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The patellofemoral joint is one of the parts of the knee extension mechanism that plays a role in

the stability of the knee by enlarging the force arm of the quadriceps muscle and changing the
direction of the muscle strength. For the entire knee joint to perform its task painlessly and

functionally, the positions and strength of the muscles, the strength of the ligaments, and their

reaction to movement must be compatible. The Insall–Salvati (Ins-Sal) index is useful for

showing changes in patellar height produced by repositioning the tibial plateau, in other words,
showing changes in patellar tendon length. Patella height is an important value to be taken into

account in knee prosthesis surgery, tibial osteotomy, and anterior cruciate ligament recon-

struction. The morphometric relationship between the reference measurements of the distal

femur and proximal tibia and the position of the patella will be useful in determining the natural
anatomy. In this study, we aimed to determine the relationship between patella height and

distal femur and proximal tibia reference areas by using the arti¯cial neural network method as

an alternative approach method. In order to assess the performance of the estimation of the Ins-

Sal index, the four ANN model with six input combinations which included age, gender and the
reference measurements for the right and left sides have been constructed and tested. The MSE

and r values are calculated for every four models for the training and test phase. The results
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show that the proposed approach for modeling of relation between reference measurements and
the Ins-Sal index is a powerful approach.

Keywords: Morphometry; ligamentum patella; Insall–Salvati; arti¯cial neural network.

1. Introduction

The patella is a sesamoid bone within the quadriceps muscle tendon. The basic task

of the patella is to provide a mechanical advantage in the rotation e®ect by extending

the extensor force arm by keeping the force created by the quadriceps muscle away

from the rotation center of the knee and changing the direction of this force through

the patellar tendon.1 Length of the patellar tendon and patella morphometry is one

of the factors governing the e®ect of these forces. The total patellar surface is

12–13 cm2. Usually, patellofemoral contact starts at 20� of °exion, while earlier or

later onset is related to the length of the patellar tendon.1,2 In order for the entire

knee joint to perform its task painlessly and functionally, the positions and strength

of the muscles, the strength of the ligaments, and their reaction to movement must

be compatible. Furthermore, morphometric harmony between the patella, femur,

and tibia is also important for the healthy entire knee joint. In the bone arrangement,

the mediolateral and proximal-distal positions of the patella are one of the research

topics in recent literature.3–7

After the introduction of the ¯rst measurement method of patellar height by

Janssen in 1929, many methods on patellar height have been proposed.8 The most

known methods used in patellar height measurements have been proposed as Insall–
Salvati,4 modi¯ed Insall–Salvati,9 Caton–Deschamps,10 Blackburn–Pell,11

Carvalho,12 and Koshino.13 Insall–Salvati sought a method that would not be af-

fected by the physical size of the knee, the amount of radiological magni¯cation, and

the degree of °exion. They introduced the ratio of the diagonal length of the patella

to the patellar tendon length. This ratio has been accepted as almost a universal

standard after the research work.14 The Insall–Salvati (Ins-Sal) index is useful for

showing changes in patellar height produced by repositioning the tibial plateau, in

other words, showing changes in patellar tendon length.15

The Ins-Sal index is one of the most commonly used indices in determining the

height of the patella. The height of the patella depends on the length of the patellar

tendon, the intraoperative shortening of the distance between the patella and the

tibial plateau,16 and the distance between the joint line and the posterior o®set of

the tibial implant.17 Patella height measurements generally measure the position

of the patella with the tibia.4,9–11 In addition, the line re°ected from the inter-

condylar notch, the plateau-patella angle,14 and the reference point in the distal

femur are among the methods used in patellar height measurements.18

Patella height is an important value to be taken into account in knee prosthesis

surgery, tibial osteotomy, and anterior cruciate ligament reconstruction.4,19,20 In this

study, we aimed to determine the relationship between patella height and distal
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femur and proximal tibia reference areas by using the arti¯cial neural network

(ANN) method as an alternative approach method. In recent years, ANN method

has been accepted as a powerful tool for function approximation and pattern rec-

ognition tasks in many real-world problems. ANN has been widely used in the bio-

engineering and biomechanics ¯elds,21 such as assessing parameters of gait

symmetry,22 modeling leg and mono¯n movements,23 prediction of lower extremities'

movement,24 bone fracture healing assessment,25 classifying hand motions,26 classi-

¯cation of forefoot pain based on plantar pressure measurements,27 classi¯cation of

gender-speci¯c dynamic gait patterns by using the ANN method,28 B€ohler and

Gissane angles of the calcaneus29 and determination of patellar position by neural

network method.30 As a mathematical model, ANN mimics the brain functionality to

solve problems as function approximation, pattern recognition. In this study, two

di®erent measurements in the patella region, age, and gender information were used

as input of the ANN while network output approximates the Ins-Sal index according

to the given inputs. In this study, the Ins-Sal index was obtained for the ¯rst time by

the ANN method. It was shown that the method is also useful for the problem. In our

study, we believe that the morphometric relationship between the reference mea-

surements of the distal femur and proximal tibia and the position of the patella will

be useful in determining the natural anatomy.

2. Materials and Method

2.1. Material

This research is a descriptive radio-anatomical study conducted through a retro-

spective examination of radiographs. Knee measurements of 150 females and 150

males were included in the study. In order to minimize the error in the measure-

ments, samples were selected from individuals whose knee problems were not

reported. The distal femur and proximal tibia measurements have been performed

by measuring the right and left sides of each gender separately. In order to minimize

the error in the measurements, the measurements were repeated twice by the same

operator. The average age of the samples measured is 32.96 (in the range of 16–50).
The measurements were made on the anterior–posterior and lateral radiographs

of the samples (Fig. 1). The data set consists of the parameters of ligamentum patella

length (LP), Ins-Sal index, the line tangential to the lowest point of the femoral

condyles (TCL), bicondylar width (BCW), fossa intercondillaris width (NW), tibia

width (TW), and intercondylar eminence width (EW). Patella length (PL) is the

length measured between the basis and apex of the patella. LP is the determination

of the length of the lig. patellae by measuring the distance between the patella apex

and the upper part of the tuberositas tibia. Ins–Sal is the calculation of patella height

depending on the ratio of LP to PL. BCW is the width parameter of the femoral

condules. NW is the parameter located on the bicondylar width line by which the

fossa intercondylar width is calculated. TW is the parameter for the length of the
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proximal articular surface of the tibia. EW is the parameter of the width between

tuberculum intercondylar medial and lateral in intercondylar eminence tibia. The

data obtained from our study were uploaded to the SPSS 23.0 program and when the

parametric test assumptions were ful¯lled (Kolmogorov–Smirnov) in the evaluation

of the data, the signi¯cance test of the di®erence between the two means was used

when comparing the measurements obtained from two independent groups. To de-

termine di®erences between two independent groups two-tailed t-test has been

conducted. Each stage of the research was conducted under ethical principles.

Written permission was obtained from Sivas Cumhuriyet University Non-Invasive

Clinical Research Ethics Committee (dated 05.12.2018, numbered 2018-12/12)

(Annex. 1) before starting the application. The research was carried out by the

Helsinki declaration which is a set of ethical principles regarding human experi-

mentation developed.

2.2. Method

In order to estimate Ins-Sal index, the ANN method was used as an alternative tool.

The main task of the ANN is to give outputs in consequence of the computation of

the inputs. ANN is a mathematical model mimicking brain functionality and com-

posed of several processing units called neurons. The neurons are located in di®erent

Fig. 1. (Left panel) Ins-Sal index measurement. a: the distance between apex and basis patella which

corresponds to patella length (PL), b: the distance between the apex of the patella and tibial tuberosity

which corresponds ligamentum patella length (LP), b/a: Ins-Sal index. (Right panel) TCL: the line
tangential to the lowest point of the femoral condyles, BCW: the bicondylar width line passing through the

sulcus popliteus and parallel to the TCL line, NW: the section where the width of fossa intercondylar on

the TCL line is measured. A: the most medial part of the tibia proximal plateau, A0: the most lateral part of

the tibia proximal plateau, B: eminentia intercondylar tuberculum medial, B0: intercondylar eminence
tuberculum laterale. Tibia Width (TW): A-A0, eminence width (EW): B-B0.
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layers as input, hidden, and output. The neurons in each layer are connected to each

neuron in the next layer via adaptive synaptic weights.31 The input layer neurons

receive the data from the environment and the data are transmitted to the output

layer neurons through hidden layer neurons. Then corresponding output data are

given by the output neurons. The multi-layered Feed-forward neural network ar-

chitecture is used in this study. The architecture is chosen for the Ins-Sal index

modeling due to there was no need to feed past input–output values as inputs to the

network.

In order to assess di®erent input combination e®ects on the correct estimation of

Ins-Sal index, four identical models have been trained and tested with six di®erent

input combinations to form six-input two-output model. Gender and age have been

included for each input combination as the ¯rst two inputs. The third and fourth

inputs have been selected as LP right and LP left. The remaining two inputs have

been selected as one of the BCW, NW, EW for right and left measurements. BCW

and NW from the distal femur measurements in the bone arrangement of the knee

joint, and for TW and EW from proximal tibia measurements. Therefore, the pro-

posed network architecture consists of one input layer with four neurons (p ¼ 6)

which correspond to six inputs of each model. The other parts of the network consist

of one hidden layer with four (h ¼ 4) neurons in each and one output layer with two

neurons (r ¼ 2), which correspond to the left and right Ins-Sal indexes. The proposed

architecture of Multilayer Feed-forward ANN is shown in Fig. 2. There is no rule to

take the numbers of the hidden layer and its neurons. After several trials, the number

of hidden layers and the number of neurons in the hidden layer were determined in

this study. The total number of adjustable weights (w) was 32 according to the

Fig. 2. The used layered Feed-forward ANN structure (6-4-2) for the estimation of Ins-Sal index. The

neurons in each layer are connected to the next layer neurons by adaptive synaptic weights.
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formula given by

w ¼ p� hþ h� r; ð1Þ
where p ¼ 6, h ¼ 4 and r ¼ 2 are the neuron numbers in the input, hidden and

output layers, respectively.

A hidden layer is needed for the approximation of any nonlinear function like in

this study. The activation function of neurons in the layer can be any well-behaved

nonlinear function. In this work, we have chosen tangent hyperbolic activation

function32 whose formula is given by

tanhx ¼ ex � e�x

ex þ e�x
: ð2Þ

Five fold-cross validation techniques have been performed to divide the training and

test data. It produces training and test data sets with 80% of total data as training

and 20% of total data as test randomly to form ¯ve di®erent combinations of training

and test dataset. The number of total data samples for this study is 300; therefore,

the network is trained with 236 data points and tested with 64 data points for each of

the ¯ve loops. For the training stage, the algorithm was a back-propagation algo-

rithm with Levenberg–Marquardt algorithm.33,34 By appropriate modi¯cations,

ANN modi¯es its all weights until an acceptable error level between estimated and

desired outputs. The di®erence between the di®erent output values was measured by

mean square error (MSE) given by

MSE ¼ 1

N

XN

i¼1

ðdi � yiÞ2; ð3Þ

where N is the number of training data points and di and yi are the desired output

and ANN output, respectively. After training the ANN with ¯nal weights, the net-

work performance is tested on the test data points which are not given to the network

in the training stage. In this work, the performance evaluation has been performed

with MSE and correlation coe±cient (r) calculation for both the training and test

phase. If the estimations of the test data are still su±ciently good enough, ANN is

considered to have learned the functional relationship between input and output

data of the problem.

3. Results

Right and left side measurements were made for BCW, NW, TW and EW. Com-

parisons of the right and left sides and the sexes were made in terms of these para-

meters (Table 1).

This study was repeated with four di®erent input parameter sets and compared to

each other to see which set would give better results in obtaining the best Ins-Sal

index. In all sets, LP right, LP left, age, and gender data are common parameters. In

the ¯rst set, BCW right and BCW left data, in the second set, NW right and NW left
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data, in the third set, EW right and EW left data, and in the fourth set, TW right

and TW left data were included among the input parameters.

In Table 2, the inputs of these four di®erent sets and the mean values of MSE and

correlation coe±cient (r) on the training and test data are listed according to the side

Table 2. Four di®erent ANN input parameters and their results on the data.

MSE r

ANN inputs Side Training Test Training Test

BCWþ LPþAgeþGender Right 0.004 0.005 0.938 0.890

BCWþ LPþAgeþGender Left 0.005 0.008 0.941 0.898

NWþ LPþ AgeþGender Right 0.005 0.007 0.926 0.869
NWþ LPþ AgeþGender Left 0.005 0.006 0.934 0.890

EWþ LPþAgeþGender Right 0.006 0.007 0.929 0.886

EWþ LPþAgeþGender Left 0.005 0.008 0.938 0.888

TWþ LPþAgeþGender Right 0.004 0.008 0.946 0.898
TWþ LPþAgeþGender Left 0.004 0.005 0.954 0.915

Table 1. The measured data for reference points of knee.

Parameter Side Gender Average (mm) Standard deviation (mm) Signi¯cance value

PL Right Female 43.8 3.5 P ¼ 0:001*

Male 49.8 3.6
Left Female 43.9 3.7 P ¼ 0:001*

Male 50.5 4.4

LP Right Female 45.9 7.2 P ¼ 0:015

Male 48.1 8.0
Left Female 45.4 7.1 P ¼ 0:005

Male 48.1 9.0

Ins-Sal Right Female 1.0 0.2 P ¼ 0:001*
Male 0.963 0.2

Left Female 1.0 0.2 P ¼ 0:001*

Male 0.948 0.2

BCW Right Female 72.8 4.9 P ¼ 0:001*
Male 84.7 5.2

Left Female 72.4 5.1 P ¼ 0:001

Male 84.2 5.0

NW Right Female 16.8 2.6 P ¼ 0:001*
Male 20.8 2.5

Left Female 17.8 2.8 P ¼ 0:001*

Male 21.1 2.9

TW Right Female 75.9 4.8 P ¼ 0:001*
Male 86.7 4.9

Left Female 75.9 4.8 P ¼ 0:001*

Male 86.8 5.2
EW Right Female 11.1 2.1 P ¼ 0:014

Male 11.8 2.4

Left Female 10.9 2.3 P ¼ 0:098

Male 11.4 2.2

Note: *Statistically the di®erence is signi¯cant.
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of the bone. It is seen that the results obtained by using di®erent input parameters

give di®erent MSE and r values. In addition, MSE and r values were obtained

di®erently in the estimates of right and left side measurements. In the estimates on

the training data in the sets that included BCW or NW as the ANN's inputs, the

MSE values of the right side were lower than the left side, but in the case of EW or

TW among the inputs, the predictions for the left side were more successful. In

similar examinations on test data, the MSE value was smaller for the right side in the

calculations where BCW or EW was taken as the input parameter, while the left side

had a smaller MSE value in the calculations where NW or TW was input.

Figure 3 shows the comparison of the predictions on the training data with the

measured values. As can be seen from the ¯gure, the di®erence between the measured

value and ANN estimates is concentrated around the zero line but spreads between

approximately�0.2 and þ0.2 values. In the upper left panel of the ¯gure, you can see

the results of the ANN structure in which BCW is included in the inputs. In the

estimation of the Ins-Sal index, this ANN showed a maximum deviation of 0.252mm

for the left side and �0.265mm for the right side. In the upper right panel, the results

are shown when the NW parameter is included in the ANN inputs. Looking at the

results obtained in this case, it is seen that the maximum deviations of the ANN

values from the measured values are 0.309mm for the left side and�0.265mm for the

right side. The results of the ANN structure, in which EW is included as the input

parameter, are presented in the lower-left panel. It is seen that the maximum

Fig. 3. The deviations between the actual measured Ins-Sal indexes and the estimated Ins-Sal indexes

with ANN for training data points.
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Fig. 4. Measured and ANN estimated Ins-Sal index on the test data points.

Fig. 5. Same as Fig. 4 but for di®erent ANN inputs.
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deviations from the measured values are 0.222mm for the left side and �0.238mm

for the right side. Finally, in the bottom right panel, the results of the calculations

that include TW in the ANN inputs are given. When the maximum deviations in this

situation are examined, it is seen that the result is obtained with deviations of

0.195mm for the left side and 0.182mm for the right side.

In Figs. 4 and 5, the results of ANN predictions in the test data set are presented.

Considering the plots drawn separately for the right and left sides, the agreement

between the measured value of the Ins-Sal index and the ANN predicted value is seen

in the plots drawn together. Considering the fact that the data are very nonlinear,

the ANN estimator gives such successful results, indicating that this method is

suitable in determining the Ins-Sal index.

4. Discussion

The main objective of the study is to achieve an arti¯cial intelligence model which

could estimate the patella position according to reference measurements of the distal

femur and proximal tibia of a healthy person. The patella collects the forces from the

four heads of the quadriceps into the middle and transmits them to the tibia in

the most frictionless way through the patellar tendon.1 The position of the patella

in the patellofemoral joint and its harmony with the femur is important for the joint

mechanism.

While the patella comes from full °exion to full extension, it travels 7 cm in the

proximal-distal direction.35 Patellar height is an important factor in patellar tracking

and changes the strength of the patellofemoral joint reaction. Patella alta is a con-

dition associated with patellofemoral malalignment and a reduced patellofemoral

contact area, leading to patellofemoral pain or instability.36,37 Patella baja limited

knee opening is associated with Osgood–Schlatter disease and patellar arthritis.38

The position of the patella in a position other than its normal position causes many

discomfort situations. Therefore, studies among the muscle, ligament and bone

structures related to the position of the patella continue to be the subject of many

studies.

In our study, the relationship between patellar height and BCW and NW in distal

femur reference measurements and TW and EW, which are the reference measure-

ments of the proximal tibia, were investigated. It is clear that there is a signi¯cant

correlation between the proximal tibia, distal femur, and patella bone morphome-

tries. This correlation must continue for the whole knee joint to perform properly. It

is possible to encounter various problems when the harmony in the whole knee joint

is broken. Surgery may be required to provide mechanical treatment of the knee joint

when this harmony is broken in situations of discomfort. In the planning of this

operation, the relationship between the proximal tibia, distal femur, and patella

morphometry would be among the guiding factors.

The kinematics of the knee joint are very di®erent from simple °exion and ex-

tension movements. Femur expresses the relationship between the patella and the
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tibia during kinematic knee movement. Joint surface, meniscus, and ligament

structures determine the normal kinematic relationship between femur patella and

tibia. The intended target is to get a painless knee capable of maximum movement

and with proper alignment.39

In our results from ANN method, as can be seen from Table 2, in the estimation of

the Ins-Sal index on the right in the training data points, the ANN structure in-

cluding the BCW parameter in the input set gave the best results with 0.004 MSE

value. For the left, the best result as 0.0037 MSE value has been obtained by the

ANN structure including the TW parameter in the input set. The corresponding r

values are 0.94 and 0.95, respectively. In the predictions made on the test data

points, the ANN structure in which BCW was included in the inputs gave the best

results for the right side with a 0.005 MSE value, while the ANN structure with NW

included in the inputs gave the best results with 0.0064 MSE value for the left side.

The corresponding r values were obtained as 0.94 and 0.90, respectively.

In the predictions made on the training data, the results with the highest MSE

value were obtained in sets with EW among the input parameters. These MSE values

are 0.006 and 0.005 for the right and left sides, respectively. The corresponding r

values are 0.93 and 0.94, respectively. The results with the largest MSE on the test

data were obtained with the set in which TW is included in the input parameter for

the right side, and with the set including EW for the left side. These MSE values are

also 0.008 and 0.008, respectively. The corresponding r value was calculated as 0.89

for both. Although they have higher MSE values compared to each other, the results

of the studies performed with all four parameter sets are thought to be successful in

predicting the Ins-Sal index.

In our study, the relationship was tried to be explained by using the fundamental

measurements between the distal femur, proximal tibia, and patella morphometry.

The results were obtained when signi¯cant reference lengths were used at the knee

joint instead of the patella length used to measure the patella height. These results

illustrate that there is a morphometric ¯t between the bone reference lengths that are

functionally related to the knee joint. We believe that determining this harmony

numerically is important for knee mechanics and restructuring studies.

The natural arrangement of the individual is aimed at total knee arthroplasty.

Patients whose natural arrangement is structurally abnormal on the neutral me-

chanical axis cannot be functionally comfortable after total knee arthroplasty.40 In

our study, we believe that the morphometric relationship between the reference

measurements of the distal femur and proximal tibia and the position of the patella

will be useful in determining the natural anatomy.

One of the most common problems after total knee arthroplasty is patellar in-

stability and patellofemoral incompatibility. For a successful patella ¯t, providing

the normal Q angle, placement of all components in proper rotation, and ensuring

normal patellofemoral tension are important factors. One of the factors a®ecting the

patellar placement is the size and location of the femur and tibia components.40 In

total knee arthroplasty, the proper patellofemoral arrangement is possible with the
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mechanical and positional balance between components.40 Patellar position and

bone morphometry show signi¯cant changes according to gender and the di®erence

between the right and left sides. In our study, the patellar height and the distal

femur, proximal tibia measurements were studied considering the gender and side

di®erence. There is a higher patella in women than that of men. In our study, we have

obtained for women that the patella heights are 1.04 and 1.03 for the left and right

sides, respectively. For men, the patella heights were obtained 0.96 and 0.95 for the

left and right sides, respectively. Thus, it can be used to get better results in the

relationship between all knee mechanics and restructuring studies by considering the

gender and side di®erence.

5. Conclusion

If we consider the knee joint as a mechanism consisting of bone, cartilage, capsule,

and ligaments, the relationship between the bones will contribute to our under-

standing of knee biomechanics. It will be useful in patellar height planning com-

patible with the distal femur and proximal tibia measurements to determine the

natural anatomical alignment of the individuals. In our study, an alternative method

with ANN for modeling the morphometric relationship between the reference mea-

surements of the distal femur and proximal tibia and the position of the patella will

be useful in determining the natural anatomy.

The research focuses on the vertical position of the patella. However, there are

some factors on patella height as the position of mediolateral patella, partial patella,

and status of the ligaments of the patella. We believe that the proposed approach

would be useful for the research work related to the patella position. The proposed

approach on estimating patella height with ANN also could help the research topics

as that restructuring of patellar fractures,41 restructuring of anterior cruciate liga-

ment,42 and diagnosis of some diseases according to patella position.43
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