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a b s t r a c t 

Patellofemoral instability is a motion related disease, featured as the patella dislocating from the trochlear 

groove. Four dimensional computed tomography (4DCT) enables full assessment of the patellofemoral 

movement. Nevertheless, the quantitative measurements of patellofemoral instability are still under re- 

search and currently of limited practical use. The aim of this study is to develop a robust and semi- 

automatic workflow to quantitatively describe the patellofemoral movement in a patient group of eight 

suffering from patellofemoral instability. The initial results show agreement with manual observations of 

the tibial tubercle – trochlear groove (TT-TG) distance in routine practice, and the possibility to evaluate 

both TT-TG distance and patellar centre – trochlear groove (PC-TG) distance dynamically during active 

flexion-extension-flexion movement of the knee. 

© 2020 Published by Elsevier Ltd on behalf of IPEM. 
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. Introduction 

Patellofemoral instability, presented as a dislocation of the

atella from the trochlear groove, is related to knee pain and dys-

unction. The majority of patients with patellofemoral pain syn-

rome can be treated non-operatively [1 , 2] , and the criterion of

urgery on patellofemoral disorders has been subject to debate

3–9] . To assist in this debate there is a need for an accurate quan-

itative clinical description of patellofemoral instability. 

Current clinical protocols of 3D knee imaging, i.e. CT, provide

igh quality images of the knee anatomy in terms of resolution,

ontrast and signal to noise ratio (SNR). However, an increasing

umber of studies showed the benefit of having dynamic informa-

ion of the knee over just one static image, resulting in improved

iagnosis and more support in surgical decision making [10–13] . To
1 Abbreviations: TT, tibial tubercle; TG, trochlear groove; PC, Patellar centre; PCRL 

osterior condylar reference line; 4DCT, four dimension computed tomography; 

NR, signal to noise ratio; FOV, field of view; mSv, millisievert; PD, proximal-distal; 

P, anterior–posterior; ML, medial–lateral; IA, inertial axes; CPD, coherent point 

rift. 
∗ Corresponding author. 

E-mail address: a.m.sprengers@gmail.com (A.M.J. Sprengers). 
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rovide motion related clinical parameters, a few research groups

resented measurements based on several static scans obtained at

ifferent knee flexion angles on MRI image [10 , 14] or the com-

ination of fluoroscopic imaging and a 3D static scan [15 , 16] .

evertheless, these quasi-static approaches is of limited practical

se, since it is hard to incorporate muscle factors which may af-

ect patellofemoral functioning [12] . 

Recently, four-dimensional computed tomography (4DCT, also 

nown as dynamic CT) was introduced as a technological innova-

ion in the field of CT. 4DCT is a three dimensional computed to-

ography volume imaged over a period of time [17] , which pro-

ides the option of capturing continuous patellofemoral motion.

ith 4DCT, Tanaka et al. found a decrease in tibial tubercle –

rochlear groove (TT-TG) distance ( Fig. 1 ) with increasing flexing

ngle of the knee joint, together with similar trends in bisect off-

et and patellar tilt [5] , indicating the sensitivity of TT-TG to flexion

ngle and demonstrating that dynamic information may be bene-

cial to the diagnosis [11] . 

In current clinical practice, healthy TT-TG distances have been

eported within a range from 9.4 to 13.6 mm [5] . This variation

artially originates from the selection of slice direction, flexion an-

le of the knee and variation in landmark selection [5 , 18] . To re-

https://doi.org/10.1016/j.medengphy.2020.01.012
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2020.01.012&domain=pdf
mailto:a.m.sprengers@gmail.com
https://doi.org/10.1016/j.medengphy.2020.01.012
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Fig. 1. Manual measurement of TT-TG distance from CT images ((a) red box indicates the TG, green boxes indicate the landmarks of the PCRL; (b) blue box indicates the TT; 

(c) overlap of (a) and (b), black line indicates the TT-TG distance). 
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duce the variation, the anatomical axial plane of the knee joint

could be used to determine the landmarks (TG, TT, patellar cen-

tre (PC), posterior condylar reference line (PCRL) etc.) [13 , 18 , 19] .

Besides, the limited field of view (FOV) in 4D CT prevented any as-

sessment over 30 ° flexion [5] , in that the landmarks move out of

the FOV. Furthermore, the variance of the intra/inter-observation

on landmark determination is a key factor in the variance of quan-

titative assessment of the knee movement [5 , 12] . 

The purpose of this paper is to develop and evaluate a work-

flow for quantitative analysis (dynamic TT-TG distance and PC-TG

distance) of patellofemoral dynamics during continuous active flex-

ion and extension of the knee within a range between 0 ° and 90 °
on 4DCT images. The main contributions of this study are: 

(1) automatic landmark determination of the trochlear groove,

tibial tubercle, patella centre, posterior condyles reference

line, and flexion angle between femur and tibia based on an

anatomical frame instead of CT image frame. 

(2) continuous measurement of TT-TG and PC-TG distance using

4DCT scanning. 

(3) a robust workflow to perform the quantitative measurement

of knee joint movement within bone shape models. 

(4) extending the quantitative knee joint movement measure-

ment to 0 °–90 °. 

2. Materials and methods 

2.1. Data acquisition 

Informed consent was obtained from eight patients, who would

have otherwise gotten a conventional static CT, in accordance

with the institutional review board–approved study protocol. These

eight patients (4 men and 4 women, mean age of 23.5 (18–33))

underwent 3D and 4D CT scans with low dose on a Canon Aquil-

ion One Genesis scanner. As Fig. 2 (a) illustrates, one 3D CT scan

on both knees in full extension was acquired to provide anatom-

ical information. The obtained volume had a fixed matrix size of

512 × 512 × 626 voxels. The in-plane pixel spacing varied from

0.511 × 0.511 mm to 0.824 × 0.824 mm. Slice thickness was

1 mm with an increment of 0.8 mm. As Fig. 2 (b) and (c) illustrate,

the dynamic CT scan with eleven frames were acquired in both

knees within 13 s during active flexion-extension-flexion move-

ment i.e. with a temporal resolution of 0.85 Hz. This movement

was achieved against gravitational resistance without any other

limitations (see Fig. 2 ). The obtained volumes had the fixed ma-

trix size of 512 × 512 × 320 voxels. The in-plane pixel spacing

varied from 0.820 × 0.820 mm to 0.976 × 0.976 mm. Slice thick-

ness was 0.5 mm with an increment of 0.5 mm. This CT protocol
s associated with an ionising radiation dose of 0.32 millisievert

mSv), compared to a normal preoperative CT knee protocl of 0.02

Sv. For further information about the dosage please see the sup-

lement material (Supplement_1). 

.2. Manual measurement of static tibial tubercle - trochlear groove 

istance 

Static TT-TG/PC-TG distance represents the distance calculated

n 3D scan with full extension of the knee (0 ° flexion). As Fig. 1 il-

ustrates, to assess whether proposed method would quantify the

tatic TT-TG distance in the same way as in clinical routine, the

T-TG distance in 3D scan for each patient was measured three

imes (one-week interval) by an experienced radiologist for intra-

bserver variability. The inter-observation measurement was per-

ormed based on two experienced radiologists and one experi-

nced orthopaedic surgeon. All manual measurements were mea-

ured using Lyon’s protocol [20] (workflow to determine the TT-

G distance) and adjusted using the method from Yao et al.

18] (method to adjust the TT-TG distance based on the mis-

lignment between axial plane of the CT scanner and the anatom-

cal axial plane of the knee). We recommend [18 , 20] or Supple-

ent_3 for the details of Lyon’s and Yao’s methods. In this study,

he static TT-TG distances were determined for both legs of 8 pa-

ients (16 legs). 

.3. Basic concept of quantitative description of patellofemoral 

otion 

.3.1. Flexion angle between femur and tibia 

As Fig. 3 (a) illustrates, the flexion angle ( α) between femur and

ibia is calculated from the anatomical proximal-distal (PD) axes of

emur and tibia. Full extension in 3D scan is defined as 0 ° flexion,

egative flexion thus indicates hyperextension. 

.3.2. Dynamic tibial tubercle - trochlear groove distance 

As Fig. 3 (b) illustrates, like static TT-TG distance, the dynamic

T-TG distance is the distance between two projected points of

rochlear groove and tibial tubercle, which is measured on a poste-

ior condylar reference line (PCRL). The TG and PCRL are calculated

n the same axial slice, with the most proximal part of the TG and

light subchondral condensation seen in the trochlea [20] . The TG

oint is defined as the deepest part of the trochlear groove [20] .

he PCRL is defined as the tangent line to both posterior condyles

20] . The TT point is defined as the most anterior part of tibial tu-

ercle [20] . In this study if the TT/PC point is on the lateral side of



H. Chen, L. Kluijtmans and M. Bakker et al. / Medical Engineering and Physics 78 (2020) 29–38 31 

Fig. 2. (a) 3D or static CT of the knee at full extension; (b) 4D or dynamic CT of the knee at approximately 90 ° flexion phase; (c) 4D CT scan of the knee at fully extended 

phase. 

Fig. 3. Illustration of the relevant coordinate systems and landmarks for the quantitative measurement of patellofemoral motion. (a) red, green and blue arrows indicate the 

corresponding anterior–posterior (AP), proximal–distal (PD) and medial–lateral (ML) directions, α indicates the flexion angle between the PD axes of femur and tibia; (b) 

red and magenta filled circles indicate the TG and TT, red and magenta open circles indicate the projected TG and TT, the cyan line and the black thick line indicate the 

PCRL and the the TT-TG distance, the grey rectangle indicates the axial plane; (c) red and blue filled circles indicate the TG and PC, red and blue open circles indicate the 

projected TG and PC, the cyan line and the black thick line indicate the PCRL and the PC-TG distance, the grey rectangle indicates the axial plane. 

Fig. 4. Pipeline of TT-TG distance calculation (white, grey and black parallelograms represent input data, intermediate results and output result respectively; rectangles 

represent algorithms part of the method). 
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he TG point, we regarded the distance as positive, otherwise neg-

tive if on the medial side. Dynamic TT-TG distance represents the

T-TG distance for each angle of flexion between femur and tibia,

.e. TT-TG distance as a function of flexion angle. 

.3.3. Dynamic patellar centre – trochlear groove distance 

As Fig. 3 (c) illustrates, the dynamic PC-TG distance is the dis-

ance between the projected points of the trochlear groove and the

entre of the patella which is measured on a PCRL. The definitions

f TG and PCRL are the same as Section 2.3.2 . The centre of patella

PC) is identified as the centre of the patella shape model. Dynamic

C-TG distance indicates the distance as a function of the flexion

ngle. 

.4. Proposed workflow for quantitative measurement of 

atellofemoral movement 

Fig. 4 illustrates a schematic representation of the pipeline for

emi-automatic quantitative measurement of patellofemoral move-

ent. The coordinate frames of femur and tibia and the landmarks

or TT-TG/PC-TG distance are determined based on 3D CT data. The
otation matrices that describe the transformation information of

he bone are determined based on 4D CT data. Manual segmenta-

ion is performed using Mimics 14.0 (Materialise, Leuven, Belgium).

ll the automatic methods are implemented using Matlab r2017a

Mathworks, Natick, Massachusetts, USA) and the source code of

he proposed methods is available as an open source project from

ttps://github.com/BioMechTools/DKCT _ Quatitative _ Measurement . 

.4.1. Bone segmentation 

Although many software tools have been published to automate

he segmentation of knee bone in CT images [12] , accuracy and

obustness of the segmentation remains highly dependent on im-

ge quality. The dynamic CT images used in this study were of low

ontrast in femur condyles and contain motion artefacts, particu-

arly in the tibia. To ensure reliable registration of the initial bone

hape obtained from the static scan, femur, tibia and patella were

egmented using Mimics software, i.e. an experienced observer se-

ected the seed points inside the structures where after a computer

lgorithm provided by Mimics determined the rest of the struc-

ures based on intensity similarity and filled in the holes to com-

lete the bone masks. These seed points were defined by the ex-

https://github.com/BioMechTools/DKCT_Quatitative_Measurement
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Fig. 5. Determination of the anatomical femoral coordinate frame. (a) separation of the condyles by plane including P1, P2 and parallel to the 2 nd intertial axis (fig 5b); (b) 

the thrree inertial axes of the femur shaft; (c) fitting ofthe condyles within the cylinder; (d) desired surface vertices to perform cylinder fitting; (e) cylinder fitting for each 

condyle; (f) the anatomical femur coordinate frame (colour figure available online). All coordinates in Fig. 5 , 6 , 7 and 9 refer to scanner coordinate frame as imported from 

dicomheader. 
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perienced observer by attempting to select the points of cortical

bone based on an intensity between 1800 and 2000 Hounsfield

units. Any leakage due to the low contrast or motion artefacts

was removed manually, i.e. an experienced observer went through

the slices and removed the mis-segmented structures. The outputs

from the software are the shape models of the femur, tibia and

patella in STL format. 

2.4.2. Automatic determination of anatomical coordinate frames of 

femur and tibia 

Femur coordinate frame. The femur coordinate frame consists of

three orthogonal axes: the medial-lateral (ML) axis, the anterior-

posterior (AP) axis, and the proximal-distal (PD) axis. The aim is to

have the ML axis approximate the flexion-extension axis, but based

solely on the morphology articulating surfaces. Following Miranda

et al. [21] , the condyles were first separated using the geometry of

the distal femur ( Fig. 5 (a)). P1 was defined as the distal intersec-

tion of the 3 rd diaphyseal principal axis of inertia, or inertial axis,

originating from the diaphyseal center of mass, going along the

length of the shaft. (Inertial axes are the eigenvectors of the mass

moment of inertia tensor; they were estimated using a flood filling

algorithm that fills the shape model with point masses ( Fig. 5 (b)).

P2 was located on the posterior surface of the femur, based on the

cross-sectional area profile calculated along the principal diaphy-

seal inertial axis and the femural inertial axes AP direction esti-

mate. See Miranda et al. [21] for details. Then, a cylinder was fitted

to the vertices that make up the condyles ( Fig. 5 (c)). Still following

Miranda et al. [21] , the cylinder was further improved by rotat-

ing the condyle-seperating plane in Fig. 5 (a) parallel to the found

cylinder. In contrast to Miranda et al. [21] we used two cylinders

instead of one, fitted to the medial and lateral articulating sur-

faces separately. This allowed for asymmetry among the condyles

[22] and restricted the fit to the mechanically relevant articulat-

ing surfaces [23] . To find the vertices of the articulating surfaces

(black points in Fig. 5 (d)), four geometrical criteria were defined

using the previously found single cylinder and plane. Next, as Fig.

5 (e) illustrates, the two cylinders were fitted, one to each articular

surface. Then, the articular surface centres (centre of mass of the

faces) were computed and projected on their respective cylinder
xis. A line going through both points defined the ML axis. The ori-

in of the femural anatomical coordinate frame was defined as the

iddle point of these two points. The AP axis was determined as

erpendicular to both the found ML axis, and 3 rd diaphyseal iner-

ial axis ( Fig. 5 (b) 3 rd IA). The PD axis of the femur was determined

sing the cross product of the ML axis and the AP axis ( Fig. 5 (f)).

his ensured an orthogonal reference frame, while keeping the PD

xis similar to the 3 rd diaphyseal inertial axis. 

Tibia coordinate frame. The determination for the tibial anatom-

cal coordinate frame was identical to the method of Miranda et.

l. [21] . First, the centre of mass and inertial axes (IA) of the tibia

ere determined, as illustrated in Fig. 6 (a). Along the 3 rd IA (red

ine in Fig. 6 (a)), the cross-sectional area was calculated. At the

oint of maximum cross-sectional area, the tibial plateau was sep-

rated from the shaft ( Fig. 6 (b)). As Fig. 6 (c) illustrates, the AP, ML

nd PD axes were determined by the 2 nd , 3 rd , and 1 st inertial axis

espectively. The origin is the centre of mass of the tibial plateau. 

.4.3. Automatic determination of the landmarks 

Determination of the flexion angle of the knee joint. As reported

n Section 2.3.1 , the knee flexion angle is defined as the angle be-

ween PD axes of femur and tibia. Therefore, the knee flexion angle

is calculated based on α = acos ( v 1 · v 2 ), where v 1 is the unit

ector of the PD axis of the femur and v 2 is the unit vector of the

D axis of the tibia described in Section 2.4.2 . 

Determination of the plane containing trochlear groove and pos-

erior condyle reference line. The anatomical axial plane containing

oth TG and PCRL should be in the plane that traverses the bottom

f the TG in its most proximal part [20] . First, two planes through

he femur head and perpendicular to the anatomical axial plane

which is comparable to the mechanical PD axis [24] ) were deter-

ined as the plane with the largest bone area (green vertices, in

ig. 7 (a)), and the plane including the P1 point as defined in para-

raph 2.4.2. (yellow vertices in Fig. 7 (a)). From these two well de-

ned planes the location of the plane containing both TG and PCRL

as empirically determined at distance ratio D1:D2 of 0.2:0.8 (see

ig. 7 (a)). 

Determination of the posterior condylar reference line. As Fig. 7 (b)

llustrates, the determination of the PCRL was based on the convex
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Table 1 

The definition of the geometry threshold for articulate surface. 

# Rationale/main assumption Definition 

1 (Direction) The articulating surface is cylindrical around the ML axis The absolute of the cosine of the angle between the vertex normal and axis 

of the cylinder (i.e. the cylinder fitted to both condyles in Fig. 5 (c)) should 

be smaller than 0.6 i.e. in range of [52 °,127 °] 
2 (Posterior/distal) The articulating surface is located distally and posteriorly 

on the lower extremity of the femur 

Any vertices closer than 0.35 times the furthest vertex from the separating 

plane ( Fig. 5 (a)) were excluded. 

3 (Lateral) The articulating surface is located on medial and lateral 

side, but not in the central sagittal plane 

Any vertices closer than 0.24 times the furthest vertex from the middle 

plane ( Fig. 5 (d)) was excluded. The middle plane was defined as 

perpendicular to the cylinder axis, in the middle between the epicondyles. 

4 (extrema) The articulating surface is cylindrical around the ML axis Any vertices closer than 0.725 times the furthest vertex from axis of the 

cylinder after applying the other measures was designated as 

non-articulating surface. 

Fig. 6. Determination of anatomical tibial coordinate. (a) Inertial axes of the tibia; (b) the tibial plateau is separated at the slice with maximum cross-sectional area; (c) the 

anatomical coordinate frame of tibia (colour figure available online). 

Fig. 7. Plane containing both TG and PCRL. (a) The bone shape model and the plane with largest area (green points), TG-PCRL plane (magenta points) and the plane including 

P1 (yellow points); (b) Determiniation of TG and PCRL at TG-PCRL plane. Magenta dotted line indicates femur contour at TG-PCRL plane, black line indicates its convex hull 

and A-B the PCRL. TG is found from intersection between the two green lines, starting from outer points medial and lateral condyle (C and D) and with dowslope minimizing 

least squared distance with femur contour for both lines. 
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ull of the magenta contour at the target plane. The line indicating

he largest gap of the convex hull identifies the PCRL (line AB in

ig. 7 (b)). 

Determination of the trochlear groove. In the plane containing

G and PCRL, he TG was defined as one of the points between

he top of the lateral and medial condyles (C and D in Fig. 7 (b))

nd following the downslope towards the groove. Outer lateral and

edial condyle points were defined as points lying on both fe-

ur contour and the convex hull and located most anterior along

P axis. The TG point is now defined as the intersection between

wo lines originating from the condyle points and following the

ownslope towards the groove, such that the summed least square

istance of both lines and the femur contour is minimized. (see

ig. 7 (b)). 
Determination of the tibial tubercle. The point of TT was defined

s the most anterior part of the tibial tubercle. As Fig. 8 illus-

rates, all the vertices in the tibia shape model were projected onto

he anatomical tibial axial plane. The convex hull of the projected

oints was calculated as the red line ( Fig. 8 ). The centre points of

ll segments of the convex hull were calculated and projected on

he AP axis of tibia. The two anterior segments with large length

ere selected (line AB and line CD in Fig. 8 ). The point of TT was

efined as the middle point (black point in Fig. 8 ) of the convex

ombinations from A to C. 

Determination of the patellar centre. As Fig. 3 (c) indicates, the

entre of patella was determined straightforward by averaging the

osition of vertices of the patella shape model. 
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Fig. 8. Illustration of the calculation of target TT (blue points indicate the projected 

vertices of tibial model on the tibial axial plane; red line indicates the convex hull; 

red and green points indicate the most anterior segments of the convex hull; black 

arrow indicates the AP axis of tibia; black point indicates the point of TT). 
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2.4.4. Bone shape model registration 

To describe the rigid transformation relationship of the bone

shape model in different time frames, a point cloud registration

was performed to calculate the transformation matrix. In this

study, bone shape model registration was done by using the co-

herent point drift (CPD) algorithm [25] , which found the optimal

transformation of a shape between consecutive time frames on

point to point basis. Viewing the bone shape as a point cloud, CPD

found the transformation by maximizing a likelihood defined in a

Gaussian mixture models of the complete set of points. First the

shape model obtained from 3D CT was registered to the first dy-

namic frame of the 4D CT set ( Fig. 9 (a)), and then in step by step

fashion to each dynamic frame [25] . Fig. 9 (b) gives an overview of

4D CT set with the femur fixed and tibia replotted for each time-

frame. Using the obtained transformation matrices from frame to

frame, time dependence of the bone landmarks and flexion angle

can be determined. 

2.5. Descriptive statistics 

The clinical TT-TG measurements were from three observers

where one observer scored one data set three times to attain a

measure of intra-observer variability. 
Fig. 9. The coherent point drift registration between the shape models: (a) between sta

between the dynamic shape models in femur and tibia, respectively. 
Intra- and inter- observer variability of clinical measurement

as summarized based on the mean TT-TG distance and its maxi-

um offset ( Fig. 10 ). The results from proposed method was then

ompared to the clinical measurements. 

For the registration error, the mean minimum distance between

he vertices of the transformed shape model and the surfaces of

he target shape model were calculated for each bone on each

rame. Then, the means and the standard deviations based on the

ean minimum distances were calculated for femoral condyles,

op part of tibia (including the TT), and patella. 

For the dynamic TT-TG curves, all the curves were calculated

eparately for each knee, with a summary of the curves illustrated

n Figs. 11 and 12 . 

.6. Outcome parameters 

Firstly, a comparison of the static TT-TG distance between pro-

osed method and manual observation is provided. Secondly, the

egistration errors of femur, tibia and patella are summarized.

hirdly, the dynamic TT-TG distance and PC-TG distance from the

ight patients are provided. Fourthly, a graphical illustration of the

ynamic TT-TG distance is shown. 

. Results 

Fig. 10 illustrates the range of manually observed TT-TG dis-

ance in 3D scan and the distance measured from proposed

ethod for each knee with the general accepted pathological

hreshold and surgical threshold. In the figure, the intra-observer

ariation of static TT-TG distance in these data sets are associ-

ted with a mean difference of 1.2 mm, maximum difference of

.3 mm, while the inter-observer variation with a mean difference

f 2.4 mm, maximum difference of 7.3 mm. 

For the registration accuracy, the average registration variability

f femoral condyles, top part of tibia (including the TT), and patella

mong legs are associated with 0.56 ± 0.14 mm, 0.57 ± 0.13 mm

nd 0.55 ± 0.20 mm, respectively. 

Figs. 11 and 12 illustrate all the quantitative measurements

static/dynamic TT-TG distance, static/dynamic PC-TG distance)

ith varying knee flexion angle. The dynamic quantitative mea-

urement reflects the knee joint movement starting with flexion

hen extension then flexion again. The 0 ° flexion angle is defined
tic bone shape model and the dynamic bone shape model in the fifth frame; (b) 
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Fig. 10. The comparison of the static TT-TG distance among the intra-observation (a)/inter-observation (b) and the semi-automatic method for eight patients (black star 

indicates the TT-TG distance from proposed method; black segment indicates the range of manual observations; blue and red line indicate the pathological threshold and 

surgical threshold). 

Fig. 11. Dynamic TT-TG distance as a function of flexion angle for both knee for eight patients ((a): 1–4; (b): 5–8) (curves indicate the dynamic TT-TG distance; stars indicate 

the static TT-TG distance). 

Fig. 12. Dynamic PC-TG distance as a function of flexion angle for both knee for eight patients ((a): 1–4; (b): 5–8) (lines indicate the dynamic PC-TG distance; stars indicate 

the static PC-TG distance). 
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Fig. 13. Dynamic TT-TG distance in a 3D axial view (the connected line with cyan circles represent the PCRL; red circle represents the point of TG; blue circle represents the 

point of TT; the black thick line indicates the dynamic TT-TG distance; red, green and blue vectors represent AP, PD and ML axes of femur, tibia and patella, respectively). 
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d  
as the flexion angle in static scan. The flexion angle for dynamic

scan is the difference between itself and the flexion angle in static

scan. Besides, the left knee from subject 3 is out of field of view

during the 4D CT scan. Therefore, the sample size of the knee for

the measurement is 16 for 3D scan and 15 for 4D scan. 

As Fig. 11 illustrates, the TT-TG distance decreases as the flexion

angle increases in most cases. Furthermore, the direction of flex-

ion seems to influence the TT-TG distance (different behaviour in

flexion to extension vs extension to flexion). The trend of TT-TG

distance variation for left and right are comparable in most cases. 

As Fig. 12 illustrates, although the patellar movement corre-

lates with tibial movement, the PC-TG distance is different from

the TT-TG distance. The PC-TG distances decreases until around 30 °
of flexion angle and then slightly increases or decreases or remains

stable. One exception case of patient 4 ( Fig. 12 (a)) illustrates an ex-

treme abnormal curve, caused by patellar dislocation during com-

plete flexion-extension. Static and dynamic PC-TG distance at equal

flexion does not match but no clear offset can be seen. Direction of

flexion seems to influence the PC-TG distance (not the same route

back). The trend of PC-TG distance variation for left and right are

comparable in most cases. 

A 3D representation of the bones, anatomical frames and TT-TG

distances at several selected time frames are illustrated in Fig. 13 . 

4. Discussion 

In this study, we have developed an automatic workflow to

determine dynamic TT-TG distance and PC-TG distance using the

bone shape models from 3DCT and 4DCT images. The clinical mea-

surement of static TT-TG distance based on CT images only was

conducted to evaluate the validity of proposed method. Fig. 10 il-

lustrates the comparable static TT-TG distances in the 3D scan be-

tween the clinical measurements and the measurement from the

proposed method. The results of the variance of intra-/inter- ob-

servation on TT-TG distance assessed in this study are comparable

to those found in the earlier study [26] . Nevertheless, the inter-

observer variance is still relatively large and might affect the sur-

gical decision in some cases. For that matter, the proposed method

provides an option for clinicians to check validity of the measure-

ment. The general accepted indication for a medializing osteotomy

on TT-TG distance is 15 mm to 20 mm [5] , and 20 mm as an ac-
epted surgical threshold [20] . The method proposed in this paper

uccessfully measured the TT-TG distance for all patients. 

Tanaka et al. proposed a manual measurement of TT-TG dis-

ance for the dynamic CT image with the multi-planar reconstruc-

ion [5] . Nevertheless, in this study, we found it is not easy to re-

onstruct the femur and tibia with a suitable axial plane according

o the definition of TT-TG distance [20] . To remove the large in-

uence of any offset tilt of the axial plane to the TT-TG distance

18 , 27] (almost 1 mm per degree), the anatomical frames of bones

ere used to calculate the landmarks. Furthermore, the key land-

arks required for TT-TG measurement might be outside of the

econstructed FOV during the knee movement. Hence, a registra-

ion of the full bone from static acquisition to the dynamics was

pplied to solve this limitation. 

An important factor contributing to the robustness and reliabil-

ty of this method is the variability in the registration from frame

o frame in the dynamic series. This variability originates from a

ange of factors such as the method of registration, resolution and

rame rate of the data and accuracy of the segmentation of the

one. In this study we applied coherent point drift registration on

he segmented shape models, and the mean error is in the order

f the one-pixel. The registration error mainly comes from the dif-

erence of the segmentation masks. This kind of difference caused

rom three aspects: (1) the intra-observation error of the segmen-

ation mask; (2) anisotropic property of the CT images; (3) error

rom the generation of the bone shape model from the segmenta-

ion mask. 

A further decrease in the variability of the outcome measures

i.e. TT-TG and PC-TG distance) might be obtained by optimiz-

ng the spatiotemporal resolution with the constraint of the used

osage (0.32 mSv) in this study per patient; the comparing of

everal registration algorithms [28 , 29] , i.e. Elastix toolbox, a soft-

are used to solve (medical) image registration problems [30] , to

he CPD algorithm used in this study; and an automated frame-

ork for accurate segmentation of the bone based on a statisti-

al shape model [31] or perhaps a deep learning method, which

as already been shown to be effective for pig skeleton [32] , but

o our knowledge not available for bone shapes obtained from one

D image of the 4D CT dynamic series at this time. A necessary re-

uirement for these kinds of improvements is an expansion of the

atabase, which we hope to achieve soon. Nevertheless, the vari-
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bilities of the semi-automatic method as reported in this study

re already relatively small compared to the intra- and inter- ob-

ervation variabilities of the TT-TG, and thus confirming the feasi-

ility of a semi-automated framework for quantitative assessment

f patellofemoral disability. 

From a clinical perspective, several findings can be reported ac-

ording to Fig. 11 . Firstly, the TT-TG distance is decreasing as the

nee flexion angle increases, which agrees with the findings of

ther authors [5 , 10] . This is probably caused by an internal tibial

otation during flexion. Secondly, the TT-TG distance generally fol-

ows a slightly different track either going into flexion or going into

xtension ( Fig. 11 ), which may originate from active quadriceps

ontraction and relaxation in different movement direction and

ossibly from visco-elastic properties of the soft tissue structures

round the knee or the cartilage. Registration of the full dynamic

ycle (flexion-extension and extension-flexion) would thus ensure

 better standardization of TT-TG assessment across subjects as the

hase of this dynamic cycle can be synchronized whereas in static

easurement this is simply unknown. Thirdly, the characteristics

f TT-TG and PC-TG vs flexion angle appear to be consistent among

atients, indicating it might be of clinical value. Furthermore, the

C-TG distance has the potential to show the clinical reverse J-

ign symptom. For patient 4, a reversed curve is found, because

he patella of this patient is completely out of the trochlear groove

uring the knee movement. Finally, the TT-TG and PC-TG distances

re not the only option to assess the quantitative measurement of

nee kinematics, e.g. patellar tilt [12] , bisect offset measurement

5 , 11] . To evaluate the best parameters to depict the knee joint

inematics, a larger dataset should be included, and we will ex-

lore more related parameters in the future. 

Although the results from the proposed method show a promis-

ng dynamic description of movement between femur and patella,

everal limitations remain. Firstly, the method was evaluated with

 patient group of eight patients. A larger dataset should be in-

luded to confirm the clinical findings. Secondly, the proposed

ethod still required substantial manual input both in segmen-

ation of the bones in the static scan and the dynamic series.

hile segmentations of the lower extremity CT bone shapes were

one manually, this manual segmentation still poses a large part

f the work required for data processing i.e. a bottleneck in the

oal of clinical implementation and exists the problems of repro-

uctivity and accuracy. We are currently working on a deep learn-

ng based approach to automate robust segmentation of the bone

hapes [33] (supplement_2). Thirdly, a more comprehensive inves-

igation of the intra and inter-observer variation on a large dataset

ill be scheduled to determine the clinical value of the TT-TG / PC-

G distance. Fourthly, in the current workflow we rely on a 3D CT

can to determine the anatomical coordinate frame. This leads to

n increase in the dosage, but still in the range of common clin-

cal protocols (Pelvic CT 10 mSv; Head CT 2 mSv; mammography

.4 mSv, for more information see for instance [34] ). Future en-

eavours should include the exploration of MRI as a non-invasive

lternative, however a decreased freedom of movement and dis-

greements in TT-TG measurement between MRI and CT will have

o be considered [4 , 35] . Application of advanced image processing

ethods such as super resolution and/or AI will also be worth pur-

uing for reduction of applied in dosage, as well as a more global

ost benefit analysis, where improved diagnosis could have a pos-

tive effect on risk assessment, and number of required CT scans

ver long year treatment scheme. 

. Conclusion 

In this paper, a semi-automatic workflow is developed to quan-

itatively assess the patellofemoral joint movement by robust de-

ermination of tibial tubercle – trochlear groove/patellar centre-
rochlear groove distance during active flexion–extension–flexion 

ovement of the knee. The workflow provides a robust and repro-

ucible TT-TG/PC-TG distance, and the comparison with manually

btained data confirms its validity. With the registration process,

he proposed workflow extends the quantitative joint movement

easurement to 0 °−90 ° in spite of limited field of view of dy-

amic CT. Initial quantitative results of the knee joint movement

n a group of eight patients show that the complementary value

f the dynamic tibial tubercle – trochlear groove/patellar centre-

rochlear groove distance to that of the static measurement. Fur-

her research will be focused on the automatic segmentation of

he knee joint and including more patients to confirm the clini-

al value of the dynamic quantitative description of the knee joint

ovement. 
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