, liela liela kaula stresa
sindroms, p&das kaulu stresa lizumi, plantarais fascits.

Lai nodroSinatu adekvatu kaujas gatavibu, ka ari samazinatu veselibas apriipes izmaksas, ir
nepiecie$amas noteiktas strat€gijas parslodzes izraisita apaks€jo ekstremitasu traumatisma kontrolg.
Kaut ar militara parslodzes traumatisma c€lonfaktoriem ir veltits plass p&tijumu klasts, Latvijas
karaviru populacija Iidz $im nav pieejamas informacijas par parslodzes traumu biezumu, ka ar1 par
apaksgjo ekstremitasu traumu saistibu ar noteiktu apavu veidu un to valkaSanas paradumiem.

St pétijuma mérkis izpétit apaksgjo ekstremita$u parslodzes traumu biezumu Nacionalo brunoto
speku karaviriem un noskaidrot to sakaribas ar militaro apavu izmantoSanas paradumiem un p&du
uzbiives Ipatnibam. Tas laus novertet apaksgjo ekstremitasu parslodzes traumu sakaribas ar militaro
apavu izmantoSanu un izstradat vadlinijas attieciba uz karaviru pedu skriningu un nepiecieSamajam
militaro apavu modifikacijam, atkariba no p&du tipa.

Sis pétijums tiek realizéts sadarbojoties Nacionaliem brunotiem spékiem, Rigas Stradina universitatei
un SIA Veselibas centra 4 filialei Pédu centrs.

Petijums norisinds Rigas Stradina universitates Doktora studiju programmas “Medicina un NATO
STO realizeta projekta HFM-283 “Reducing Musculo-Skeletal Injuries” ietvaros.

Ka prieksnoteikums Iidzdalibai pétjjuma kalpo piekriSana piedalities zemak aprakstitajos
izmekl&jumos un atbild&t uz aptauju anketas uzdotajiem jautajumiem:

1. Jums tiks lfigts aizpildit aptaujas anketu par kustibu-balsta sistémas parslodzes traumam un
apavu valkasanas paradumiem. Aptauja satur jautajumus par parslodzes traumam, kas radusas
dienesta un treninu laika, par apavu valkaSanas paradumiem un komfortu, par sapem pedas, par
sporta aktivitasu intensitati, par veselibas apriipes iestades apmeklgjumiem saistiba ar parslodzes
traumam.

2. Klmiska stavokla noverteSana notiks balstoties uz aptaujas datiem, iepriek$ norunata diena
Veselibas centra 4 filialeé “Pédu centrs”. Izmekl&jumu veikSanai biis nepiecieSamas aptuveni
20 miniites.

3. Jasu klinisko novértéSanu veiks pamatojoties uz kritérijiem, kas aprakstiti unificétaja P&das
pozicijas indeksa (Foot Posture Index). Jums tiks lugts veikt dazus uzdevumus (stavét un
staigat). [zmekleSanai nepiecieSamie uzdevumi biitiski neatSkirsies no tiem, kadus Jums lidz
veikt parasta ambulatora vizite pie tehniska ortopeda.

4. Jums tiks veikta dinamiska podometrija, kas ilgs aptuveni 10 miniites. Tas ir vienkarsSs un dross
izmeklgjums, kas tiek veikts pacientiem kliniskaja praksg, lai apstiprinatu pédu patologijas.

5. Papildus tiks izmeklgta gaita un skrieSana. Jums ejot pa celinu, veiks gaitas analizi, izmekl&juma
precizitatei tiks izmantoti specialie gaismas markieri. Kaju kustibas gaitas laika tiks ierakstitas
uz videokameru. SkrieSanas analizi nodro$inas zekes no vieda tekstila ar spiediena sensoriem,
kuras Jums tiks piedavats uzvilkt pirms viena izturibas trenina.
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Annex 7 continued

Daliba $aja petijuma ir brivpratiga. Jums nav nepiecieSams apstiprinat lidzdalibu petijuma pirms Jis
par to neesat ieguvis pietickamu informaciju. Jebkura laika Jums ir tiesibas atteikties no dalibas
petijuma. Atteikums piedalities neietekm&s Jiisu turpmako diengsanu.

Jusu parakstita Pacienta piekriSanas veidlapa ir slepena. Jusu personigie dati blis anonimi visu
petijuma laiku. Informacija par Jums biis konfidenciala un Jusu datus apzimes tikai ar identifikacijas
kodu. Jusu sniegtas informacijas apstrade un uzglabasana notiks saskana ar "Fizisko personu datu
aizsardzibas likumu".

Ar savu parakstu apliecinu savu piekriSanu dalibai pétijuma.

/Petnieka vards, uzvards/ /Paraksts/ /Datums/

Paldies par sadarbibu! Ja Jums ir nepiecieSama papildus informacija, ta ir pieejama, kontakt&joties
ar personu, kura veic pétniecibu;
Darja Nesterovica, talruna numurs +371 26851975, e-pasts: darja.nesterovica@rsu.lv.
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