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Abstract

Background

Preservation of joint line height is an important factor in post-operative function after Total
Knee Arthroplasty (TKA). This is the first study investigating the reliability of the novel Impe-
rial Joint Line Congruency Measurement (IJLCM) technique for the assessment of joint line
height using plain radiographs.

Methods

The reliability of two techniques used to measure joint line height on pre-operative and post-
operative plain radiographs is presented. 120 patients that underwent TKA from 6 different
international centres were included. Measurements were performed using each technique
by two senior orthopaedic surgeons at two different timepoints (test-retest). Two undergrad-
uate medical students performed joint line measurements using the most reproducible of
the two techniques on 40 pre-operative and post-operative images to establish the reliability
of the measurement technique.

Results

The IULCM demonstrated an average absolute difference of 1.83mm (Cl 1.56—2.10mm) and
excellent inter and intra-rater reliability between senior orthopaedic surgeons (>0.92 (Cl
0.88-0.94) when measuring joint line height on plain radiographs. Overall Crohnbach'’s
alpha over 0.92 confirmed internal consistency. Measurements performed using the control
technique as previously described by Figgie et al. had an average absolute difference of
5.75mm (5.17-6.32mm). Comparison of measurements by senior orthopaedic surgeons
and medical students using the IJLCM technique with ANOVA and student’s t-test demon-
strated acceptable agreement and inter-rater reliability of >0.92 (0.87—-0.95).
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Conclusion

This study shows excellent accuracy, precision, and reliability of the novel IJLCM technique.
Furthermore, excellent agreement between senior orthopaedic surgeons and medical stu-
dents when using the IJLCM could be shown. The IJLCM technique is reliable for joint line
assessment.

Introduction

Preservation of the anatomical joint line height has been shown to be an important factor in
post-operative function following Total Knee Arthroplasty (TKA) [1]. Instability in the knee
can occur with as little as 5mm alteration in joint line height [2, 3]. In the long term, stability
can affect survival of the implant, functional outcomes and patient-reported outcome mea-
sures [2].

Post-operative range of movement has been reported to be affected by alterations in joint
line height. A 2mm change in height has been shown to have a clinically significant impact [4,
5].

Furthermore, displacement of the joint line by 3mm has been shown to alter the biome-
chanics of the patellofemoral joint and function of the quadriceps muscle [6-8]. Displacement
of the joint line distally can result in pain and subluxation [8]. Increasing the joint line height
leads to impingement of the patella and patella tendon [1, 9].

Measurement of joint line height has previously been performed using plain radiographs.
Figgie et al. [10] and Kawamura et al. [11] have provided measurement techniques that have
been used in subsequent studies [12-19]. The control technique as previously described by
Figgie et al. [10] has been referred to as the gold standard for radiological measurement [12].
The technique involves measuring the distance from the tibial tubercle to the tibial plateau,
along a line that is perpendicular to the joint line on lateral radiographs. The tibial tubercle can
vary in shape and size between patients. Reliably identifying a single point to represent the tib-
ial tubercle can be difficult. With potential inconsistency regarding the starting point from
which to perform a measurement, the reliability of the technique is called in to question.

Snider et al. [12] modified the technique described by Kawamura et al. [11]. The technique
involves measuring the distance from the top of the fibula head to the tibial plateau on AP
radiographs. Snider et al. [12] suggest that accurate restoration of joint line height does not
impact functional outcomes. The authors failed to correct for magnification error between
pre-operative and post-operative images, and also failed to account for cartilage thickness.

The aim of this study was to assess the reliability of the Imperial Joint Line Congruency
Measurement (IJLCM) technique and the control technique [10]. The null hypothesis for this
study was that there is no difference in reliability between using the IJLCM and the control
technique. There was also no difference between accuracy and precision of measurements per-
formed by senior orthopaedic surgeons and medical students.

Methods

Pre- and post-operative plain radiographs (with orthogonal views consisting of anteroposter-
ior [AP] and lateral projections) for 120 patients operated on for a TKA were analysed retro-
spectively. The patients’ radiographs were taken between 1 January and 1 October 2019.
Patients were recruited for 6 centres in 5 countries (Imperial College Healthcare NHS Trust,
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London, UK; London North West University Healthcare NHS Trust, London, UK; Hannover
Medical School, Annastift Hospital, Hannover, Germany; St Trudo Hospital, Sint Truiden,
Belgium; Busmaed Paardevlei Private Hospital, Cape Town, South Africa, Mediclinic City
Hospital, Dubai, UAE). Surgery was performed by 12 knee surgeons. Images were accessed on
1 December 2019. All images were fully anonymised before observers were granted access to
them. The images were analysed with computer software OsiriX®(Pixmeo, Bernex,
Switzerland).

Exclusion criteria

Images where calibration of measurements could not be performed were excluded from the
study. Other exclusion criteria were patients with a fixed flexion deformity (this would affect
the measurement of joint line height), images where the most proximal point on the fibula was
not visible and images where the tibial metaphysis and diaphysis were not visible (where the
observers could not identify the long axis of the tibia)

Observers

All images were reviewed by 2 senior orthopaedic surgeons. Both observers performed mea-
surements using the control and the IJJLCM techniques separately. Both surgeons measured
each set of plain radiographs twice, with at least two weeks in between the sets of measure-
ments. Two undergraduate medical students also performed joint line measurements using
the most reproducible of the two techniques on 40 pre-operative and post-operative images.
The medical students had no previous experience of performing measurement on plain radio-
graphs. The students measured each set of plain radiographs twice, with two weeks between
each set of measurements.

Radiographic quality

All patients underwent weightbearing AP and lateral plain radiographs of the affected knee
joint. Radiographs were taken pre-operatively and post-operatively. A true lateral radiograph
involved both femoral condyles being superimposed, giving the appearance of a single femoral
condyle [20]. All pre-operative radiographs were calibrated using calibration discs. Post-opera-
tive radiographs were calibrated using the keel of the tibial component, which was of a pre-
determined length. All radiographic images were reviewed by both orthopaedic surgeons to
ensure adequate image quality for inclusion in the study.

Measurement techniques

Pre- and post-operative joint line height measurements were performed using two different
techniques:

1. Control technique described by Figgie et al. (1986): Joint line height was assessed on lateral
weight bearing radiographs. The distance from the tibial tubercle to the tibial plateau, along
a line that is perpendicular to the joint line was measured.

2. JJLCM technique (Fig 1): Joint line height was assessed on calibrated pre-operative
weightbearing AP radiographs. The intra-medullary axis of the tibia (TibAx1) was ini-
tially established. A line perpendicular to TibAx1 at the level of the most proximal point
of the proximal fibula (PF1) was drawn. Tibial height: the length of a line drawn parallel
to the TibAx1, connecting the most proximal point on the tibial plateau (on the least
affected side) to PF1 was measured. Femoral condyle height: the length of a line drawn
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Fig 1. Pre-operative IJLCM technique. Assessment of pre-operative joint line height calculated as the average value of
the tibial height and femoral height on the least affected side.

https://doi.org/10.1371/journal.pone.0257325.9001

parallel to the TibAx1, connecting the most distal point on the femoral condyle (on the
least affected side) to PF1 was measured. Cartilage thickness was determined by calculat-

ing the average between the tibial height and femoral condyle height on the least affected
side.

Post-operative Joint Line Height was also measured using the IJLCM (Fig 2): Measurements
were performed on calibrated post-operative weightbearing AP. TibAx1 and PF1 were drawn
using the same technique described for pre-operative radiographs. Medial Joint Line Height:
the length of a line (parallel to TibAx1) from the most distal point on the medial femoral con-
dyle to PF1 was measured. Lateral Joint Line Height: the length of a line (parallel to TibAx1)
from the most distal point on the lateral femoral condyle to PF1 was measured. Varus/valgus
cuts and asymmetrical polyethylene components were accounted for by calculating an average
value of the medial and lateral joint line height.

The difference between the pre- and post-operative joint line height was established.
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Fig 2. Post-operative IJLCM technique. Assessment of post-operative joint line height calculated as the average value
of the Lateral Femoral Condyle (LFC) Height and the Medial Femoral Condyle (MFC) Height.

https://doi.org/10.1371/journal.pone.0257325.9002

Formulae for the I[JLCM technique

Pre—operative joint line height (mm) =

Tibial Height (on less affected side) + Femoral Height (on less affected side)
2

Post—operative joint line height (mm) =

Medial joint line height + Lateral joint line height
2
Change in joint line height (mm) =

Post—operative joint line height — pre—operative joint line height
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Table 1. Analysis of differences in pre-operative joint line height measurements performed by senior orthopaedic surgeons.

JLCM Control Technique
Difference (mm) Absolute Difference (mm) Difference (mm) Absolute Difference (mm)
Mean (SD) 0.76 £ 2.70 1.83 +2.13 -1.46 £ 6.17 4.95+3.93
P-value 0.20 0.04

https://doi.org/10.1371/journal.pone.0257325.t001

Statistical analysis

All data were analysed using Statistical Package for the Social Sciences (SPSS, Version 26 IBM
Corp, 2019. IBM SPSS Statistics for Windows, Armonk, NY: IBM Corp). All data sets were ini-
tially found to be normally distributed through a Shapiro-Wilk test. Average values, standard
deviations, variance and margin of error of radiological measurements were calculated by each
observer using each technique over two attempts. Inter-rater and intra-rater reliability were
assessed for each measurement technique using an intra-class correlation coefficient (ICC).
Cronbach alpha values for reliability were also tabulated. Box plots were plotted to appreciate
the comparison between both measuring techniques. 2-tailed paired student’s T-test, analysis
of variance (ANOVA) and ICC assessed the differences between measurements performed by
senior orthopaedic surgeons and medical students.

Results

A total of 120 pre-operative and post-operative radiographs were included in this study. As
shown in Tables 1 and 2, and demonstrated graphically in Figs 3 and 4, the difference in mea-
surements between senior orthopaedic surgeons was smaller using the IJLCM. Table 3 demon-
strates that IJLCM has a higher inter and intra-rater reliability between observers. When
assessing intra-rater difference in measurements, 67 (55.8%) patient’s radiographic measure-
ments were within Imm on pre-operative images using the IJLCM. 95 (79.2%) were within
2mm and 112 (93.3%) were within 4mm using the IJLCM. In comparison, 9 (7.5%) were
within 1mm, 23 (19.2%) were within 2mm and 36 (30.0%) were within 4mm when using the
control technique. Similar differences are seen when looking at agreement on post-operative
radiographs (56 (46.7%) <1mm, 82 (68.3%) <2mm and 109 (90.8%) using IJLCM versus 14
(11.7%) <1mm, 20 (16.7%) <2mm and 39 (32.5) using the control technique. Similar differ-
ences exist when comparing inter-rater differences in measurement.

Table 4 demonstrates that medical students were able to achieve a high level of inter and
intra-rater reliability with the IJJLCM.

Discussion

Mean absolute difference between measurements performed by two senior orthopaedic sur-
geons using the IJJLCM was 1.83mm on pre-operative images and 1.65mm on the post-opera-
tive images. The new technique has a high inter and intra-rater reliability (>0.92) for pre-
operative and post-operative image analysis. This suggests a high level of precision for the new
technique.

Table 2. Analysis of differences in post-operative joint line height measurements performed by senior orthopaedic surgeons.

IJLCM Control Technique
Difference (mm) Absolute Difference (mm) Difference (mm) Absolute Difference (mm)
Mean (SD) 0.27 £ 2.51 1.65 £ 1.91 -0.53+7.33 5.75 + 4.54
P-value 0.85 0.53

https://doi.org/10.1371/journal.pone.0257325.t1002
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Fig 3. Boxplot demonstrating the differences between measurements performed by senior orthopaedic surgeon 1
and 2 on pre-operative radiographs.

https://doi.org/10.1371/journal.pone.0257325.9003

The difference between measurements using the control technique [10] was significantly
higher on pre-operative and post-operative measurements (p<0.01). Variance was smaller for
the IJLCM, indicating a higher level of precision and accuracy.

Kawamura et al. [11] were the first to suggest measuring the distance between the tip of the
fibula styloid and the joint line to identify the joint line height. The technique was later
expanded upon by Snider et al. [12]. The measurement technique involved drawing a line
from the superior aspect of the fibular head to the inferior aspect of the femoral condyles on
an AP radiograph. Snider et al. [12] explained that the pre-operative joint line height should be
an average of the joint line measurements of the medial and lateral compartments. The authors
justified this claim by demonstrating that average values correlated most closely (ICC of 0.470)
with the measurements performed using the control technique [10]. No previous validation of
the control technique had been performed.

Snider et al. [12] claim that there was no statistically significant difference in functional out-
comes in patients with variable joint line elevation. A significant limitation to this study was
the lack of calibration between pre-operative and post-operative radiographs to correct for any
magnification differences. Correcting magnification would likely have a significant impact on
the accuracy of joint line measurements performed.

Further studies have been performed to assess the change in joint line height for primary
and revision TKA. Jawhar et al [14]. presented a single-institution case-controlled study
involving 493 patients. Measurements were performed using the technique described by
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Fig 4. Boxplot demonstrating the differences between measurements performed by senior orthopaedic surgeon 1
and 2 on post-operative radiographs.

https://doi.org/10.1371/journal.pone.0257325.9004
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Table 3. ICC of measurements performed by senior orthopaedic surgeons.

Inter-rater ICC
Crohnbach Alpha
Intra-rater ICC
Crohnbach Alpha

https://doi.org/10.1371/journal.pone.0257325.t003

IJLCM Control Technique
Post-op Pre-op Post-op
0.95 (0.93-0.97) 0.96 (0.95-0.97) 0.633 (0.508-0.726) 0.778 (0.682-0.845)
0.95 0.96 0.634 0.778
0.92 (0.88-0.94) 0.97 (0.95-0.98) 0.501 (0.288-0.651) 0.581 (0.401-0.708)
0.92 0.97 0.512 0.592

Snider et al. [12]. Inter and intra-observer reliability was assessed on measurements of 30
cases. The study used a measurement tool with an accuracy of only 1mm. The authors reported
an average joint line height change of 0.6mm, an intra-observer reliability of 0.87 and inter-
observer reliability of 0.94. The width of the tibia was used to correct for magnification error
between pre- and post-operative radiographs, however, this value can vary with rotation.

Babazadeh et al. [13] measured change in joint line height using long leg AP radiographs.
The authors used the technique described by Snider et al. [12]. Magnification error was cor-
rected on post-operative radiographs using the length of the tibial keel. Magnification between
pre-operative and post-operative radiographs. A single observer performed 3 separate mea-
surements of joint line height on their sample of 115 patients achieving an intra-rater reliabil-
ity of 0.8.

This study measured the pre-operative joint line height from the least worn compartment
as this best represents the patient’s pre-pathology anatomy. The pre-operative joint line height
was determined as an average of the distance between the distal femur and tibial plateau
(4.39mm) to account for cartilage thickness. The authors of this study accept that an assump-
tion is made that the thickness of the cartilage is equal on the femoral and tibial side of the
compartment. We suggest that the joint line lies in a region between the femur and tibia and
the thickness of the cartilage should not be dismissed.

The seminal work by Figgie et al. [10] demonstrated an average change in joint line of
8.9mm following primary conventional TKA. In cases where joint line height was maintained
within 8mm, no patients required manipulation, revision or suffered from patellofemoral
pain. This is not consistent with findings demonstrated in subsequent series [13-15, 19]. The
medial tibial plateau, lateral tibial plateau and tibial spines overlap on lateral radiographs and
identifying the joint line accurately on a lateral radiograph can be challenging. Identifying a
single point to reliably represent the tibial tuberosity is intuitively difficult. The difference in
measurements was larger on post-operative images when using the control technique. A high
variability in identification of the tibial tuberosity is suggested as the reason for this unexpected
finding.

Comparison of measurements performed by medical students and orthopaedic surgeons
using ANOVA, t-tests and ICC demonstrated good agreement. This suggests that the JLCM
can be used reliably by medical students to measure joint line height. Differences in measure-
ment values between medical students were not statistically significant.

Table 4. Comparison of measurements performed by Medical Students (MS) and Orthopaedic Surgeons (OS).

Measurement
Pre-op 1
Pre-op 2
Post-op 1
Post-op 2

https://doi.org/10.1371/journal.pone.0257325.t1004

ANOVA (all 4 observers) ICC (all 4 observers) MS vs OS MS1 vs MS2
0.42 0.92 (0.87-0.95) 0.13 0.69
0.83 0.92 (0.87-0.95) 0.47 0.58
0.14 0.96 (0.92-0.98) 0.12 0.97
0.40 0.96 (0.93-0.98) 0.33 0.87
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The limitations of our study include the use of short-leg AP and lateral radiographs; how-
ever, short-leg radiographs are more readily available in clinical practice. Additionally, with
radiographs used from 6 different institutions, the protocol for performing plain radiographs
varied. All images were reviewed by both observers and any cases where enough of the tibial
metaphysis and diaphysis were not visible to identify the longitudinal axis were excluded. All
pre-operative images required a calibration disc. Correction for magnification differences
between pre- and post-operative radiographs was performed using the keel of tibial compo-
nent. The length of the keel on a 2-dimensional image can change if there is a rotational error.
Previous studies state that the use of the keel is more reliable than using bony landmarks [13].

Conclusion

The relatively poor reliability of measurement techniques used when investigating change in
joint line height make it difficult to compare results between studies. The IJJLCM has been
shown to have excellent inter and intra-rater reliability among orthopaedic surgeons and med-
ical students, as well as better accuracy and precision than the techniques that have been used
previously.
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