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Patellar tendons are assumed to be uniform in morphology and mechanical properties 

despite a higher prevalence of tendinopathies observed in the medial region. The purpose 

of this study was to compare the thickness, length, viscosity, and shear modulus of the 

medial, central, and lateral regions of healthy patellar tendons of young males and 

females in vivo. B-mode ultrasound and continuous shear wave elastography were 

performed on 35 patellar tendons (17 females, 18 males) over three regions of interest. A 

linear mixed-effects model (α = 0.05) was used to determine differences between the 

three regions and sexes followed by pairwise comparisons for significant findings. The 

lateral region (mean (95% CI) = 0.34 (0.31-0.37) cm) was thinner compared to the medial 

(0.41 (0.39-0.44) cm, p < 0.001), and central (0.41 (0.39-0.44) cm, p < 0.001) regions 

regardless of sex. Viscosity was lower in the lateral (19.8 (16.9-22.7) Pa-s) versus medial 

region (27.4 (24.7-30.2) Pa-s, p = 0.001). Length had a region-by-sex interaction (p = 

0.003) characterized by a longer lateral (4.83 (4.54-5.13) cm) versus medial (4.42 (4.12-

4.72) cm) region in males (p < 0.001), but not females (p = 0.992). Shear modulus was 

uniform between regions and sexes. The thinner, and less viscous lateral patellar tendon 

may reflect the lower load the tendon experiences explaining the differences in regional 

prevalence of developing tendon pathology. Statement of Clinical Significance: Healthy 

patellar tendons are not uniform in morphology or mechanical properties. Considering 

regional tendon properties may help guide targeted interventions for patellar tendon 

pathologies. 

Keywords: ultrasound, elastography, musculoskeletal modeling, tendinopathy, anterior 

cruciate ligament 
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The patellar tendon is a common source of pain in young active individuals.
1,2

The central third of the patellar tendon is also commonly used as an autograft for anterior 

cruciate ligament reconstruction (ACLR)
3
 especially among athletes.

4
 After this surgery

there is also a high rate of pain in the region of the patellar tendon.
5
 Although different

regions of the patellar tendon have been shown to be more prone to developing 

pathology,
6,7

 it remains unknown whether there are structural differences between the

different tendon regions which might increase susceptibility to certain pathologies. 

The patellar tendon is typically considered a uniform unit in biomechanical 

models
8 

based on the assumption that all its regions have identical morphology and

mechanical properties. This belief originates from work by Noyes et al
9
 that observed in

vitro maximum failure load of the medial, central, and lateral thirds of the patellar tendon 

to be similar. Conversely, a more recent in vitro study showed that the 3 regions of the 

patellar tendon have different lengths, maximum failure loads, maximum stresses, strains, 

and linear stiffnesses.
10

 This supports the possibility that the medial, central, and lateral

regions of the patellar tendon may have distinct morphology (i.e., thickness, length) and 

mechanical properties (i.e., viscosity, shear modulus).  

In vivo measurements of tendon morphology can be obtained using B-mode 

ultrasound imaging, and mechanical properties of tendons can be measured using 

continuous shear wave elastography.
11,12

 Measurements of patellar tendon shear modulus

and viscosity using continuous shear wave elastography have high intra-rater reliability.
13

Tendon morphology and mechanical properties are associated with symptom severity
14

 as

well as with function (i.e., jump performance) in patients with tendinopathy.
12,14

Prevalence of patellar tendinopathy is also highest in the medial third of the tendon,
6,7
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and the central third of the patellar tendon is harvested for bone-patellar tendon-bone 

autografts in ACLR. Assessing in vivo patellar tendon morphology and mechanical 

properties from the three distinct regions (medial, central, and lateral) may provide a 

more thorough foundation of knowledge to identify patellar tendon pathology. 

A recent study suggested that young males may have different mechanical 

properties in the patellar tendon assessed by shear wave elastography when compared to 

young females.
15

 To our knowledge, however, no study has evaluated the in vivo

morphology and mechanical properties of the patellar tendon segmented mediolaterally 

into 3 regions in young males and females. The purpose of this study was to compare the 

thickness, length, viscosity, and shear modulus of the medial, central, and lateral regions 

of healthy patellar tendons of young males and females in vivo.  

METHODS 

Participants: 

This study is a cross-sectional cohort study (Level 3). Thirty-five patellar tendons 

(18 right knees, 17 left knees) from healthy adults (17 female | 18 male, age: 

24.3±6.3years, height: 172.7±8.9cm, body mass: 74.7±13.4kg) with no current symptoms 

or history of knee surgery were analyzed. Participants signed written informed consent, 

and the study was approved by the Institutional Review Board at the University of 

Delaware. 

Morphology: 

Participants were positioned supine with their knees supported in approximately 

30 degrees of flexion by a foam roller.
16,17

 Morphological measures were taken over 3

regions of interest within the patellar tendon: medial, lateral, and central regions (Figure 
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1). The 3 regions were determined using palpation along the medial and lateral borders of 

the tendon on either side, and the most distal prominence of the patella, and most 

proximal prominence of the tibia to identify the central region. Patellar tendon thickness 

and length were collected over the regions of interest using B-mode ultrasound (GE 

Healthcare, Logiq e, Frequency: 10MHz, Depth: 2~3 cm).
12

 Length measures were

collected using extended field of view mode and established as the linear distance 

between the deep attachment site of the patellar tendon against the tibia (on the distal 

end) and the patella (on the proximal end) (Figure 2). Thickness measures were taken 

1cm distal to the patellar attachment on a static ultrasound image as this is a common 

location for patellar tendinopathy.
18

 All reported measures are a mean of 3 trials. In

separate cohorts of participants tested in our lab, segmental morphology of thickness and 

length measures demonstrated excellent inter-rater [intraclass correlation coefficient 

(ICC)=0.959‒0.996)] (Supplemental Table 1) and intra-rater reliability (ICC=0.872‒

0.991) (Supplemental Table 2). For the purpose of this study, all morphological 

measurements were taken by a single experienced rater. 

Mechanical properties: 

Continuous shear wave elastography (cSWE) was used to assess viscosity (Pa-s), 

the rate dependent measure of the tendon’s ability of resist shear stress, and shear 

modulus (kPa), the non-rate dependent tendon’s ability to resist shear stress.
11

 Voigt’s

model for viscoelasticity was used to calculate these variables.
11

 Although the Voigt

model has been traditionally used for isotropic materials, a previous study demonstrated 

that shear modulus and viscosity from our analysis are proportional to the Young’s 

modulus of the tendon. The measures were taken over the same 3 regions of interest 
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described above. Participants were positioned seated with their knees and hips at 90 

degrees of flexion, and their feet secured in a custom boot as described in our previous 

work.
13

 The 3 regions of interest were marked with guidance of B-mode ultrasound.

Shear waves were propagated from the quadriceps tendon using an external actuator, and 

shear wave speeds were captured at the patellar tendon using high framerate ultrasound. 

Given the poor inter-rater reliability (ICC=0.532–0.591) compared to intra-rater 

reliability (ICC=0.805–0.905) reported in our previous work,
13

 a single experienced rater

performed all assessments.  

Statistics: 

Linear mixed-effects model (α = 0.05) with unstructured covariance matrix were 

used to determine the differences in tendon thickness, length, viscosity, and shear 

modulus over the 3 regions of interest and between sexes. Each participant was included 

in the model as a random effect, and the fixed effects of region (medial, lateral, central), 

sex, and the interaction between region and sex were assessed. For viscosity and shear 

modulus, the model was also adjusted for tendon thickness, as tissue thickness is known 

to influence shear wave propagation.
19

 Pairwise comparisons were performed for

significant findings. Statistics were performed in R
20

 (Package: lme4).
21,22

RESULTS 

Morphology (Thickness and Length): 

There was a main effect of region characterized by a smaller thickness in the 

lateral region compared to the medial (p < 0.001), and central (p < 0.001) regions 
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regardless of sex (Table 1). No differences were observed between the medial and central 

region (p = 0.978). No main effect of sex or interaction effects were observed (Table 2). 

A region-by-sex interaction effect was observed for tendon length measures. In 

males, tendon length was longer in the lateral region compared to both the medial (p < 

0.001) and central (p < 0.001) regions. No differences were seen between the medial and 

central regions (p = 0.271). In females, there were no differences in length between the 

lateral and medial (p = 0.992) regions, but both lateral (p = 0.003) and medial (p < 0.001) 

regions were longer compared to the central region. Main effects of region (p < 0.001) 

were observed but there were no main effects of sex (p = 0.232) (Table 1).  

Mechanical properties (Viscosity and Shear modulus): 

After adjustments for thickness, a main effect of region (p = 0.001) was observed 

for viscosity. The lateral region had significantly lower viscosity compared to the medial 

region (p = 0.001), but not the central region (p = 0.246). The differences between the 

medial and central region were also not significant (p = 0.054). No main effect of sex or 

interaction effects were observed (Table 1). No significant main or interaction effects 

were observed for shear modulus (Table 1).  

DISCUSSION 

The purpose of this study was to compare the thickness, length, viscosity, and 

shear modulus of the medial, central, and lateral regions of healthy patellar tendons of 

young males and females in vivo. The lateral third of the healthy patellar tendon was 

found to be thinner than the other regions of the tendon, and had lower viscosity 

compared to the medial region, regardless of sex. These finding may in part explain 

underlying etiology in tendon injuries, as specific areas of the patellar tendon, such as the 
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medial third in patellar tendinopathy
6,7

 and the central third after bone-patellar tendon-

bone autograft harvest for ACLR,
23

 are common sites of pathology.

A possibly unbalanced force distribution between different regions of the patellar 

tendon was first suggested by Toumi et al.
24

 In a cadaveric study, the authors found a

significantly smaller number of trabeculae orientated superior/inferiorly in the lateral 

region of the distal patella in comparison to the medial and central regions.
24

 This

suggested that the force transmission and mechanical stress in the distal region of the 

patella are asymmetrically distributed, since force transmission through cancellous bone 

results in a modification of its architecture.
24

 The authors hypothesized that these

asymmetrical lines of force transmission may have an important bearing on the regional 

vulnerability of the medial region of the patellar tendon to tendinopathy.
24

 This may also

help to explain why the lateral region appears to be relatively protected from developing 

patellar tendinopathy.
6
 Our results of smaller thickness and lower viscosity in the lateral

region of the patellar tendon are consistent with the above findings, as stiffer, and thicker 

tendon are expected in areas of higher load. These findings provide in vivo evidence 

supporting the theory that asymmetrical force transmission exist among different regions 

of the patellar tendon. 

These results may also explain why patellar tendinopathy is common after ACLR 

using bone-patellar tendon-bone autografts.
5
 Given that our findings suggest that the two

remaining thirds of the tendon (medial and lateral) are not uniform in structure, the 

unbalanced loads after removal of the central third may cause excessive load to be placed 

in the medial part of the tendon. A potential explanation for the smaller thickness and 

lower viscosity in the lateral region of the patellar tendon compared to the medial region 
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may be the anatomical distal insertion of the vastii. Specifically, the oblique fibers of the 

vastus medialis attach to the medial border of the patella, directly pulling the bone, while 

the vastus lateralis is mainly inserted into the lateral retinaculum rather than directly into 

the patella.
24

 The lack of a direct attachment of the vastus lateralis into the patella may

decrease the force transmission through the lateral region of the patellar tendon. 

Interestingly, regional differences were observed in viscosity (tendon’s ability to 

resist strain at different loading rates), but shear modulus was uniform throughout the 

tendon. It is possible that since the patellar tendon behaves as an energy-storage tendon 

with special competency during high-velocity activities,
25

 viscosity may be a more

relevant variable than shear modulus for the patellar tendon. Supporting this assumption, 

a recent study found that patellar tendon viscosity was significantly associated with 

jumping performance, while shear modulus was not.
12

Males had longer lengths in the lateral region of their patellar tendon compared to 

the medial and central regions, while females did not. This was expected, considering that 

females have a static knee position with larger knee abduction angle compared to males.
26

Similar results were observed by Yanke et al
10

 that found that the lateral region of the

patellar tendon is longer than the medial and central regions in a study with male 

cadavers. This finding may in part explain the differences in prevalence of patellar 

tendinopathy between sexes.
27

 Additionally, there may be differences in the region most

susceptible to developing patellar tendinopathy by sex, as load distribution may vary 

based on the length of the tendon. Studying the prevalence of patellar tendinopathy by 

sex may have to be specific to the region of the tendon. Rehabilitation and preventative 
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interventions may also have to be tailored based on patient sex or location of symptoms 

within the patellar tendon.  

Limitations of the present study is that only young healthy individuals were 

evaluated, therefore, the generalization of these results to other populations should be 

made with caution. We also did not have a measure of baseline activity level of this 

cohort. This baseline data from healthy individuals, however, provides a comparison 

point for future analysis in other demographics and pathological tendons. The relatively 

small sample size may have also prevented us from detecting regional differences in 

tendon shear modulus, as shear modulus has been shown to have greater minimum 

detectable change threshold compared to viscosity.
13

 It must also be noted that while the

reliability of cSWE is known,
13

 the validity of the measure has yet to be described in

literature. Future studies will investigate whether the non-uniform structure of the patellar 

tendon also exist in individuals with patellar tendon pathologies such as patellar 

tendinopathy and after bone-patellar tendon-bone autograft harvest for ACLR. 

CONCLUSION 

Our results challenge the current belief that the patellar tendon behaves as a 

uniform unit, as thickness and viscosity were non-uniform across the patellar tendon. The 

locations of high prevalence in tendon pathology may be attributed to force distributions 

biasing specific regions of the tendon. Considering regional tendon properties may help 

guide targeted interventions to address patellar tendon pathology. 
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Figure 1. 

Left: Depictions of the three regions of interest (medial, lateral, central). Top right: B-

mode ultrasound imaging of the knee at 30degrees of knee flexion. Bottom right: 

Example measurement of tendon thickness 1cm distal from the patellar attachment.  
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Figure 2. 

Top: Extended field of view ultrasound image of the patellar tendon. Bottom: Labeled 

image of the patellar tendon with example length measurement from the deep bony 

attachment sites at the tibial tuberosity and patella. 

Table 1. Patellar tendon morphology and mechanical properties by region 
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A
c

c
e

p
te

d
 A

r
ti

c
le

h 

(cm) 

2 1 3 1 0 2 0 9 1 0.00

1* 

32 

Visco

sity 

(Pa-s) 

27.

4 

24.

7 

30.

2 

23.

1 

20.

3 

25.

8 

19.

8 

16.

9 

22.

7 
0.863 

0.00

1* 

0.1

50 
0.941 

Shear 

Modu

lus 

(kPa) 

66.

1 

57.

8 

74.

5 

67.

2 

58.

9 

75.

5 

57.

4 

48.

5 

66.

2 
0.860 

0.21

6 

0.1

40 
0.253 

Note: Means for viscosity and shear modulus are adjusted for thickness. CI = confidence interval, cm = centimeters, Pa-s = pascal-

seconds, kPa = kilopascals, * = statistical significance 

Table 2. Patellar tendon morphology and mechanical 

properties by region and sex 

Variables Sex 

Medial Central Lateral 

Mea

n 

95% CI 
Mea

n 

95% CI 
Me

an 

95% CI 

Low

er 

Upp

er 

Low

er 

Upp

er 

Low

er 

Upp

er 

Thickness (cm) 

Male 
0.40

9 
0.373 

0.44

4 

0.42

1 

0.38

5 

0.45

7 

0.3

53 

0.31

7 

0.38

9 

Fema

le 

0.41

8 
0.383 

0.45

4 

0.40

2 

0.36

6 

0.43

8 

0.3

26 

0.29

0 

0.36

2 

Length (cm) 

Male 4.42 4.12 4.72 4.23 3.93 4.52 
4.8

3 
4.54 5.13 

Fema

le 
4.41 4.11 4.71 4.00 3.70 4.30 

4.3

6 
4.06 4.66 

Viscosity (Pa-s) 

Male 28.1 24.2 32.1 24.4 20.4 28.4 
21.

5 
17.5 25.5 

Fema

le 
26.7 23.0 30.4 21.7 18.1 25.4 

18.

7 
14.2 22.1 

Shear Modulus 

(kPa) 

Male 60.4 48.4 72.4 64.3 52.2 76.5 
53.

7 
41.6 65.8 

Fema

le 
71.9 60.6 83.2 70.1 58.9 81.2 

61.

1 
49.0 73.1 

Note: Means for viscosity and shear modulus are adjusted for thickness. CI = confidence interval, cm = centimeters, Pa-s = 

pascal-seconds, kPa = kilopascals 
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