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footwear " (Sinclair et al;,"2013a; " Sinclair et al,12015). The mean characteristics of the

participants were: age 27.31 + 3.50 years, height 1.73 £ 0.04 m and body mass 72.23 + 5.66
kg. The procedure utilized for this investigation was approved by the University of Central
Lancashire, Science, Technology, Engineering and Mathematics, ethical committee. All
runners were free from musculoskeletal pathology at the time of data collection. Participants
provided written informed consent in accordance with the principles outlined in the

Declaration of Helsinki.

Footwear

Shoe A had an average mass of 0.285 kg, heel thickness of 25 mm and a heel drop of 14 mm.
Shoe B had an average mass of 0.167 kg, heel thickness of 7 mm and a heel drop of 0 mm.
Finally, Shoe C had an average mass of 0.08 kg, heel thickness of 6 mm and a heel drop of 0
mm. The footwear were also scored using the minimalist index described by Esculier et al.,

(2015), and Shoe A received a score of 20, Shoe B a score of 92 and Shoe C a score of 100.

Procedure
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Participants ran at 4.0 m/s (+ 5%), striking an embedded piezoelectric force platform (Kistler

Instruments " Ltd:, Winterthur, Switzerland) with their right foot. Running velocity was
monitored using infrared timing gates (Newtest, Oy Koulukatu, Finland). [The stance phase
force platform. Runners completed a minimum of five successful trials in each footwear
for striking the force platform (Sinclair et al., 2013a; Sinclair et al., 2016). The order that

participants ran in each footwear condition was counterbalanced. Kinemati¢ and GRFE data
were synchronously collected. Kinematic data were captured at 250 Hz via an eight-camera
motion analysis system (Qualisys Medical AB, Goteburg, Sweden). Dynamic calibration of

the motion capture system was performed before each data collection session.

Lower extremity segments were modelled in 6 degrees of freedom using the calibrated
anatomical systems technique (Cappozzo et al., 1995). To define the anatomical frames of the
thorax, pelvis, thighs, shanks and feet retroreflective markers were placed at the C7, T12 and
xiphoid process landmarks and also positioned bilaterally onto the acromion process, iliac
crest, anterior superior iliac spine (ASIS), posterior super iliac spine (PSIS), medial and
lateral malleoli, medial and lateral femoral epicondyles, greater trochanter, calcaneus, first
metatarsal and fifth metatarsal. Carbon-fibre tracking clusters comprising of four non-linear
retroreflective markers were positioned onto the thigh and shank segments. In addition to
these, the foot segments were tracked via the calcaneus, first metatarsal and fifth metatarsal,
the pelvic segment was tracked using the PSIS and ASIS markers and the thorax segment was

tracked using the T12, C7 and xiphoid markers. Static calibration trials (not normalized to
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static trial posture) were obtained in each footwear allowing for the anatomical markers to be

referenced in relation to the tracking markers/ clusters.

Processing

Dynamic trials were digitized using Qualisys Track Manager (Qualisys Medical AB,
Goteburg, Sweden) in order to identify anatomical and tracking markers then exported as

C3D files to Visual 3D (C-Motion, Germantown, MD, USA). All data were linearly
normalized to 100 % of the stance phase. BRI data and marker trajectories were smoothed
with cut-off frequencies of 50 Hz at 12 Hz respectively, using a low-pass Butterworth 4th

order zero lag filter, All force parameters throughout were normalized by dividing by

bodyweight (BW).

In accordance with the protocol of Addison & Lieberman, (2015), an impulse-momentum
modelling approach was utilized to calculate effective mass (% BW), which was quantified in

accordance with the below equation:

Effective mass = vertical GRF integral / (4 foot Vertical velocity + g * 4 time)

The impact peak was defined in Shoe'A as the first peak in vertical GRF. In Shoes B and C
where no impact peak was present, according to the protocols of Lieberman et al., (2010) and
Sinclair et al., (2018) we defined the position of the impact peak at the Same relative position
as'iin'Shoe /A, which Was shown o be'11.96/% of the stance phasel The time (ms) to impact

peak (4 time) was quantified as the duration from footstrike to impact peak. The vertical GRF
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integral (BW-ms) during the period of the impact peak was calculated using a trapezoidal
function. The change in foot Véttical velocity (4 foor Vertical velocity) was determined as the
instantaneous vertical foot velocity averaged across the 10 frames prior to the impact peak
(Sinclair et al:, (2018). The velocity of the foot was quantified using the centre of mass of the

foot segment in the vertical direction, within Visual 3D (Sinclair et al., 2018).

in Vertical GRF between adjacent data points: Finally, the strike index was calculated as the

position of the centre of pressure location at footstrike, relative to the total length of the foot
(Squadrone et al., 2015). A strike index of 0-33% denotes a rearfoot, 34-67% a midfoot and

68-100% a forefoot strike pattern.

Following this, data during the stance phase were exported from Visual 3D into OpenSim 3.3
software (Simtk.org). A validated musculoskeletal model with 12 segments, 19 degrees of
freedom and 92 musculotendon actuators (Lerner et al., 2015) was used to estimate lower
extremity joint forces. The model was scaled to account for the anthropometrics of each
athlete. As muscle forces are the main determinant of joint compressive forces (Herzog et al.,
2003), muscle kinetics were quantified using static optimization in accordance with Steele et
al., (2012). Compressive patellofemoral, medial/ lateral tibiofemoral and hip joint forces were

calculated via the joint reaction analyses function using the muscle forces generated from the

static optimization process as inputs. Finally; Achilles tendon  forces were estimated in
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@@@ Figure 2 near here Q@@
@@@ Figure 3 near here Q@@

@@@ Table 1 near here @@ @

Lower extremity external loading, strike index and step length

A main effect was revealed for the instantaneous loading rate (P<0:001, pn?=0.75). Post-hoc
analyses showed that instantaneous leading rate was significantly larger in Shoe B (P<0.001)

and Shoe C (P<0.001), compared to Shoe A (Table 1).

A main effect was shown for strike index (P=0:088, pn? = 0.27). Post-hoc analyses showed
that strike index was significantly larger in Shoe B (P=0.008) and Shoe C (P=0.006),

compared to Shoe A (Table 1).
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A main effect was evident for effective mass (P=0:005, pn? = 0.38). Post-hoc analyses
showed that effective mass was significantly larger in Shoes A (P=0.01) and C (P=0.04),
compared to Shoe B (Table 1). Finally, a main effect was shown for step length (P=0.012,
pn? = 0.33). Post-hoc analyses showed that step length was significantly larger in Shoe A

compared to Shoe C (P=0.005) (Table 1).

Joint loading per kilometre

At the hip joint a main effect was found for peak hip impulse per kilometre (P=0.018, pn’ =

0.31). Post-hoc analysis showed that hip ifMpulsé per kilometre was significantly larger in

Shoe C compared to shoe A (P=0.004) (Table 1).

There was also a main effect for patellofemoral impulse per kilometre (P=0.029, pn* = 0.28).

Post-hoc analysis showed that patellofemoral impulsé per kilometre was significantly larger

in Shoe C compared to shoe B (P=0.02) (Table 1).

Finally, a main effect was found for Achilles tendon impulse per kilometre (P<0.001, pn* =

0.58). Post-hoc analyses showed that Achilles tendon impulse per kilometre was significantly

larger in Shoes B (P=0.001) and C (P=0.002) compared to shoe A (Table 1).

Statistical parametric mapping - joint loading

@@@ Figure 4 near here Q@@
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@@@ Figure 6 near here @@@

At the hip joint, there was a significant main effect (Figure 4a). Post-hoc analyses showed
that Shoe A was associated with lower compressive hip force than Shoes B and C, from 82-

88% of the stance phase (Figure 4bc).

At the patellofemoral joint, there was a significant main effect (Figure 4d). Post-hoc analyses
showed that Shoe A was associated with lower patellofemoral force than Shoe B from 81-

90% of the stance phase (Figure 4e).

At the medial aspect of the tibiofemoral joint, there was also a main effect (Figure 4f). Post-
hoc analyses showed that Shoe A was associated with lower compressive force than Shoe B
from 5-10% and 80-92% of the stance phase (Figure 4g). In addition, Shoe A was associated
with lower compressive loading than Shoe C from 5-10% of the stance phase yet greater

loading from 4-9% of the stance phase (Figure 4h).

At the lateral aspect of the tibiofemoral joint, there was also a main effect (Figure 5a). Post-
hoc analyses showed that Shoe A was associated with lower compressive force than Shoe B
82-89% of the stance phase (Figure 5b). In addition, Shoe A was associated with lower

compressive force than Shoe C, between 0-3% of the stance phase (Figure 5c).
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At the Achilles tendon, there was a main effect (Figure 5d). Post-hoc analyses showed that
Shoe A was associated with lower tendon loading than Shoe B, between 7-12%, 17-55% and
82-92% of the stance phase (Figure 5e). In addition, Shoe A was associated with lower
tendon loading compared to Shoe C, from 0-3%, 20-25% and 35-50% of the stance phase

(Figure 5f).

Statistical parametric mapping - three-dimensional kinematics

For tibial internal rotation, there was a main effect (Figure 5g). Post-hoc analyses showed that
Shoe A was associated with increased tibial internal rotation than Shoe B, between 0-5% and

90-100% of the stance phase (Figure 5h).

At the ankle in the sagittal plane, there was a main effect (Figure 6a). Post-hoc analyses
showed that Shoe A was significantly more dorsiflexed than Shoe B, from 0-3% of the stance
phase (Figure 6b). In addition, it was revealed that Shoe A was significantly more dorsiflexed

than Shoe C, from 0-8% of the stance phase (Figure 6c).

Discussion



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

The kinematic analysis using SPM showed that the ankle was in a significantly more
plantarflexed position during the early stance phase in Shoes B and C in comparison to Shoe
A. This observation is reinforced by the discrete point analysis of the strike index, which
showed that the contact position was significantly more anterior in Shoes B and C, and a
midfoot strike pattern was adopted when wearing these footwear. This finding concurs with
the observations of Sinclair et al., (2013a) and Sinclair et al., (2016) who each showed an
altered foot position when wearing minimalist footwear. It is proposed that this relates to the
absence of cushioning in Shoes B and C, causing runners to adopt a flatter foot position in
order to compensate for the lack of midsole interface in an attempt to attenuate the load

experienced by the lower extremities (Lieberman et al., 2010).

(2018). Transient loading is governed by the rate at which the momentum of the foot

changes, therefore midsole material at the foot-ground interface strongly influences the

magnitude of transient forces during running (Whittle, 1999).

€ compared to Shoe A." Given the proposed association between the instantaneous rate of

loading and the aetiology of chronic injuries, this finding may be clinically meaningful,
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(Milner et al., 2006), and indicates that Shoes B and C may place runners at increased risk

from impact related injuries compared to Shoe A.

At the hip joint, the current investigation showed using SPM, that Shoe A significantly

reduced compressive hip joint loading during the early and late aspects of the stance phase

compared to Shoes B and C. [This observation is supported: throughthe discrete point
statistically greater in Shoe € compared to shoe A: As the current investigation represents the

first investigation to compare hip joint loading when running in minimalist and conventional
footwear using musculoskeletal simulation, comparisons in relation to previous analyses are
not possible. Nonetheless, the results are partially supported by those of Rooney & Derrick,
(2013) and Sinclair, (2018) who showed that modifying the foot position significantly
enhanced compressive hip joint loading during running. As the aetiology of hip joint
pathologies are strongly influenced by compressive hip joint loading (Johnson & Hunter,
2014), the current investigation indicates that Shoes B and C may increase runners’

susceptibility to chronic hip pathologies.

A further important observation from the current analysis is that patellofemoral loading
contrasted using SPM was statistically larger in Shoe B compared to Shoe A during late

stance. The discrete analysis differed from this, showing that patellofemoral force per

kilometre was significantly larger in Shoe C compared to shoe B. The observations from the
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be due to the mechanism by which patellofemoral forces were calculated, as previous utilized
mathematical models have not accounted for muscular co-contraction, and Sinclair, (2018)
similarly showed using musculoskeletal simulation that running barefoot did not attenuate
patellofemoral Kinetics compared to conventional running Shoes: The current investigation
indicates firstly that running in minimalist footwear may not necessarily attenuate the
magnitude of patellofemoral loading linked to the aetiology of patellofemoral disorders
during running, in relation to conventional running shoes. Furthermore, the current study
revealed that patellofemoral was statistically larger in Shoe C compared to shoe B, indicating

that despite their relatively similar design characteristics (Esculier et al., 2015); Shoe C may

place runners at increased risk from patellofemoral chronic injuries.

At the medial and lateral tibiofemoral joint compartments, compressive loading was

significantly greater in Shoes B and C in relation to Shoe A, during the early and late aspects

of the stance phase. This observation opposes those of Sinclair, (2016) but is supported
compressive rate of loading was statistically greater when running barefoot. This observation

may be clinically meaningful, as increased compressive loading at both aspects of the
tibiofemoral joint, is recognised as the primary risk factor in relation to the aetiology and
progression of osteoarthritic symptoms (Dabiri & Li, 2013). Therefore, the current study
shows that indicates that running in minimalist footwear may increase runners predisposition

to the risk factors linked to the initiation of tibiofemoral osteoarthritis.

The findings from the current investigation also revealed using SPM that Achilles tendon

loading was statistically larger during the mid and late aspects of the stance phase in Shoes B
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and C compared to Shoe A. In addition, the discrete point analysis of tendon loading per

kilometre similarly indicated that Shoes B and C were associated with statistically larger

tendon loading magnitudes. [This observation'concurs  with' those"of Sinclair,"(2014) ‘and
Sinclair et al., (2015) who similarly showed that peak Achilles tendon force and tendon
impulse per mile were greater when running in minimalist footwear in comparison to
conventional running shoes. The aetiology of Achilles tendinopathy is associated with

excessive and repeated tendinous loading, during cyclic activities such as running
(Magnusson et al., 2010). Excessive tendon loading without sufficient caseation of running
activities between training sessions, mediates collagen and extracellular matrix synthesis and
degradation of the tendon (Magnusson et al., 2010). As such, the current investigation shows
that running in minimalist footwear may place runners at increased risk from the
biomechanical parameters linked to Achilles tendinopathy, in comparison to conventional

running shoes.

A potential limitation that should be acknowledged in regards to the current investigation is
of course that only runners who habitually ran in conventional running shoes were examined.
The findings from previous analyses concerning the biomechanics of minimalist footwear
and conventional running shoes have drawn opposing interpretations, frequently on the basis
of the running experience of the participants in minimalist footwear (Sinclair et al., 2013a;
Squadrone & Gallozzi, 2009). It can therefore be ventured that the findings from the current
investigation may have been different, had the participants been habitual minimalist footwear
users. As such, future analyses using musculoskeletal simulation and SPM investigating the
biomechanics of running in habitual minimalist footwear is recommended, allowing more

decisive assertions in regards to the aetiology of chronic pathologies to be drawn.
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In conclusion, though the biomechanics of running in minimalist and conventional running
footwear have received widespread research attention, there has not yet been a quantitative
comparison of lower extremity biomechanics in minimalist and conventional running shoes
using a musculoskeletal simulation and SPM based approach. This study revealed that the
instantaneous load rate, hip, tibiofemoral and Achilles tendon force parameters were
statistically larger when running in Shoes B and C compared to Shoe A. Therefore, the
observations from this analysis show that minimalist footwear may place non-habituated
runners at greater risk from the mechanical factors linked to the aetiology of chronic lower

limb running related injuries.

References



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

List of figures

Figure 2: Hip, knee and ankle kinematics in the a. sagittal, b. coronal and c. transverse planes
as a function of footwear (black = Shoe A, dash = Shoe B and grey = Shoe C), (FL = flexion,

AD = adduction, IN = inversion, INT = internal, EXT = external).
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Figure 3: Lower extremity joint loading as a function of footwear (black = Shoe A, dash

Shoe B and grey = Shoe C), (a. = hip, b. = patellofemoral, c. = medial tibiofemoral, d.

lateral tibiofemoral and e. Achilles tendon).

Figure 4: Statistical parametric mapping results in relation to lower extremity joint loading (a.
hip force main effect, b. hip force Shoe A vs. Shoe B, c. hip force Shoe A vs. Shoe C, d.
patellofemoral force main effect, e. patellofemoral force Shoe A vs Shoe B, f. medial
tibiofemoral force main effect, g. medial tibiofemoral force Shoe A vs Shoe B, h. medial

tibiofemoral force Shoe B vs Shoe C).

Figure 5: Statistical parametric mapping results in relation to lower extremity joint loading
and joint angles (a. lateral tibiofemoral force main effect, b. lateral tibiofemoral force Shoe A
vs. Shoe B, c. lateral tibiofemoral force Shoe A vs. Shoe C, d. Achilles tendon force main
effect, e Achilles tendon force Shoe A vs Shoe B, f. Achilles tendon force Shoe A vs. Shoe C,

g. tibial internal rotation main effect, h. tibial internal rotation Shoe A vs. Shoe B).

Figure 6: Statistical parametric mapping results in relation to sagittal ankle joint angles (a. =

ankle angle main effect, b. ankle angle Shoe A vs Shoe B, c. Shoe A vs Shoe C).



