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Abstract

Purpose: This study aimed to validate a new joint line measurement technique in total knee arthroplasty for sepa-
rated assessment of the medial and lateral femoral joint line alteration with 3D-surface scan technology. Separate
assessment of the medial and lateral joint line alteration may improve TKA alignment assessment regarding to joint
line restoration in kinematic alignment and use of robotic-assisted TKA surgery.

Methods: The medial and lateral joint line difference after TKA implantation on an artificial bone model was analyzed
and compared with a 3D-scan and full femoral radiographs pre- and postoperatively. Radiographic analysis included
the perpendicular distance between the most distal point of the medial and lateral condyle and the reproduced
preoperative lateral distal femoral angle (LDFA). For evaluation of validity and reliability, radiographs were captured
initially with true anteroposterior view and subsequently with combined flexion and rotation malpositioning. Reli-
ability of the introduced measurement technique in between three observers was tested with intraclass correlation
coefficient (ICQ).

Results: Radiographic measurement showed a mean difference of 0.9 mm on the medial side and 0.6 mm on the lat-
eral side when compared to the 3D-surface scan measurement. The reliability of measurement accuracy was <1 mm
in x-rays with < 10° flexion error regardless to malrotation in these images. The ICC test showed very good reliability for
the medial joint line evaluation and good reliability for lateral joint line evaluation (ICC 0.92, ICC 0.86 respectively).

Conclusion: The new introduced joint line measurement method showed a sufficient reliability, accuracy and preci-
sion. It provides separated information about medial and lateral joint line alteration in TKA surgery in absolute values.

Level of evidence: V - Experimental Study

assessment

Keywords: Total knee arthroplasty, Femoral mechanical angle, Kinematic alignment, Joint line, Radiographic

Introduction

Joint line (JL) restoration is known to be an important
factor in total knee arthroplasty (TKA). Several stud-
ies have already shown that JL alteration has an impact
of clinical and functional outcome [1, 3, 4, 7, 21, 25, 27,
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34]. A cadaveric study showed that JL elevation of up to
5 mm could lead to significant increase of mid flexion
instability [34]. Additional studies found an alteration of
maximum range of motion (ROM) and biomechanics of
the patella femoral joint if inaccurate restoration of the
JL is apparent [7, 17].

Several studies have already been conducted to define
reproducible techniques to quantify absolute JL altera-
tion [15-17, 22, 25, 26, 33, 35]. Most frequently used
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bony landmarks within these techniques are the adductor
tubercle, medial and lateral epicondyle, tip of the fibular
head and the tibial tubercle [8, 9, 15, 16, 18, 26, 29, 30]. In
recent studies, two principles of JL assessment in native
radiographs are used most frequently. The tibial refer-
enced method uses the distance from the tip of the fibula
head to the distal femoral joint line [1, 22, 33]. The dis-
tance between the level of the adductor tubercle and the
distal femoral joint line (AT]JL) serves as a femoral refer-
enced method [15, 26]. Both techniques showed good to
excellent results for intra- and inter-reliability [1, 15, 16,
30]. The ATJL method provides absolute values of the JL
to allow pre- to postoperative JL. comparison. Neverthe-
less, this frequently used method does not allow a differ-
entiation of JL alteration on the medial and lateral side.

Current measurement methods only provide separated
measurement methods of the JL height alteration (ATJL
height) and alteration of the JL obliquity [11, 12]. The
introduced radiographic assessment method in this study
combines the assessment of the alteration of the joint
line obliquity as well as the absolute joint line height.
In addition, the introduced method offers the ability to
assess the medial and lateral JL separately. The joint line
alteration in the medial and lateral compartment can be
expressed in absolute values by this method. This may
be particularly beneficial in studies related to kinematic
alignment and assessment of knee phenotypes in TKA
surgery.

Kinematic alignment aims to restore the native femo-
ral phenotype by reconstruction of the preoperative JL
obliquity in addition to the restoration of the JL height
itself [19, 24, 27, 28]. The separated determination of
postoperative TKA alignment combining JL obliquity
and JL height measurement on the medial and lateral
side allows a much more detailed postoperative joint
line evaluation in knee total arthroplasty research. Com-
plementing this, Hirschmann et al. 2019 introduced the
concept of functional knee phenotypes [12] and classi-
fied knee phenotypes based on tibial and femoral bony
alignment in healthy knee joints [11]. This classification
particularly correlates tibial and femoral bony align-
ment. In these studies, a high variability of knee pheno-
types was found in healthy knee joints. Thus, this lead to
the conclusion that the usual classification of knee joints
based only on the overall limb alignment into three
groups (varus, valgus, neutral) does not correctly reflect
the natural variability of knee joints. Therefore, it is nec-
essary to apply patient-specific alignment philosophies
to reconstruct the natural alignment and natural knee
phenotype. However, this requires new measurement
methods that allow detailed postoperative assessment of
the alignment and the femoral phenotype. The separate
assessment of the medial and lateral joint line allows a
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much more detailed assessment of the postoperative
alignment and might be used to combine the assessment
of knee phenotypes in line with JL alteration. Addition-
ally, robotic-assisted surgery is used more frequently in
knee arthroplasty. Several studies could already show an
increased accuracy in TKA alignment with an increased
control of femoral bone cuts of the medial and lateral
condyles in TKA procedures [2, 31]. Hence, a JL assess-
ment method with separated measurement of the medial
and lateral JL might also be beneficial in this context.

This study introduced a new JL measurement tech-
nique on long leg radiographs with separated absolute
values for medial and lateral joint line alteration. It leads
to an accurate evaluation of the success of modern align-
ment philosophies and precision of robotic assisted TKA.

This study is the first to introduce a JL measurement
technique which combines the assessment of JL obliquity
and JL height, and offers a separated medial and lateral
JL assessment. This technique offers the possibility of a
very precise analysis of the postoperative femoral align-
ment, which has a special value in studies of kinematic
alignment or, in the future, in accuracy studies of robotic
assisted TKA.

Thus, the purpose of this study is twofold. First of all,
this study was performed to validate the measurement
technique by the use of a modern 3D-scan technology.
Further, the resistance of the new JL measurement tech-
nique to typical rotation and extension errors in long leg
radiographs was investigated. It was hypothesized that
the newly introduced JL measurement is accurate about
one mm in the assessment of medial and lateral JL and
is resistant to slight misplacement within radiographic
imaging.

Material and methods

A femoral artificial bone (SKU: 1103-1, Sawbones
Europe, Sweden) was used as a testing model in this radi-
ographic validation study.

Implant positioning

A cruciate retaining femoral component (Size 5, Stryker
Triathlon; Stryker, USA) was positioned with kinematic
alignment technique using the standard instruments [14].
The medial and lateral bone cuts were symmetrical to
reproduce the native anatomy of the femoral model with
the implanted femoral component.

Radiographic assessment

Radiographic assessment was conducted pre- and post-
operatively with the same test protocol and set-up (see
Fig. 1). Simulation of X-ray malpositioning included 5°
and 10° flexion error in a.p. views and additional rota-
tional error with 5° internal and 5° external rotation
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Fig. 1 Experimental setup of radiographic imaging with validation and setup of differenct error conditions. Flexion error validation in true lateral
view (a). A.p. view preoperative with 5° flexion error (b). A.p. view postoperative with internal rotation error (c). Laser is used to verify bone position
on X-ray table. Calibration bar and calibration ball for internal validation of distance measurement in PACS software

were added to each neutral a.p. view (see Table 2). The
set-up of the flexion error was validated by true lateral
views (Fig. 2) and consecutive measurement within
the PACS software. A goniometer was used to repro-
duce and verify internal and external rotation of 5°.
The use of radio translucent positioning devices fixed
to the X-ray table on defined positions as well as the
use of optical positioning aids ensured repeatability of
the setup and comparability of pre- and postoperative
X-rays. Although the used X-ray machine (DigitalDi-
agnost Dual Detector, Philips, Netherlands) already
provides calibrated images, a calibration ball and

calibration scales were added to every image to confirm
the distance calibration.

3D-scan assessment

3D-surface scans were taken pre- and postoperatively.
Initially, the testing model was sprayed with matting
spray (3D Scanning Mattierungsspray FabConstruct
L500, Fabistron GmbH, Zerbst, Germany) in order to
increase the contrast and to avoid scan artefacts. The arti-
ficial bone was then placed on a turntable (HP 3D Auto-
matic Turntable Pro, HP Deutschland GmbH, Bé6blingen,
Germany) of the associated 3D-scanner system (HP

A: 0° Flexion

flexion error (c). Scale bar used for angle measurement and calibration

Fig. 2 Experimental setup of radiographic imaging for flexion error. Different flexion error setups with 0° flexion error (a), 5° flexion error (b) and 10°
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Fig. 3 3D-scan based evaluation of the distal femur pre- and postoperative. Preoperative (a) and postoperative (b) 3D-scan of the distal femur and
overlay of both scans (c). Blue square (b) illustrates the plane of the distal femoral cuts

3D Structured Light Scanner Pro S3, HP Deutschland
GmbH, Boblingen, Germany). After the first 360° scan
(increments of 30 degree) the model was repositioned for
another scan to detect the whole surface, including the
distal joint surface of the femur. The single scan frames
were recorded by the scan software (HP 3D Scan Pro
5.6.0.2037 Rev. I (17.01.2019), HP Deutschland GmbH,
Boblingen, Germany), which was also used to align the
frames and merge them into a 3D object. This resulted
in triangulated surface models with around 3.7 million
faces and an average edge length of 0.12 mm (Fig. 3). For
the 3D analysis the pre- and postoperatively 3D objects
were imported into GOM Inspect (GOM Inspect 2019
(2019 Hotfix 3, Rev. 121,775, Build 2019-10-10), GOM
GmbH, Braunschweig, Germany). Initially, the two
objects were superimposed in GOM by 3-point align-
ment of reference points and subsequent local best-fit
of the unaffected bone surface. Afterwards, a plane per-
pendicular to the distal femoral bone cuts from the post-
operative 3D-object was created. The created plane was
used to create a 2D silhouette of the objects. The most
distal points on the medial and lateral side of the femur
were then selected, as well as the medial adductor tuber-
cle. All measurements were repeated three times by one
engineer. The mean value was used for further statistical
analysis.

Radiological analysis

For radiological analysis Carestream PACS software V.11
(Carestream, Philips, Netherlands) was used. The preop-
erative assessment included measurement of the lateral
distal femur angle (LDFA) and the perpendicular distance
between the medial adductor tubercle and the distal fem-
oral joint line (ATJL, preoperative joint line height) as
described before [32]. The preoperative LDFA and AT]JL
of the reference radiograph (true a.p., neutral rotation)
were then reproduced in each postoperative radiograph.
Within the postoperative radiograph the perpendicular
distance between the most distal point of the medial and

lateral condyle and the reproduced preoperative LDFA
(preoperative joint line) served as measurement of the
medial joint line difference (mJLD) and lateral joint line
difference (IJLD) as shown in Fig. 4. Three independent
observers (orthopedic surgeons) carried out the radio-
logical analysis.

Statistical analysis

Statistical analysis was performed using the software
SPSS v25 (IBM, Armonk, NY, USA) and Microsoft Excel
(Microsoft, Washington, USA). Descriptive results are
given as mean value, standard deviation, median and
minimum and maximum values (Table 1). Accuracy of
radiographs with rotation and flexion error were calcu-
lated as difference to the reference radiograph (neutral,
true a.p.; Table 2). Inter-observer reliability was calcu-
lated with the intraclass correlation coefficient (ICC). An
ICC value > 0.8 was defined as good reliability, values > 0.9
as very good reliability.

Results

The radiographic measurement technique showed a
total mean difference of 0.9 mm on the medial side and
0.60 mm on the lateral side compared to the 3D-surface
scan (Table 1). A further proximalisation of the joint
line was apparent at both sides when compared to the
3D-surface scan technique.

Radiographic malpositioning influenced the medial
and lateral JL evaluation with a range of difference of
-0.4 mm to 2.5 mm (medial side) from the reference
radiograph, and -0.8 mm to 2.5 mm on the lateral side
(Table 3, Fig. 5). The highest deviation from the refer-
ence radiograph was found for 10° flexion error with 5°
external rotation (medial: 2.5 mm and lateral: 2.5 mm).
The difference from the reference radiograph did not
exceed <1 mm on the medial or lateral side if flexion
error was kept <10° (Fig. 5).

Preoperative LDFA (91.6°+0.2°) changed by 2.1° to
the postoperative LDFA (93.7°4+0.3°), see Table 2. When
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including example values of the ATJL, LDFA, mJLD and )LD

Fig. 4 Schematic illustration of radiographic measurement of medial and lateral joint line difference. Schematic illustration of a left femur

with measurement of lateral distal femoral angle (LDFA) and adductor tubercle joint line distance (ATJL) (a). Preoperative (b) and postoperative
distal femur (c). Preoperative LDFA (dashed) and ATIL (continuous) illustrated by red lines in (b and c). Green line shows postoperative joint line

and perpendicular distance from most distal medial and lateral points to preoperative joint line. 1.) Measurement of preoperative LDFA in °, 2.)
measurement of preoperative ATJL in mm as perpendicular distance from the adductor tubercle and the preoperative joint line (£ LDFA), 3.)
reconstruction of the preoperative LDFA and ATJL in the postoperative radiograph and 4.) measurement of the medial (a, mJLD) and lateral (b, IJLD)
distance between the most distal point and the preoperative joint line. Example measurement (d) of the medial and lateral joint line alteration

assessing the influence of the malpositioning, the LDFA
difference to the reference were mostly kept < 1° with one
exception (postoperative LDFA with 0° flexion and 5°
internal malrotation), which at the same time showed the
largest difference to the reference (1.2°).

Within the ATJL assessment, the difference to the neu-
tral radiograph ranged from -0.4 mm to 0.6 mm (preop-
erative) and from 0.01 mm to 2.3 mm (postoperative).
The maximum differences to the neutral positioning
were found in the group of 10° flexion and 5° external
malpositioning with 0.6 mm (preoperative) and 2.3 mm
(preoperative).

Table 1 Comparison of radiographic and 3D-surface scan
measurements: JL difference pre- to postoperative

Mean SD Median Max Min
Radiographic analysis?
Medial JL difference (mm) -2.2 +01 -22 -2.0 -2.3
Lateral JL difference (mm) -0.4 +03 -06 05 -0.6
3D Structured Light Scanner analysis
Medial JL difference (mm) -1.3 +01 -1.2 -12 -4
Lateral JL difference (mm) 0.2 +01 02 03 0.1
Difference in between techniques
Medial JL difference (mm) -0.9 -1.0
Lateral JL difference (mm) -0.6 -0.8

LDFA Lateral distal femoral angle, JL Joint line, SD standard deviation, Max
Maximum, Min Minimum, 20° Flexion without rotation error (reference
measurement), negative sign expresses ‘proximalisation’

The reliability of the medial joint line difference
measurement was proven very good with an ICC of
0.92 and of the lateral joint line a good reliability with
an ICC of 0.86.

Discussion

The most important finding of this study is that the newly
defined JL assessment method shows a high accuracy
with a deviation of <1 mm from 3D-surface scan meas-
urement. This error is acceptable within the limits of
clinical relevance. This JL assessment method provides
the possibility of differentiated measurement of medial
and lateral JL alteration. Additionally, the validity of this
method was proven by resilience against typical mala-
lignments in certain limits during radiograph acquisition.
However, an extension deficit of 10° with a combined
external malrotation lead to a high deviation of>2 mm
from the reference radiograph. Nevertheless, an external
malrotation with an extension deficit of 10° is obvious to
the examiner and should lead to consider repetition of
the radiographs. Therefore, this limitation of the assess-
ment method is acceptable in clinical and scientific
practice.

The aim of kinematic alignment is to exactly restore
the natural anatomy and the extension-flexion axis of
the femur which includes the restoration of the joint line
and its obliquity [6, 19, 24]. No JL assessment method



Page 6 of 9

(2021) 8:16

Tuecking et al. J EXP ORTOP

(uoneIASp piepuels F) uesaw Ul USAID san|eA ‘@dudIBYIp ‘HIp ‘|eld1e| 1b] ‘[eIpaw "paw ‘dul| JUlof 7f ‘9|bue [eiowdy |eIsIp |e4d3eT y4J7

uoinelol

(loF) €T (€0F) Tov (L0F) 90 (LOF) 667 FOF) 0 (CoF6¢€6 (CoF) L0 F0F) €6 [BUIDIXD S+ uoxay ;0L
uolelol

(coF e (€0F) Ll'ev (L0F) €0 (90 F) 96 (E0F) o~ (E0F) €6 (E0F) S0 (LoF) L6 [eUIRIUI G+ uoIxsy ,0l

(ToFTT (C0F) L6y (90F)z0 (S0F)S6v (LroF) L0 (€0 F)8'€6 (AN ESWA] (ToF)eTe uonejol ,0+ uoixay .0l
uolelol

FoOF Tl (L0F) L8y (90F) S0 (90 F) 86 (L0OF) S0~ (CoF Teo (SOF) L0 (LOF) L6 [eulaIXe G+ UoIXal oG
uolelol

(CoF L (COF) €8y (90F) 00 (90 F) €6 (L0OF) o (L0F) 6€6 (10F) €0 (10F 616 [euISIUl S+ UoIXal o§

(€0F) 60 (1r'oF) 8Ly FoF)zo (€0F)ver (ToF o0 (L0F) €6 (ToF) €0 (ToOF)8L6 uonejos 0+ uoIxay .S
uoneIos

(FOF) S0 LOF viy (CoOF) 0 (60 F) 667 (L0OF) 60~ (€0F) 86 (E0F) 60~ (E0F) £06 [eUIRIX3 G+ uoxall ,0
uonelol

(E0F)00 (COF) 69F (E0F) ¥O0- (€0F)68Y (coP L (E0OF) 676 (E0F)60 (0P tv'T6 [euInul G+ UoIXa} ,0

(¥'0 F) 69 (L1'0 F) €6 (€0F)L€6 (ZoF)oLe uonejol ,0+ uoixay ,0

(ww) a>uald)a4 03
WP LY (Ww)rly  (ww) d9d>usid)a1 0) (ww) Ly (o) @>uai13y91 03 () V4a1 (o) ®dudiaja1 01 (o) v4a1

aAnesadolsod

aAnesadolsod

‘PIPILY  dAnesadoald

‘HiIp v4@1 'doisod

aAnesadoisod “Pip v4a doaid

aAnesadoaid

104J9 uoljejol pue uoixa|4

10143 UOIIR}0J pUR UOIX3Y YHM (LY PuUe Y4dT Jo siuswainseaw dydesboipey g a|qeL



Tuecking et al. J EXP ORTOP (2021) 8:16

Table 3 Radiographic measurements of medial and lateral
JL difference with flexion and rotation error

Flexion and rotation error Medial JL Lateral JL
difference (mm) difference
(mm)
0° flexion (reference) -2.2(£0.1) -0.4 (£0.3)
+ 5% internal rotation -25(4£0.2) 0.1(£0.2)
+ 5° external rotation -22(£0.7) -1.2(£04)
5° flexion -1.5(£0.3) 0.0 (+£0.5)
+ 5% internal rotation -1.5(£0.5) 04 (£06)
+ 5° external rotation -1.1(£0.1) 0.6 (£0.6)
10° flexion -0.8(+0.2) 0.6 (£0.7)
+ 5% internal rotation -0.8 (£0.3) 0.3 (£0.7)
-+ 5° external rotation 03(£0.2) 2.1 (£04)

LDFA Lateral distal femoral angle, JL Joint line, med. medial, /at. lateral, diff.
difference, values given in mean (+ standard deviation)

has yet been described and validated, which differentiate
between medial and lateral JL alteration in absolute val-
ues. With strict adherence to the kinematic alignment, a
symmetrical postoperative medial and lateral JL change
should be achieved. In contrast, the treatment of a valgus
osteoarthrosis with a correction of the overall limb align-
ment should show a greater distalization of the lateral JL
compared to the medial JL. However, an evaluation of the
intended targets cannot be made with the current avail-
able assessment methods.
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Robotic-assisted knee arthroplasty has proven increased
alignment accuracy and decreased bone loss [2, 23, 31].
Sires et al. could show an accuracy of bone cuts<1 mm
in 94.3% of the cases performed with an imaged-based
robotic system [31]. This suggests that amongst other
parameters the control of the medial and lateral JL could
be improved by robotic-assisted surgery. Therefore, the
analysis of medial and lateral JL alteration might be ben-
eficial for accuracy analysis in robotic-assisted surgery.

Furthermore, there is still a lack of a standardized meas-
urement procedure in TKA. In a systematic review by van
Lieshout et al. recent studies with regards to joint line ele-
vation after TKA were analyzed [33]. The majority of the
authors rely on three different bony landmarks as a refer-
ence point to calculate the joint line height: the fibular head,
the tibial tubercle and the adductor tubercle [33]. Several
authors already showed that the fibular head is not a reli-
able bony landmark for JL assessment [9, 15, 30]. In this
context, the adductor tubercle seems to show the highest
reliability [15, 16, 26]. Therefore, the study group modified
an existing assessment method, which is based on femoral
landmarks and uses the adductor tubercle as the reference
point [1, 13, 20, 32]. Based on the JL measurement tech-
nique in unicompartimental knee arthroplasty (UKA), a
second reference value was added: the preoperative joint
line obliquity [10]. These two factors leads to a differentiate
evaluation between the two compartments of the femur.

The accuracy of the proposed method is promis-
ing with<1 mm deviation to a 3D scan. These error

. Medial joint line difference . Lateral joint difference

0° Flexion 5° Flexion 10°Flexion
-2.00
-1.50
=
5]
B et B et B e 8-
£ =
E E
= *
o— o
] &
=
<
- 1 1 1
@ 1 1 1
£ i i ' =
z : : : 2
% 1 1 1 .g
= : : : E
S 1 1 (e e - I e TTTTTYTTTET T T T T T E -------
g i i i i i
g 150 : : : : :
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Q 1 1 1 1 1
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1 1 1 1 1 J
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1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
3.00 i i i i i
5°internal 1 5°external 0° 1 5%internal 1+ 5°external 0° 1 S5%internal 1 5°external
malrotation : malrotation malrotation : malrotation : malrotation malrotation : malrotation : malrotation

Reference value: true a.p. and no malrotation error (see table 3), error bars indicate standard deviation; negative values indicate proximalization of joint line;

Fig. 5 Differences to reference values of medial and lateral joint line difference
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values are within clinical acceptance and get close to the
threshold value (1 mm) found in robotic-assisted TKA
studies [31].

The ICC shows a good and very good correlation for
the radiographic measurement between all examiners.
These results are comparable to those, which are pub-
lished for standard limb alignment on long leg x-rays
(ICC=0.7t00.8) [5].

A major problem in examination of radiographs is the
varying quality of the images [5]. Especially, the assess-
ment of the mechanical axis in early postoperative long
leg radiographs is dependent on the limb loading [36]. In
order to test the influence of malposition of patients knee
on the described JL assessment method, different common
flexion and rotation errors were simulated (Fig. 1 and 2).
The results suggest that the limit for the evaluation of x-ray
images with this technique is 10° flexion in combination
with external rotation or more than 10° of flexion without
rotational malpositioning. Furthermore, the difference to
the reference radiograph was <1 mm in x-rays with<10°
flexion error regardless to malrotation in these images
(Fig. 5). Thus, the new measuring method described in
this study can be used in everyday clinical practice without
greater concerns since an extension deficit of more than
10° can obviously be detected in the x-ray image.

This current study has several limitations. All of our
findings are based on one saw bone femur model. The
adductor tubercle of the saw bone model is less promi-
nent as found in natural bones. In our opinion, the
repeated identification of the adductor tubercle in the
given x-rays is the most crucial step in this measurement
method. This might even have influenced the values of
the ICC negatively. In this study, only radiographs of
the femoral sawbone taken in the supine position were
used, which, of course, cannot accurately represent
the appearance of the native femur in weight-bearing
images. Nevertheless, it was tried to position the saw-
bone as natural as possible by comparison with whole-
leg radiographs taken in the supine position with the
same X-ray unit. Further, the focus of this study was to
evaluate and validate the measurement method in com-
parison to 3D scan technology. Clinical data on a study
cohort is missing, due to the focus of this study. There-
fore, no conclusion on the clinical effect on different val-
ues of medial or lateral joint line alteration is possible.

Conclusion

The new introduced joint line measurement method
showed a sufficient reliability, accuracy and precision. It
provides separated information about medial and lateral
joint line alteration in TKA surgery in absolute values.
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