
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © 2023. Anatomy & Cell Biology

Introduction

The anterior cruciate ligament (ACL) contributes to knee 
function and stability. It can perform these functions due to 
its ability to become taut during flexion or extension thus 
helping to stabilize the knee by preventing knee hyperexten-
sion [1-3]. Failure to do so would damage the ACL, and this 
is often seen in some contact sports e.g., rugby and football 
[4-6]. When an ACL is injured, it is necessary to eliminate 
instability and prevent any further damage to the knee struc-

tures by performing a reconstruction surgery using a graft 
[6]. The choice of graft often depends on factors such as the 
dimension of harvestable graft, location, and post-surgery 
recovery etc. [7-11]. At the same time, the choice of graft 
often depends on the surgeon’s preference based on surgical 
training, experience, and success rates. The choice of graft 
should also be determined by the graft morphometries and 
other considerations such as age, body size, activity level, 
concomitant injuries, donor-site morbidity, and return to ac-
tive sport [6, 12, 13] as well as morphological differences and 
variations amongst individuals of different race, ethnicity, 
and sexes [14-17].

The present study explored the morphometries of the 
patellar tendon (PT). The PT autograft is considered the 
gold standard for ACL reconstruction [18-20] due to its high 
tensile strength and possibility of re-vascularization by the 
inferior lateral or inferior medial genicular artery as well as 
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being able to provide a good bone integration where bone 
parts are harvested with the tendon as a graft [2, 21, 22]. 
The PT serves as an anchor for the quadriceps tendon after 
blending with the periosteum of the patella. It extends from 
the apex of the patella to the tibial tuberosity where the PT 
inserts [23-25]. Through this connection, the PT and the 
patella improve the way the quadriceps femoris muscles pull 
on the tibia [25] while the patella in this case is acting as a 
fulcrum at the knee joint [25, 26].

Factors such as length, harvestable tendon area, thick-
ness, tensile strength, ease of graft harvesting and bone–to–
bone healing after reconstruction are important factors to 
consider before deciding on a graft choice but unfortunately 
all these factors are not obtainable in a single tendon [21] 
thus reaching a consensus on the best graft for ACL recon-
struction is often a challenge. Other factors of importance 
are rapid healing, low donor site morbidity, immediate rigid 
fixation (i.e., ‘ligamentizing’ once implanted), and similar 
structural properties that mimic the mechanical properties 
of ACL [21, 27]. In all, it is imperative that the knee function 
of the graft site is not in any way compromised [21].

Even though the PT is considered the gold standard for 
ACL reconstruction [20], information on the extent of the 
harvestable surface area (SA) of the tendon is lacking in the 
literature. Thus, this study presents data on the morphomet-
ric profiles (i.e., the SA, length and width) of the PT in both 
limbs of the male and female cadavers of South Africans of 
European Ancestry using a simple tracing method. Under-
standing these profiles will contribute to knowledge and will 
assist surgeons on the choice of autografts preoperatively to 
determine whether the PT of an individual is adequate for 
an ACL reconstruction in the same individual [7]. In addi-
tion, this study also explored relationships between different 
paired measurements and emphasizes on healing and recov-
ery at the harvest site which are crucial to the return of knee 
functions. It is envisaged that the outcomes of this study will 
provide additional information on the usability and suitabil-
ity of the PT as an autograft, and which will better inform 
the choice of graft when performing an ACL reconstruction.

Materials and Methods

Demographics of sample
Data on the PT morphometry was collected from the 

same lower limbs of adult formalin–fixed cadavers of South 
Africans of European ancestry from a similar study on the 

morphometry of the quadriceps tendon [28]. To determine 
the sample size required for this study, a mean of 62.66±7.89 
mm in the female and a mean of 69.74±7.94 mm in the male 
for the length of PT were assumed as the measurement from 
the apex of the patella to the tibial tuberosity [26]. At 80% 
statistical power and a significance level of 5%, the mini-
mum sample size required was 42 cadavers (i.e., 21 cadavers 
per sex). Thus, the final sample size considered in this study 
was 40 female (79 lower limbs assessed; age range: 46–96) 
and 39 male (77 lower limbs assessed; age range: 53–96). The 
cadavers were housed in the School of Anatomical Sciences 
at the University of the Witwatersrand, Johannesburg, South 
Africa for teaching purposes. Approval to conduct this study 
was granted by the Human Research Ethics Committee of 
the University of the Witwatersrand (Ethics Number: W-CJ-
140604-1). The PT on both limbs in each cadaver was mea-
sured and a cadaver limb or PT with any obvious physical 
scar or deformity was excluded from the study.

Dissections
Similar dissection described by Latiff and Olateju [28, 29] 

was utilized, the PT on the lower limb was exposed by mak-
ing a midline longitudinal incision on the anterior surface of 
the lower limb from midway of the thigh to midway of the 
leg. Transverse incisions perpendicular to the midline inci-
sions were made proximally in the thigh and distally in the 
leg to expose the PT and allow for adequate space for obser-
vation and morphometric measurements. The skin, subcuta-
neous fascia, fat, fascia lata, and crural fascia were carefully 
removed without altering the morphology of the PT.

Morphometry of PT
The knee was flexed at an angle of about 45° and then the 

PT was carefully wiped with a dry absorbent cloth. There-
after, a non-elastic transparent wax paper (dimension: 5 
cm×5 cm×19 µm; Superior wax paper–donated by Superhaze 
Trading Co.) was carefully placed in such a manner that it 
assumed the curvatures of the underlying PT (Fig. 1) and the 
wax paper was firmly secured with pins. The margins of the 
PT were pre-marked with a permanent marker before plac-
ing the wax paper onto the tendon to enhance visibility and 
accuracy of the tracing of the tendon margins on the wax 
paper [28].

After the tracing, the wax paper was removed and then a 
known scale bar was drawn on it. Then the wax paper with 
its inscribed scale bar was then scanned at 300 dpi using an 
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Epson workforce DS-50000 scanner. From the digitized im-
age, the SA, straight proximal width, curved proximal width, 
straight distal width, curved distal width and length of ten-
don (LOT) for the PT (Table 1) were measured using an Im-
ageJ 1.47v software (National Institutes of Health). The mea-
sured length of each lower limb at full extension (from the 
anterior superior iliac spine to the medial malleolus) [16, 30] 

was used to normalize the data by dividing the raw (actual) 
values by the length of the corresponding lower limb (LLL) 
similar to a study on the quadriceps tendon morphometry 
[28].

Statistical analysis
To test for reliability of all measurements, an intra–ob-

server reliability test was conducted. A Lin’s Concordance 
test (ρc) was performed to determine the level of precision 
and accuracy between the measurements [31]. Normality test 
was conducted for each measured parameter using Shapiro-
Wilk test. For data that was parametric, a Student’s t-test was 
used to perform side and sex differences for each measured 
parameter. For a non-parametric data, a Mann-Whitney U-
test was used. To determine a possible correlation between 
any two paired measurements, a Pearson’s correlation was 
used for normally distributed data or a Spearman’s correla-
tion for non-parametric data. All statistical analyses were 
performed using IBM SPSS Statistics for Windows (version 
22.0; IBM Co.). Statistical difference of 5% was regarded as 
significant for all the statistical analyses.
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Fig. 1. Illustrations of the PT tracings on the anterior compartment of 
the thigh showing (A) the exposed PT after removing the superficial 
structures, (B) the highlighted PT margins (i.e., its extent) with a 
permanent marker in order to improve visibility and tracing accuracy, 
(C) the PT tracing on a superimposed wax paper secured by coloured 
pins to assume the curvature of PT and (D) the digitized image 
of the traced tendon from which parameters were measured. PT, 
patellar tendon; P, patella; TT, tibial tuberosity; WaxP, wax paper; 
LOT, length of tendon; SPW, straight proximal width; CPW, curved 
proximal width; CDW, curved distal width; SDW, straight distal 
width; Prox, proximal; Med, medial.

Table 1. Parameters for the morphometry of the PT
Parameter Acronym Description

Surface area SA Defined by the borders of the tendon i.e. superior border – extent of PT attachment on the apex of patella; 
inferomedial and inferolateral borders of PT tendon; inferior border – at its insertion i.e. tibial tuberosity.

Straight proximal width SPW Measurement taken as ‘a crow flies’ at the superior border.
Curved proximal width CPW Measurement taken along the curvature of the superior border.
Straight distal width SDW Measurement taken as ‘a crow flies’ at the inferior border.
Curved distal width CDW Measurement taken along the curvature of the inferior border.
Length of PT tendon LOT Maximum height extending from the halfway of the CPW (i.e., proximal) to the halfway of the CDW (i.e., distal)

PT, patellar tendon.

Table 2. Lin’s concordance correlation of reproducibility for the measure
ments in the patellar tendon

Parameter ρc
SA 0.953
LOT 0.997
SPW 0.983
CPW 0.985
SDW 0.981
CDW 0.931

ρc, Lin sʹ concordance correlation coefficient; SA, surface area; LOT, length of 
tendon; SPW, straight proximal width; CPW, curved proximal width; SDW, 
straight distal width; CDW, curved distal width.
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Results

Test of reliability of measurements 
The ρc ranged from 0.931 for CDW to 0.997 for LOT (Table 

2). This indicates a high degree of reproducibility and the 

data analysed in this study are considered to have an error 
low enough to be acceptable.

Morphometry of the PT
The descriptive statistics of the raw data and the normal-
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Fig. 2. Superimposed line graphs showing the pattern of variations between the SA or the LLL of both limbs for each individual cadaver. Red 
arrows indicate where patterns of the measurements in both limbs of an individual are not visibly identical compared to the measurements of the 
LLL for both limbs of same individual. SA, surface area; LLL, length of lower limb.

Table 3. Comparison of the measurements of the left and right patellar tendon

Parameters
Left Right

P-valueRaw
Normalized

Raw
Normalized

Limbs assessed Mean (mm) Mean (mm2) Limbs assessed Mean (mm) Mean (mm2)
Female
   SA 40 15.68 0.02±0.002 39 15.87 0.02±0.002 0.584
   LOT 40 51.01 0.06±0.011 39 51.19 0.06±0.009 0.706
   SPW 40 34.09 0.04±0.005 39 34.92 0.04±0.005 0.571
   CPW 40 37.14 0.04±0.007 39 38.04 0.04±0.006 0.137
   SDW 40 24.83 0.03±0.004 39 25.50 0.03±0.004 0.639
   CDW 40 25.95 0.03±0.004 39 26.90 0.03±0.004 0.279
Male
   SA 39 17.90 0.02±0.002 38 17.42 0.02±0.002 0.324
   LOT 39 57.39 0.06±0.012 38 56.20 0.06±0.011 0.937
   SPW 39 37.34 0.04±0.005 38 37.81 0.04±0.005 0.835
   CPW 39 41.35 0.05±0.006 38 41.81 0.05±0.005 0.590
   SDW 39 27.63 0.03±0.004 38 28.20 0.03±0.004 0.784
   CDW 39 29.61 0.03±0.004 38 29.79 0.03±0.005 0.909

Values are presented as number only or mean±SD. SA, surface area; LOT, length of tendon; SPW, straight proximal width; CPW, curved proximal width; SDW, 
straight distal width; CDW, curved distal width.
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ized data for each side and according to sex is shown in Table 
3. In addition, the data of the length of limbs (i.e., for nor-
malization of raw data) of cadavers used in this study is the 
same as that used for the quadriceps tendon morphometry 
[28]. For all the measurements in the female or male (Table 
3), there were no statistically significant differences in sides 
(i.e., left vs. right). There was also no significant difference 
when the measurements in both sexes were compared. Thus, 
none of the measurements in the PT exhibited a side domi-
nance nor was sex dimorphic. Despite the non-significant 
difference between the measurements from both limbs, the 
measurements of the SA of one limb were observably differ-
ent from the other limb in most individual cadavers assessed 
(indicated by red arrows in Fig. 2). This is also an indication 
that the SA of the PT in both limbs are morphometrically 
different in some individuals compared to the similarity of 
the LLL measures (for illustrative purposes) in both limbs 
(Fig. 2).

Correlation analyses on the measured parameters of 
the PT

Only paired parameters that revealed moderate (range 
0.4–0.69) or strong correlations (range 0.7–1.0) [32] are pre-
sented in Table 4. A strong correlation (R ≥0.7) was observed 
between the paired parameters of SA vs. LOT, SPW vs. CPW 
and SDW vs. CDW in both limbs of the male and female. 
Other paired parameters showed a positive moderate cor-
relation as shown in Table 4. When LLL was paired with 

other parameters, only a moderate correlation (R=0.4) was 
observed in the female between LLL vs. SA or LLL vs. LOT 
of the left limb and between LLL vs. LOT of the right limb.

Discussion

The harvesting of PT as an autograft is considered a gold 
standard for ACL reconstruction. This study presents data 
on the morphometry of the harvestable area of PT which 
is suggested to be an important parameter to consider in 
preoperative surgical planning of ACL reconstruction when 
considering recovery and limb functionality at the donor 
and reconstruction sites [33, 34]. An important step in the 
methodology of the present study is that the actual measure-
ments (in situ tendon tracing) were used to obtain a more 
realistic measurement [33, 35]. However, the present study 
acknowledges the possible influences of tissue fixatives on 
morphometry, the extent of which has not yet been eluci-
dated [26, 36].

In the present study, the dimension of the SA in the popu-
lation group assessed was similar in both limbs despite the 
observable differences in the SA in both limbs of most of the 
individuals. Similarly, the SA was not significantly different 
between the sexes. Unfortunately, there is no report in the lit-
erature to directly compare the measurements. Even though 
the reason for the variations between the limbs could not be 
ascertained, it is assumed that daily activities such as stand-
ing, sitting and/or postural stance when exercising may im-

Table 4. Correlation coefficient between measurements of the left and right patellar tendon

Parameters
Female Male

SA LOT SPW CPW SDW CDW SA LOT SPW CPW SDW CDW
Left
   SA 0.7a 0.9a 0.5a

   LOT
   SPW 0.5a 0.8a

   CPW 0.6a 1.0a 0.6a

   SDW 0.4c 0.4c

   CDW 0.9a 0.9a

   LLL 0.4b 0.4c

Right                        
   SA 0.7a 0.5a 0.8a 0.5b

   LOT
   SPW 0.4c 0.8a 0.4b

   CPW 0.9a 0.4c 0.4 0.5b 0.5b

   SDW 0.4b

   CDW 0.9a 0.4b 0.9b

   LLL   0.4c                    
SA, surface area; LOT, length of tendon; SPW, straight proximal width; CPW, curved proximal width; SDW, straight distal width; CDW, curved distal width; 
LLL, length of lower limb. aStatistically significant, P<0.001, bStatistically significant, P<0.01, cStatistically significant, P<0.05.
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pact the morphology and morphometry of the muscle or its 
tendon because of a possible gradient in the muscle tone in 
both limbs [34]. In addition, one implication of the observ-
able differences in the dimension of SA is that one or both 
PT may not be suitable as an autograft in an individual (bone 
pathologies being additional reasons) which is similar to the 
observations in the morphometries of the quadriceps tendon 
[28]. It is therefore important to consider whether adequate 
amount of tissue remains at the harvest site to ensure that 
knee function is not compromised in the limb from which 
the graft was removed. This reaffirms that the advantages of 
a PT being able to incorporate bone grafts at its two ends (i.e., 
a bone-patellar tendon-bone [BPTB] graft) is not the only 
important parameter to consider when choosing the PT as a 
graft.

In the present study, the length of PT was similar in both 
limbs and in both sexes. The recorded tendon length for the 
present population group was approximately 51.1 mm in the 
female and 56.8 mm in the male compared to similar studies 
on the PT of South Africans of European ancestry e.g. Van 
Zyl et al. [15] reported an average of 45.7 mm for a male pop-
ulation while Olateju et al. [26] reported an average of 65.9 
mm for both sexes with a significantly higher tendon length 
in the male. Similarly, Xerogeanes et al. [14] reported a sig-
nificantly higher tendon length in the males of an American 
population. The reported mean tendon length in a Swiss 
population (51.9 mm) [37] and in the males of a South Indian 
population (47.8 mm) [34] are within the range that was ob-
served in the present study. The differences in the mean LOT 
across the different studies may also be due to the differences 
in methodologies, age, race or ethnicity [16].

Considering the average length of the PT observed in this 
study (which is lower than the required 70 mm graft length 
required for an ACL reconstruction [38]), with the incorpo-
ration of bone blocks it means that most individuals may still 
be considered suitable recipients of a PT autograft. The ben-
efit associated with using the BPTB graft is that it incorpo-
rates and heals at a much faster rate within the bone tunnels 
thus affirming its popularity in ACL reconstruction [39, 40]. 
Apart from the benefits of a BPTB, graft site morbidity and 
return of tendon and knee functions are the other important 
factors to consider before deciding on harvesting tissues 
e.g. from the contralateral limb. It must be emphasized that 
harvesting a graft from the contralateral side is more advan-
tageous than harvesting from the ipsilateral side because it 
encourages a faster restoration of motion range and strength 

and return to full sporting capacity with no compromised 
stability [41, 42].

However, a BPTB autograft may be inadequate in a surgi-
cal approach like in an all-inside ACL reconstruction where 
it becomes difficult to appropriately shorten the graft length 
[43]. An all-inside ACL reconstruction is less invasive which 
utilizes closed socket tunnels as opposed to the traditional 
complete bone tunnels which is prone to tunnel expansion 
and compromised healing as the graft movement activity 
increases, and which may create problems in the subject [44]. 
Usually only one tendon is required which may be quadru-
pled, thus an all-inside technique provides sufficient graft 
(no need to make the tendon longer) as there is a relatively 
shorter distance to insert the graft [45]. Graft augmentation 
(i.e., making the graft larger in size by using an allograft, a 
hybrid construct or harvesting another tendon) is also not 
a requirement but this is often the case in a traditional ACL 
reconstruction technique where a surgeon may not be able 
to accurately pre-determine the size of the preferred graft or 
in a case of non-envisaged complication or discovery during 
surgery [45]. An all-inside technique also offers less morbid-
ity as there is no need to harvest bone blocks which may lead 
to donor site morbidity, patellar instability, or fracture as is 
the case for a BPTB [45, 46]. However, an all-inside technique 
requires a single–use special equipment for the retrograde 
drilling of the sockets thus it is relatively more expensive [44] 
and special arthroscopic skills are required [45] which often 
makes the PT a preferred graft.

For the widths of the PT, the present study reported no 
significant differences between the limbs and between sexes 
for the proximal or distal widths. A common morphology of 
the PT is that the proximal width is wider than the distal and 
this is often attributed to the convergence of fascicles towards 
the midline of the tendon [33, 34, 47]. There was similarly 
no significant difference between the curved and straight 
measurements of the widths suggesting that one or both 
measurements may be adequate for preoperative planning 
when considering the PT as an autograft. In comparison to 
other studies, patellar width of about 25.5 mm reported in 
an Arabian population [21] is within the range reported in 
the present study. In a study using CT scans from cadavers 
of a Japanese population, Oikawa et al. [48] reported a mean 
proximal width of 29.9 mm and a mean distal width of 25.0 
mm while Aithal Padur et al. [34] reported no significant 
difference in the proximal width (about 35.3 mm) or in the 
distal width (about 25.5 mm) of both limbs of a male South 
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Indian population.
Another important consideration is that the remaining 

tissue left at the harvest site must be adequate to ensure that 
the knee function is not hindered. Considering the width of 
the PT and after simulating a harvest of a 10 mm wide graft 
from the population assessed, on average 71% of the proxi-
mal and 61% of the distal widths remained. In comparison 
to Xerogeanes et al. [14], about 56% of the PT remained in 
an American population. It must be emphasized that after 
harvesting a portion of the PT, the remaining tendon at the 
harvest site are crucial for maintaining knee function, reduc-
ing complications, and producing satisfactory post-surgery 
outcomes. This is also dependent on the way tendons are 
harvested [49] as problems can arise from the harvest site. 
Harvesting the middle third of the PT could cause patellar 
tendonitis (i.e., kneeling pain) [39, 49]. Similarly, in a BPTB 
graft, the removal of an inferior part of the patella bone 
could weaken the patella and induce donor-site morbidity 
and in rare cases, causes a fracture of the patella bone from 
a blunt trauma [50]. These complications require an urgent 
need for another surgical repair, and which may further 
worsen the knee functions. In addition, excessive scarring in 
the knee area after harvesting a PT graft is common as the 
body begins the healing process. This often hinders normal 
motion in the knee, causes inflammation and the weakening 
of the PT thus increasing the risk of a tendon rupture. Usu-
ally, these problems of the PT could also affect the strength 
and function of the quadriceps tendon [50].

The association between the paired measurements of 
the PT was tested to determine their relationships. A strong 
correlation was found between the straight and the curved 
proximal or distal widths in both limbs and for both sexes. 
This relationship further shows that one or both measure-
ments is adequate for preoperative investigation of the PT as 
a possible autograft. However, correlation between proximal 
and distal widths (e.g., CPW vs. CDW or SPW vs. SDW) for 
both limbs and sexes range from weak to moderate positive 
correlation. Similarly, a positive moderate correlation was re-
ported in a male South Indian population between the distal 
and proximal widths [34]. Interestingly, a strong correlation 
was found between the SA and the LOT in both limbs and 
for the two sexes assessed in the present study. This rela-
tionship also indicates that the SA of the PT can be used to 
predict the length of the PT when considering the use of this 
tendon for ACL reconstruction. Interestingly, none of the 
measurements paired with the LLL revealed a strong correla-

tion suggesting that the LLL is not a good predictor of any 
measurements of the PT in the population group assessed 
similar to the relationships between measurements of the 
quadriceps tendon paired with the LLL [28].

In conclusion, despite the limitations of cadaveric studies 
such as a limited sample size and the possible effects of for-
malin fixation on tissues, cadaveric studies have proven to be 
advantageous and reliable in that it provides an in situ mea-
surement [26, 51]. The PT autograft provides a faster healing 
and graft integration owed to the bone blocks harvested with 
the PT compared to other tendons such as the quadriceps or 
the semitendinosus tendon. However, the harvest site of the 
PT may create unintended problems if a proper evaluation of 
the PT and its morphometry was ignored. In addition, a PT 
graft may become undesirable and non-usable in an all–in-
side procedure. PT graft may also not be desirable in an indi-
vidual with osteoporosis, osteological degenerative diseases, 
patellar tendinopathy, or inadequate contralateral tendon. In 
a situation where the PT (e.g., contralateral tendon) is unde-
sirable, an alternate graft may be considered (e.g., semitendi-
nosus or quadriceps tendon). Aside from the problems that 
could make a PT graft undesirable, it still provides better 
bone integration and healing outcome as highlighted in the 
present study.
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