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Abstract

Background Patellar tendinopathy (PT) is common and debilitating for jumping athletes. Intriguingly, despite its high
prevalence and many research studies, a causal explanation for PT presence remains elusive.

Objective Our objective was to investigate whether landing biomechanics among jumping athletes are associated with PT
and can predict onset.

Methods We conducted a systematic review with evidence gap map and meta-analysis. We searched three databases from
inception to May 2021 for observational studies or trials evaluating landing biomechanics in jumping athletes with PT (JPTs).
We assessed quality with a modified Downs and Black checklist, risk of bias with the Quality Assessment of Diagnostic
Accuracy Studies (QUADAS-2) tool, and evidence levels with van Tulder’s criteria and provided an evidence gap map.
Results One prospective cohort (moderate quality), one cross-sectional cohort (moderate quality), and 14 case—control (four
high-, seven moderate-, and three low-quality) studies, including 104 JPTs, 14 with previous PT, 45 with asymptomatic
patellar tendon abnormality (PTA), and 190 controls were retained. All studies had a high risk of bias. Meta-analysis showed
an association between lower ankle dorsiflexion and the presence of tendinopathy during drop and spike landings, and JPTs
had reduced knee joint power and work during volleyball approach or drop landings (moderate evidence). Limited evidence
suggested that JPTs had lower patellar tendon loads during drop landings. Strong or moderate evidence showed no relation
between PT and sagittal plane peak knee and hip angles or range of motion; hip, knee, or ankle angles at initial contact (IC);
knee angular velocities, peak trunk kinematics, or trunk angles at IC; sagittal plane hip, knee, or ankle moments; and peak
vertical ground reaction force (vVGRF) and vGRF impulse. Identified gaps were that no study simultaneously investigated
athletes with previous PT, current PT, and PTA, and studies of joint angular velocities at IC, ankle and hip angular velocities
after touchdown, leg stiffness, loading rate of forces, and muscle activation are lacking.

Conclusion Despite the voluminous literature, large number of participants, multitude of investigated parameters, and consist-
ent research focus on landing biomechanics, only a few associations can be identified, such as reduced ankle dorsiflexion—
plantarflexion range. Further, the quality of the existing literature is inadequate to draw strong conclusions, with only four
high-quality papers being found. We were unable to determine biomechanical factors that predicted PT onset, as longitudinal/
prospective studies enabling causal inference are absent. The identified gaps indicate useful areas in which to explore causal
relationships to inform intervention development. Therefore, high-quality prospective studies are essential to definitively
determine whether landing biomechanics play a part in the development, recurrence, or management of PT and represent a
potential therapeutic or preventive target alongside non-biomechanical factors.
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Landing biomechanics may be associated with patel-
lar tendinopathy (PT), but the level of evidence for the
majority of variables was limited or very limited with a
high risk of bias.

Only limited guidance can be given to reduce landing
stiffness by using soft landing patterns integrated with
improving the ankle dorsiflexion—plantarflexion range
and optimising truncal—flexion strategies.

High-quality prospective studies are essential to gain
strong evidence and identify causal relationships
between jump-landing biomechanics and development or
prognosis of PT.

1 Introduction

Patellar tendinopathy (PT) is common, recurrent, and debili-
tating for competitive jumping athletes [1]. Across different
sports, PT has an overall prevalence of approximately 14%
of all injuries in elite athletes and 45 and 32% in volleyball
and basketball, respectively [2]. For non-elite athletes, the
prevalence ranges from 2.5 to 14.4% across various sports
[3]. Recovery rates for PT are not satisfactory [4, 5], causing
significant time off sport [5, 6] and recurrence rates of >25%
[6]. Up to 50% of athletes who are diagnosed with PT end
their sports career because of long-term recalcitrant PT [4].
Intriguingly, despite the high prevalence and many research
studies, causal explanations of PT non-recovery and recur-
rence remain elusive [7].

The knee has a major role in transferring load and dissi-
pating mechanical energy during landing [8]. A high propor-
tion of this load is transmitted through the patellar tendon [8§]
helping the lower limb joints to distribute kinetic energy [9],
which has been proposed as one of the causal biomechanical
factors for PT onset. Increased vertical jump performance
(height) has previously been found to be a possible asso-
ciated factor for PT in volleyball players, but evidence is
only limited [10]. The mechanism is likely to be higher knee
loads during higher jumps [10], which highlights the poten-
tial importance of landing patterns in jumping athletes. An
association between altered landing kinematics and PT onset
was previously reported [11]. Thus, landing biomechanics,
including kinematics (e.g. initial contact angles of joints,
peak joint angles, or angular velocities) and kinetics (e.g.
joint moments, ground reaction forces, tendon forces, or
lower limb muscle activation patterns), are plausible factors

that may influence PT onset or become impaired following
PT onset. Therefore, synthesising study results concerning
landing biomechanics is necessary.

Van der Worp et al. [11] conducted a systematic review
with six studies reporting horizontal landing kinematics
potentially linked to PT onset. Harris et al. [12] published
an updated systematic review of 15 studies finding 37 bio-
mechanical variables to be associated with PT and asymp-
tomatic patellar tendon abnormality (PTA) but undertook no
grading of evidence level or pooling of data, limiting data
interpretation. De Bleecker et al. [13] published a system-
atic review with meta-analysis investigating jump-landing
kinematics for a range of lower extremity overuse injuries,
including nine reports specific to PT, and concluded that the
kinematic associations with PT are poorly understood. No
recent comprehensive review has scoped the literature to
demonstrate evidence gaps (as per established approaches
[14, 15]), graded the evidence, assessed the risk of bias, and
pooled data from a comprehensive search of the literature.
An updated review that addresses these deficits would help
make sense of the literature for professionals attempting to
manage and prevent PT.

The primary aim of this review was to determine whether
jump-landing biomechanics are altered among jumping ath-
letes with PT (JPTs) and can predict onset. A secondary
aim was to quantify research quality and identify gaps in
the literature to synthesise evidence regarding the role of
jump-landing biomechanics in PT and guide future research.

2 Methods

The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement guided the design and
reporting of this systematic review [16].

2.1 Search Strategy

PubMed, Web of Science, and the Cochrane Library data-
bases were searched from inception to May 2021. We used
two domains in the search strategy with the following terms:
patellar tendinopathy OR tendinitis OR tenosynovitis OR
tendinosis OR other relevant synonyms for the condition
domain AND jumping OR landing OR biomechanics for
the task and measurements domain. Detailed search terms
used can be found in Appendix S1 in the electronic supple-
mentary material (ESM). No limits such as ‘time’ or ‘human
studies’ were applied to the search.

2.2 Inclusion and Exclusion Criteria

Interventional, cross-sectional, case—control, and prospec-
tive cohort studies in the English language investigating the
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association between three-dimensional landing biomechan- ~ Mendeley Desktop (version 1.19.5, Mendeley Ltd., Lon-
ics and PT were considered for inclusion. Case reports, case ~ don, UK). After removing duplicates, two authors inde-
series, meetings, letters, editorials, reviews, pilot studies, pendently screened all titles and abstracts and retained
abstracts, and animal studies were excluded. We included  the papers according to inclusion criteria. The full texts of
studies in jumping athletes (any sport) with a history of PT  papers retained during the screening of titles and abstracts
(or synonyms: tendinitis/tenosynovitis/tendinosis), and/or ~ alone were obtained and evaluated for final inclusion, and
PT diagnosed clinically, and/or PTA assessed on ultrasound  any disagreements were resolved at a consensus meeting
imaging, and/or healthy controls with or without assess-  with a third author (DM). Reference lists and citing articles
ment of tendon morphology. Studies of athletes with PTA  of retained manuscripts were checked.

were considered eligible for this review as this abnormality

has been shown to be a risk factor for PT development [17, 2.4 Quality Assessment

18], hence potentially improving understanding of the asso-

ciations with landing biomechanics. Measures of interest =~ The methodological quality of the included studies was
included kinematic variables such as initial contact angles  assessed by two authors (AT and AH) using a 16-part
of joints (hip, knee, ankle) or segments (i.e. trunk), range  adapted Downs and Black checklist (Table 1) with a maxi-
of motion (RoM) and peak angles in the same joints or seg-  mum score of 17, with questions suited to intervention trials
ments, and joint angular velocities; and kinetic variables  excluded, as has previously been utilised [19]. Scores of > 13
such as joint moments, peak ground reaction forces (GRF) (>75%), 11-12 (60-74%), and < 10 (< 60%) were taken to
in both horizontal and vertical planes, peak patellar tendon  indicate high, moderate, and low quality, respectively [20,

force (PTF), and lower limb muscle activation patterns. 21]. For prospective studies, items 9 and 26 were retained as
they concern follow-up. Thus, we used an 18-part checklist
2.3 Study Selection with corresponding scores to assess prospective cohort stud-
ies only (Table 1). Additionally, for item 5, we considered
All studies identified by the search strategy were down-  age, sex, activity levels, height, and mass or body mass index

loaded independently by two authors (AT and AH) into  as a confounding factor for scoring.

Table 1 Results of the quality, risk-of-bias, and applicability assessments of the included studies

Modified Downs and Black checklist items? QUADAS-2

Study . Risk of Bias | Applicability

1 2 3 5 6 7 10 11 12 15 16 18 20 21 22 25 Total(x/17) Quality S IT RS FT1PS 1T RS
Harrisetal.[28) /1 1 1 2 1 1 1 o0 O 1 1 1 1 1 1 © 14 H
Scattoneetal. [29] | 1 1 1 2 1 1 1 0 0 0 1 1 1 1 0 1 13 H
Sorenson etal. [30] | 1 1 1 2 1 1 1 0O 0 O 1 1 1 1 0 1 13 H
Souzaetal. [31] | 1 1 1 2 1 1 1 0O 0 O 1 1 1 1 0 1 13 H
Bisselingetal. [32] | 1 1 1 2 1 1 1 0 0 0 1 1 1 0 1 0 12 M
Bisselingetal. [33] | 1 1 1 2 1 1 1 0O 0 O 1 1 1 0 1 0 12 M
Edwardsetal.[34]1 1 1 1 1 1 1 O O O 1 1 1 0 0 1 11 M
Edwardsetal. [27] | 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 1 11 M
Fietzeretal.[357/ 2 1 1 2 1 1 1 0 O O 1 1 1 0 0 1 12 M
Kuligetal.[36] | 1 1 1 2 1 1 1 0 0 0 1 1 1 0 0 1 12 M
Pietrosimone etal. [37] | 1 1 1 2 1 1 0O 0 0 O 1 1 1 1 0 1 12 M
Rosenetal.[38]1 1 1 1 1 1 1 0 O O 1 1 1 1 0 1 12 M
van der Worp et al. [26] | 1 1 1 2 1 0O 0 0O o0 o 1 0 1 1 1 1 13 M
Mannetal. [39] | 1 1 0 1 1 1 0 0 0 0 1 1 1 1 0 1 10 L
Richardsetal.[40]/ O 1 1 o0 1 o0 1 o0 O0 1 1 1 1 1 0 1 10 L
Richardsetal. [41] | 1 1 1 0 1 0 1 0 0 1 1 1 1 1 0 0 10 L

Red indicates high risk, green indicates low risk. For modified Downs and Black checklist items 1-3, 6, 7, 10-12, 15, 16, 18, 20, 21, 22, and 25:
0=no or unable to determine, 1 =yes. For item 5: 0=no, 1 =partially, 2=yes

FT flow and timing, H high, IT index text, L low, M moderate, PS patient selection, QUADAS-2 Quality Assessment of Diagnostic Accuracy
Studies, RS reference standard

*Modified Downs and Black checklist items: 1=clear aim, 2=outcome measures described, 3 =participant characteristics described, 5=con-
founding variables described, 6 =main findings described, 7=measures of random variability provided, 10=actual probability values reported,
11 =participants are representative of the population, 12 =confounders comparable between study groups and the source population, 15=blind-
ing assessors, 16=analyses performed were planned, 18 =appropriate statistics, 20=valid and reliable outcome measures, 21 =appropriate
case—control matching (same population), 22 = participants recruited over the same time period, 25 =adjustment made for confounding factors.
van der Worp et al. [26]: item 9=1; item 26 =1, 13 of 19 in total, which is moderate

"Ttems used for prospective studies only: 9= characteristics of patients lost to follow-up, 26 =numbers of patients lost to follow-up: 0=none or
unable to determine, 1 =yes
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2.5 Risk-of-Bias Assessment

Two authors (AT and AH) assessed the risk of bias for each
included study using the Quality Assessment of Diagnostic
Accuracy Studies (QUADAS-2) [22] tool. QUADAS-2 is
strongly recommended for risk-of-bias assessment [23], uti-
lizing diagnostic accuracy study criteria [22]. This approach
was taken because the main aim of the included studies
was to distinguish people with and without the condition.
QUADAS-2 consists of four key domains covering patient
selection, flow and timing, index test, and reference stand-
ard (3D biomechanical tests and clinical diagnosis in this
instance). Domains are assessed in terms of risk of bias and
applicability, yielding two judgements. These are stringently
judged, with bias judged as high or unclear on at least one
domain being designated at risk of bias or as having con-
cerns regarding applicability [22].

2.6 Data Extraction

Descriptive information was extracted from all included
studies independently by two authors (AT and AH). This
included publication details (author, year, study design),
sample sizes, participant characteristics, the jumping task,
and biomechanical outcomes (i.e. kinematics, kinetics, and
muscle activation patterns) (Table 2). The biomechanical
data for each outcome required to calculate effect sizes
(mean and standard deviation) were extracted and corre-
sponding authors contacted for additional data when needed.
We used WebPlotDigitizer (https://automeris.io/WebPlotDig
itizer/) to extract data when they were only presented in
graphs.

2.7 Data Analysis

Quantitative analysis was conducted if the pooled data were
methodologically homogeneous using random-effects mod-
els. Heterogeneity was further analysed with I? and was con-
sidered as low (>25-50%), moderate (> 50-75%), or high
(>75%) [24]. We used the Cochrane Review Manager soft-
ware (version 5.3. Copenhagen: The Nordic Cochrane Cen-
tre, the Cochrane Collaboration, 2014) for the meta-analysis.

2.8 Levels of Evidence

Based on the quality assessment, each variable of interest
was assigned a level of evidence according to recommenda-
tions made by van Tulder et al. [25]:

1. Strong evidence: pooled results derived from three or
more studies, including a minimum of two high-quality
studies that were statistically homogenous (I? not sig-

nificant at 0.05); may be associated with a statistically
significant or non-significant pooled result.

2. Moderate evidence: statistically significant pooled
results derived from multiple studies that were sta-
tistically heterogeneous (p <0.05), including at least
one high-quality study, or from multiple moderate- or
low-quality studies that were statistically homogenous
(p>0.05).

3. Limited evidence: results from one high-quality study or
multiple moderate- or low-quality studies that are statis-
tically heterogeneous (p <0.05).

4. Very limited evidence: results from one moderate- or
low-quality study.

5. Conflicting evidence: pooled results that are not signifi-
cant and derived from multiple studies, regardless of
quality, that are statistically heterogeneous (p <0.05, i.e.,
inconsistent).

3 Results

Figure 1 shows the search results and study selection pro-
cess. A total of 16 studies (one prospective cohort [26], one
cross-sectional [27], and 14 case—control [28—41] studies)
were included in the qualitative analysis. Studies included
104 JPTs, 14 with previous PT, 45 with PTA, and 190 con-
trols. We were able to conduct only limited quantitative
analysis because of methodological and outcome hetero-
geneity. After quality assessment, we identified four high-
quality [28-31], nine moderate-quality [26, 27, 32-38], and
three low-quality [39-41] studies. Quality assessment results
and the characteristics of the included studies are shown in
Tables 1 and 2, respectively. Risk-of-bias assessment and
applicability results are contained in Table 1. All studies had
a high risk of bias but low concerns regarding applicability.
Specifically, only one study [26] had a low risk of bias for
the ‘patient selection’ domain. All studies had a low risk of
bias for the ‘reference standard’ domain, whereas only three
studies [28, 40, 41] had a low risk of bias for the ‘index test’
domain. For the ‘flow and timing’ domain, only one study
[40] had a low risk of bias, and the remainder had a high
risk of bias.

3.1 Levels of Evidence

Findings and gaps in the literature are presented in Fig. 2
and Appendix S2 in the ESM for kinematics and in Fig. 3
and Appendix S3 in the ESM for kinetics with their relation
to PT or PTA alongside their level of evidence. Here, we
explore the findings of strong, moderate, or limited evidence
in further detail than indicated in Figs. 2 and 3.
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Table 2 (continued)

Kinetic and kinematic measurements

Tasks implemented

Demographics

Population (n)

Study

Block jump-landing phases with one Maximal vGRF/knee moments and

23.2+0.8y;197.6+1.9 cm;

10 M volleyball players, PT (3), C

@)

Richards et al. [40], case—control

kinematics/knee (flexion, adduction,
abduction) and tibial (IR and ER)

angles

step approach. Spike jump-landing
with only one foot hitting force

plate

919+12kg
Sporting level: elite

Ankle DF, PF, inversion and eversion

A series of spike jump landings

y; 197.6+1.9 cm;

23.2+0.8

10 M volleyball players, PT (3), C

@)

Richards et al. [41], case—control

angles and moments/tibial IR and

ER angles and moments

919+1.2kg
Sporting level: elite

Values for age, height, mass, and training time are presented as mean + standard deviation

PTA asymptomatic patellar tendon abnormality, C control, DF dorsiflexion, ER external rotation, F female, GRF ground reaction force, h/w training hours per week, /C initial contact, IR inter-

nal rotation, LR loading rate, M male, PF plantarflexion, PT patellar tendinopathy, PTF patellar tendon force, RoM range of motion, vGRF vertical GRF, y years

3.1.1 Kinematics

Strong evidence suggested no relation between PT and sagit-
tal plane knee [28-30, 36] and hip [28, 29, 36] kinematics in
peak joint angles or RoM, nor any relation between angle at
peak vertical ground reaction force (vGRF) and PTF. Moder-
ate evidence showed no relation between PT and hip, knee,
or ankle joint angles at initial contact (IC) [28, 35, 36, 38],
trunk kinematics (peak or angles at IC) [28, 29], and knee
angular velocities [30, 32]. These variables were measured
during drop landings [29, 32, 38], volleyball approach jump
landings [30], spike jumps [36], stop-jump horizontal land-
ings [28], and saut de chat landings [35].

We conducted a meta-analysis for ankle dorsiflexion RoM
(Fig. 4) throughout the landing task, and moderate evidence
indicated an association between lower peak dorsiflexion
angle and PT (I>=40%, effect size —0.73 [95% confidence
interval {CI} —1.42 to—0.04]; p=0.04) [26, 29, 32, 36] in
adult athletes during multiple vertical jump-landing tasks
consisting of spike and drop landings. When we pooled
data for the drop landing task only, the association between
smaller peak dorsiflexion angle with PT (I*=0%, effect
size—1.11 [95% CI—1.76 to—0.46]; p=0.001) [26, 29,
32] was consistent. However, adding young athletes [28]
(stop-jump horizontal landing phase) into the analysis
increased the heterogeneity and eliminated the association
with PT (> =61%, effect size —0.46 [95% CI—1.21 to 0.28];
p=0.22) [26, 28, 29, 32, 36]. Therefore, there was moder-
ate evidence of smaller peak ankle dorsiflexion angle being
associated with PT during multiple vertical jump-landing
tasks in adult athletes (Fig. 4).

Limited evidence suggested a relation between higher
knee angular velocity (mean difference range — 0.7 to—0.6)
[32, 33] and previous PT. There was a relation between PTA
and greater knee flexion angle at IC (mean difference range
7.8°-14.1°) [34, 39], slower knee flexion velocities at IC
(mean difference 183°/s) [34], and fatigue state (mean dif-
ference 70°/s) [27] (limited evidence). Limited evidence
showed a relation between PT and lower knee flexion RoM
(mean difference range 7.7°-8.6°) [26, 38] and greater hip
flexion RoM (mean difference 11.3°) [26]. Additionally, lim-
ited evidence suggested a relation between trunk position
and knee pain during drop landing in JPTSs, as landing with
greater trunk flexion decreased the pain immediately [29].
These variables were measured during drop landings [26,
29, 32, 38], spike jumps [33], and stop-jump horizontal or
vertical landing phases [27, 34, 39].

Limited evidence showed no relation between PT and for-
ward head projection [29] during drop landings or no rela-
tion between PTA and sagittal plane ankle kinematics [29]
during drop landings.



A.Tayfur et al.

130
Fig.1 PRISMA flow diagram. —
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*Two dimensional biomechanics (n=1)
eAnimal (n=1)

Studies included in
quantitative synthesis
(n=6)

3.1.2 Kinetics

Strong evidence indicated no relation between PT and peak
vGRF [28, 29, 32, 36], vGRF impulse [28, 30, 36], and
peak sagittal plane knee moments [28-30]. Moderate evi-
dence showed no relation between PT and sagittal plane hip
[28, 29] and ankle [28, 29] joint moments and no relation
between PTA and peak vGRF [29, 34]. These variables were
measured during drop landings [29, 32], volleyball approach
jump landings [30], spike jumps [36], and stop-jump hori-
zontal landings [28, 34].

In meta-analysis, moderate evidence indicated reduced
knee joint power (I*=0%, effect size — 1.20 [95% CI —2.00
to —0.40]; p=0.003) [30, 32] and work (12=O%, effect
size—1.13[95% CI —1.71 to —0.56]; p <0.001) [30, 32, 37]
in JPTs with current symptoms only versus healthy controls
(Fig. 4) during volleyball approaches [30] or drop landings
[32, 37].

Limited evidence indicated a relation between previous
PT and higher loading rate of knee moment (mean differ-
ence range —0.83 to 0.82) [32, 33]. Limited evidence also
indicated associations between PT and lower loading rate of
PTF (mean difference 16.3 BW-s~!) [28], lower loading rate
of VGRF (mean difference 29.8 BW-s~!) [28], longer stance
durations from IC to first and second peak vGRF (mean dif-
ference range 18.9-55.3) [28], smaller sagittal plane knee
extensor moments compared with PTA (mean difference
0.07 N-m-N~; p=0.03; d=1.77) [29], and greater hip
(mean difference 8%) [31] and less knee (mean difference
8.4%) [31] contribution to the total support moment. Con-
flicting findings were detected as limited evidence showed
both greater [35, 40] (36%; p <0.001) [35] and lower [30]
(22%; p=0.003) [30] peak vGRF in JPTs. Furthermore,
limited evidence indicated that PTF may have been related
to both PT and trunk positions. There was a main effect of
group (p=0.048; 7>=0.29) and of trunk position (p <0.001;
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Kinematic Variables

Patellar Tendinopathy
Previous Current

PTA

Plantarflexion

Ankle

Angles at IC

Flexion

Knee
Angles at IC

<>
<>

Angles at IC

Flexion

Hip External rotation in fatigue

Angles at IC

Velocities at Knee

Flexion

IC Hip

Extension

Sagittal plane kinematics (Dorsiflexion)

Ankle

Inversion at peak PTF

Flexion

Knee

Internal rotation at peak vGRF

Sagittal plane kinematics

Range of

Sagittal plane kinematics (Flexion)

Motion

Hip Adduction at peak VGRF

External rotation at peak vGRF in fatigue

Lower extremity contact angle

Common landing technique or kinematic patterns

Joint positions from IC to peak PTF in fatigue

Pain with greater trunk flexion

Trunk
Position

Trunk kinematics

Forward head projection

Ankle

Angular velocities

Joint angular

Angular velocities

§ e

Knee
velocities,

Flexion velocity at peak PTF

acceleration, | Knee & Hip

Max angular displacement in sagittal plane

& angular Hip

Velocity - Flexion at peak vGRF & ER at peak PTF

displacement

Ankle, knee & hip angular velocities (IC to peak PTF) in fatigue

Landing velocity

Keys for colors: No evidence, Very limited,

Keys for directions: * = lower, smaller, slower; + = higher, greater, faster; €% = no relation; Empty = no direction.
Strong.

Fig.2 Evidence gap map for kinematics. Arrows show the direction
of the variables associated with the condition. ER external rotation,
IC initial contact, max maximum, min minimum, PTA asymptomatic

7*=0.56) in peak PTF [29]. Regardless of trunk posi-
tion, JPTs had smaller peak PTF than athletes with PTA
(p=0.045; d=0.98) [29], and landing with greater trunk
flexion decreased the PTF immediately in symptomatic ath-
letes [29]. Additionally, limited evidence suggested a rela-
tion between peak vGRF and trunk position as smaller peak
VGRF was reported in landing with a flexed trunk position
than extended (p =0.043; d=0.44) [29]. These variables
were measured during drop landings [29, 32], volleyball
approach jump landings [30], spike [33, 40] or block jumps

patellar tendinopathy abnormality, PTF patellar tendon force, vVGRF
vertical ground reaction force

[40], stop-jump horizontal landings [28], hopping [31], and
saut de chat landings [35].

Limited evidence showed no relation between PT and
peak PTF [28]; average vGRF [30]; average net ankle, knee
and hip joint moments [31]; total support moment [31] or
individual contributions of the ankle to the total support
moment [31]; and sagittal plane lumbo-pelvic and thoraco-
lumbar peak internal joint moments [28]. These variables
were measured during volleyball approach jump landings
[30], hopping [31], and stop-jump horizontal landings [28].
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Patellar Tendinopathy

Kinetic Variables

Previous
—

Current

Peak PTF

Peak PTF vs PTA

PTA

PTF in flexed trunk position vs selfselected or extended

Peak PTF & its LR of PTF

Loading Rate PTF impulse

PTF impulse vs PTA

Duration from IC to peak PTF

Landing technique or net PTF in fatigue state

Peak vGRF

Average VGRF

Peak braking GRF

Peak vGRF in flexed trunk position vs extended

Ground In fatigue - Peak anterior-posterior GRF & LR of vGRF

Reaction Forces LR of vGRF during horizontal landing

& its Loading LR of vGRF during vertical landing
Rate

VGRF impulse

Braking impulse

Peak propulsive GRF and its impulse

In horizontal landing, duration from IC to 1st & 2nd peak vGRF

In horizontal landing, LR of vGRF & duration from IC to peak vGRF

Joint moments

Foot Inversion moment

LR of moment development
Ankle

Contribution to the total support moment

Peak moment in sagittal plane vs controls

Peak moment in sagittal plane vs PTA

Average moment in sagittal plane

LR of moment development

Knee -
ER or peak tibial ER moments

Contribution to the total support moment

Extensor moment impulse

Extensor moment impulse vs PTA

Peak moment in sagittal plane

Ankle & Hi
P Average moment in sagittal plane

Hip Contribution to the total support moment

Total support moment

Sagittal plane trunk joint moments

Joint energetics

Power

Knee Negative joint work

Positive joint work

Ankle & Hip Power & Work

Leg stiffness

Leg stiffness

EMG

Different muscle recruitment order

Onset time or peak muscle burst activity relative to peak PTF

Keys for directions: *= lower, smaller, slower; += higher, greater, faster; <€ = no relation; Empty = no direction.

Keys for colors: No evidence, Very limited, Strong.

Fig.3 Evidence gap map for kinetics. Arrows show the direction of
the variables associated with the condition. EMG electromyography,
ER external rotation, GRF' ground reaction force, /C initial contact,

LR loading rate, PTA asymptomatic patellar tendinopathy abnormal-
ity, PTF patellar tendon force, vGRF vertical GRF
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PT Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Peak ankle dorsiflexion angle in adult athletes
Bisseling et al. [32] 2143 5347 9 7983 4046 8 257% -1.16 [-2.21, -0.11] _—
Kulig et al. [36] 249 35 9 241 53 9 29.6% 0.17 [-0.76, 1.10] _—
Scattone et al. [29] 261 44 7 312 4 7 227% -1.14 [-2.29, 0.02] —_—
van der Worpet al. [26] 206 10.3 3 298 87 46 22.0% -1.03 [-2.22,0.16] —_—
Subtotal (95% CI) 28 70 100.0% -0.73 [-1.42, -0.04] e -
Heterogeneity: Tau? =0.20; Chi2 =4.96, df =3 (P =0.17); 12= 40%
Test for overall effect: Z =2.08 (P =0.04)
Knee joint power
Bisseling et al. [32] 0392 0119 9 0573 0.151 8 558% -1.27 [-2.34, -0.20] —i—
Sorenson et al. [30] 66 25 6 101 33 7 442% -1.10 [-2.30, 0.10] — &
Subtotal (95% CI) 15 15 100.0%  -1.20 [-2.00, -0.40] N
Heterogeneity: Tau? = 0.00; Chi2 =0.05, df =1 (P =0.83); 1= 0%
Test for overall effect: Z =2.93 (P =0.003)
Knee joint work
Bisseling et al. [32] 0.091 0.04 9 0119 0033 8 334% -0.72 [-1.71,0.27] — &
Pietrosimone etal. [37] 982 411 13 1553 365 14 44.4% -1.43[-2.29, -0.57] ——
Sorenson et al. [30] 121 035 6 1.7 042 7 222% -1.17 [-2.39, 0.05] - |
Subtotal (95% CI) 28 29 100.0% -1.13 [-1.71, -0.56] -
Heterogeneity: Tau? =0.00; Chiz=1.12, df =2 (P =0.57); 1= 0%
Test for overall effect: Z =3.88 (P =0.0001)

Fig.4 Meta-analysis for ankle dorsiflexion angle in adult athletes,
knee joint power, and knee joint work (jumping athletes with current
patellar tendinopathy symptoms vs. healthy controls). CI confidence

One of the key findings with very limited evidence was
that athletes with previous [32] or current PT [26] presented
with increased landing stiffness measured during drop
landings.

4 Discussion

We conducted this systematic review to determine whether
jump-landing biomechanics were altered among JPTs and
could predict onset to provide clinically applicable evidence-
based information for professionals seeking to prevent and
manage PT in jumping athletes. Our results indicated five
strong (all non-associated), ten moderate (three associated
and suitable for meta-analysis, seven non-associated), and
93 tentative (58 associated, 35 non-associated) findings. It
is notable how few robust relevant positive findings were
found, partly because the quality of the existing literature
is too low and heterogeneous in terms of both methodology
and outcomes to make useful clinical conclusions. However,
a strength of our review is that we highlighted evidence gaps
in the available literature, with a notable lack of adequately
powered prospective studies to enable assessment of multi-
factorial models.

2 1 0 1 2
Higher in control Higher in PT

interval, df degrees of freedom, /V inverse variance, PT patellar tendi-
nopathy, SD standard deviation, std standard

Moderate evidence indicated an association between
smaller ankle dorsiflexion range and current PT during ver-
tical jump landing [26, 29, 32, 36]. Reduced ankle dorsiflex-
ion angle was also clinically identified as a risk factor for
PT onset [42, 43]. Ankle dorsiflexion has been shown to be
a key shock-absorbing feature during landing [44]. During
impact and throughout landing from a jump, eccentric calf
muscle contraction accounts for 37-50% of the total kinetic
energy absorbed by the muscular system [9]. Thus, a limita-
tion in the dorsiflexion range might reflect altered landing
biomechanics that impact on the presence of PT. Harris et al.
[28] reported contradictory findings for ankle dorsiflexion
range in junior athletes who performed stop-jump horizon-
tal landings. Previous literature [11, 34, 39] showed that
athletes presented with different landing strategies during
horizontal and vertical landing tasks. This suggests that
investigating the landing biomechanics in both horizontal
and vertical phases of different sport-specific tasks is war-
ranted. It is also plausible that landing patterns might dif-
fer in young athletes and adults, as young athletes are still
growing and learning or improving the necessary techniques
required for their sports. Therefore, we should also account
for age alongside different types of tasks. However, it seems
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that findings from adults may not be readily applied to skel-
etally immature young athletes.

If knee flexion angles are greater at initial contact, the
available RoM (further flexion) during landing is restricted,
which will lead to decreased displacement of the centre of
mass after initial contact and increased landing stiffness
[11, 45]. It was suggested that increased landing stiffness
may cause increased loading rates or forces on the patellar
tendon [11]. Although findings with very limited evidence
[26, 32] from this systematic review supported previous lit-
erature, indicating that athletes with previous or current PT
presented with increased landing stiffness, limited evidence
showed that JPTs presented with lower patellar tendon load-
ing rates [28]. We also detected no association between PT
and knee sagittal plane RoM [28-30, 36] (strong evidence)
and knee angles at initial contact [28, 35, 36, 38] (moder-
ate evidence). Overall, landing stiffness might be a factor
contributing to PT, but the current evidence contradicts
the potential explanations of observed stiffness. Therefore,
future research investigating landing stiffness is needed to
elucidate the association with PT.

JPTs had lower knee forces, resulting in reduced knee
joint power [30, 32, 37] and work [30, 32] (moderate evi-
dence), sagittal plane knee moments [29, 32], and patellar
tendon loads [29, 37] (limited or very limited evidence).
JPTs may modify their landing patterns to avoid higher
patellar tendon loads and reduce their pain by minimising
those knee forces. This should not be taken as a causal rela-
tionship, as it may represent reverse causality. A posited
explanation is that athletes may load their contralateral side
to protect the injured side and to avoid higher forces, as
lower limb movement asymmetry has been shown during
landing in male athletes with healthy patellar tendons [46].
On the other hand, training athletes using softer landing pat-
terns could be one of the modifications. Studies have investi-
gated leg stiffness by comparing a hard landing (stiff), a soft
landing, and a normal landing [9, 47]. Although the stiffness
measures were indirect, small decreases were found in knee
moments but larger increases in knee angles during soft
landings compared with hard landings [9, 47]. This indicates
softer landings led to lower knee joint stiffness and reduced
forces [45]. However, we found no association between PT
and sagittal plane knee moments [28—30] (strong evidence)
and patellar tendon loads [28] (limited evidence).

Trunk position may be related to PT indirectly as limited
evidence indicated that JPTs used landing techniques with
greater truncal flexion, which decreased pain and tendon
forces during drop landings [29], although trunk flexion did
not differ from that in controls [29]. Furthermore, greater
truncal flexion increased peak knee and hip flexion angles
during drop landings, despite decreased peak ankle dorsi-
flexion angles [29]. Relative to self-selected or extended
trunk positions, a flexed trunk position also resulted in less

vGRF and PTFs [29]. Therefore, a flexed trunk position may
help decrease stiffness in knee and hip joints, and therefore
might be a strategy for a soft landing pattern.

4.1 Limitations

The quality of the existing literature exploring associations
between jump-landing activities and PT was problematic, as
75% of the included papers were of moderate or low quality,
and the risk of bias was high for all papers. Thus, the data
did not provide strong evidence for the biomechanical factors
of interest, and causal relationships remained unclear. The
variability of the existing literature was also high in terms of
differences in the tasks implemented, populations, and vari-
ables of interest measured. This high heterogeneity limited
our ability to pool data for a meta-analysis of many param-
eters. Findings from this review were especially limited for
female populations, as 11 of 16 studies only recruited males.
We did not specify whether healthy control groups had to
have undergone ultrasound assessment, so it is possible that
some control participants in 11 of 16 studies might have had
PTA. Although these would not alter the clinical diagnosis,
it is plausible that they would have pre-clinical alterations
in landing mechanics. However, we performed a sensitivity
analysis for peak ankle dorsiflexion angle without any result-
ant change of findings. For completeness, we recommend
future studies include ultrasound imaging. Additionally, in
13 of the 16 included studies, small sample sizes reduced the
methodological quality as they did not provide the minimum
requirement of ten ‘events per variable’ of interest [48].

4.2 Future Directions

It is clear that definitive, adequately powered, well-designed
prospective studies with high-quality measurements and
adequate follow-up are required to determine whether
jump-landing biomechanical factors play a part in the
development, recurrence, and management of PT, along-
side non-biomechanical factors. Additionally, high-quality
prospective studies could also establish multi-factorial cau-
sality models to inform planned interventions, whereas rand-
omized controlled trials (RCTs) could investigate the effects
of movement strategies on risk reduction.

Many studies [28-30, 32, 35, 36, 38] identified factors
that had a theoretically plausible relationship with PT but
were not found to be associated. Strong or moderate evi-
dence indicated that there was no relation between PT and
sagittal plane peak knee and hip kinematics, lower limb
joint angles at initial contact, trunk kinematics, knee angular
velocities, peak VGRF and vGRF impulse, and peak sagit-
tal plane lower limb joint moments. This systematic review
showed that studies allowing causal inference were scarce,
as most of the existing literature consisted of case—control
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studies, there being only one prospective cohort [26], and
that with a problematically small sample size of JPTs.

Five studies included a PTA group (two comparing with
PT and controls [29, 37], two comparing with controls [34,
39], and one including only PTA [27]), whereas only two
studies included previous PT (one comparing with PT and
controls [32] and one comparing with controls [33]). Based
on the available evidence, these groups presented different
biomechanical features compared with PT or controls in
ankle and knee angles at IC, ankle dorsiflexion angle, knee
angular velocity, and knee joint power and work, whereas
they presented similar features in trunk kinematics, leg stiff-
ness, and ankle and hip joint power and work. We also noted
that no study simultaneously investigated participants with
PTA, current PT, and previous PT, which could provide
explanations for causal relationships, as this would take into
consideration the time periods before, during, and after the
condition. Nor have investigations of joint angular veloci-
ties at initial contact, ankle and hip angular velocities after
touchdown, leg stiffness, loading rate of forces, and muscle
activation in PT populations been performed. These would
be useful areas in which to explore causal relationships with
high-quality large prospective cohort studies.

The existing literature mainly focused on GRF, which
represents total load on the lower limb. Of the 16 included
studies, 11 investigated GRF (nine studies of PT [28-30, 32,
33, 35-37, 40] and four of PTA [27, 29, 34, 37]), whereas
the number was lower for studies exploring knee moment
(five studies of PT [29, 30, 32, 33, 40] and two of PTA [27,
29]) and PTF (three studies of PT [28, 29, 37] and four of
PTA [27, 29, 34, 37]). We suggest that GRF might not be the
ideal variable for JPTs because of the limitations of inverse
dynamic modelling. There is a particular lack of study on
tendon forces, which could provide improved understanding
about force distribution and its relationship with PT. There-
fore, we still need to know more about forces acting on the
knee, especially PTF, as we know a high load is transmitted
across the knee and that it is a primary shock absorber [8].

Future work should also consider non-biomechanical fac-
tors alongside biomechanical variables to identify covariates
and interactions. Several intrinsic and extrinsic non-biome-
chanical risk factors increasing the onset of PT in athletes
have been identified, with age, height, weight, sex, genet-
ics, alignment of lower limb, flexibility, and increased jump
height the main intrinsic factors reported [3, 26]. Extrinsic
factors included practising a jumping sport characterized by
high demands on speed and power for the leg extensors, the
number of training hours (elite athletes > non-elite), amount
of training, playing surface, number of jumps performed,
playing position, and the high frequency and intensity of
training and competition [3, 26, 49-51]. It seems plausi-
ble that the higher the mechanical overload on the tendon,

the greater the risk for developing a PT [3], irrespective of
the landing biomechanics. Therefore, future high-quality
prospective studies simultaneously measuring plausible
biomechanical and non-biomechanical variables—such as
workload, clinical examination findings, and psychosocial
factors—would be the key approach required to determine
what part jump-landing biomechanical factors play in the
development or treatment of PT.

4.3 Clinical Implications

At present, only limited guidance can be provided for clini-
cians. Evidence is only moderate or limited; however, from
this, we identified biomechanical variables that are clinically
modifiable, to inform professionals managing and trying to
prevent PT. Clinicians could initially focus on increasing
ankle sagittal plane RoM to improve the absorption of the
reaction forces from landing, potentially decreasing the load
on the patellar tendon. Another approach would be increas-
ing truncal flexion during landing as this may help reduce
pain and tendon forces [29]. Lastly, working on soft landing
patterns may be beneficial as this helps decrease landing
stiffness by reducing knee joint moments and increasing
knee RoM [9, 47]. The risks of such strategies in terms of
performance reduction need to be considered, so an alterna-
tive approach would be to enhance the athlete’s capacity to
deal with such forces during a session and maximise recov-
ery strategies.

5 Conclusion

Landing biomechanics may be associated with PT, but the
level of evidence for the majority of variables was limited
or very limited and the risk of bias high, despite good appli-
cability. At present, only limited guidance for clinicians and
coaches is warranted, with three recommendations that can
be summarised around making landings less stiff, at least
initially. Specifically, these are improving ankle dorsiflex-
ion—plantarflexion range, optimising truncal—flexion strate-
gies, and using soft landing patterns. The literature quality
is currently insufficient for robust recommendations, with
high-quality prospective studies now essential to determine
whether jump-landing biomechanics play a part in the devel-
opment or treatment of PT, alongside non-biomechanical
factors. Further prospective studies could also establish
multi-factorial causality, whereas RCTs could investigate
the effects of movement strategies on risk reduction and
recovery.
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