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Aims

An algorithm to determine the constitutional alignment of the lower limb once arthritic de-
formity has occurred would be of value when undertaking kinematically aligned total knee
arthroplasty (TKA). The purpose of this study was to determine if the arithmetic hip-knee-
ankle angle (aHKA) algorithm could estimate the constitutional alignment of the lower limb
following development of significant arthritis.

Methods

A matched-pairs radiological study was undertaken comparing the aHKA of an osteoar-
thritic knee (aHKA-OA) with the mechanical HKA of the contralateral normal knee (mH-
KA-N). Patients with Grade 3 or 4 Kellgren-Lawrence tibiofemoral osteoarthritis in an ar-
thritic knee undergoing TKA and Grade O or 1 osteoarthritis in the contralateral normal
knee were included. The aHKA algorithm subtracts the lateral distal femoral angle (LDFA)
from the medial proximal tibial angle (MPTA) measured on standing long leg radio-
graphs. The primary outcome was the mean of the paired differences in the aHKA-OA and
mHKA-N. Secondary outcomes included comparison of sex-based differences and capac-
ity of the aHKA to determine the constitutional alignment based on degree of deformity.

Results

A total of 51 radiographs met the inclusion criteria. There was no significant difference be-
tween aHKA-OA and mHKA-N, with a mean angular difference of -0.4° (95% SE -0.8° to 0.1°;
p = 0.16). There was no significant sex-based difference when comparing aHKA-OA and mH-
KA-N (mean difference 0.8°; p = 0.11). Knees with deformities of more than 8° had a great-
er mean difference between aHKA-OA and mHKA-N (1.3°) than those with lesser deformities
(-0.1°; p = 0.009).

Conclusion

This study supports the arithmetic HKA algorithm for prediction of the constitutional align-
ment once arthritis has developed. The algorithm has similar accuracy between sexes and
greater accuracy with lesser degrees of deformity.
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Clinical Relevance B The arithmetic HKA algorithm provides an

B With increased adoption of alignment accurate method to determine constitu-
strategies in TKA that aim to restore tional alignment of the limb once arthritis
constitutional alignment, a method to and secondary deformity have occurred.

predict this is required.
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Introduction

Attempts to recreate the constitutional alignment of
the lower limb have recently gained popularity in total
knee arthroplasty (TKA) surgery. The technique, termed
kinematic alignment, aims to restore constitutional knee
alignment and soft tissue tension by preserving three-
dimensional knee kinematics and maintaining collateral
ligament balance through a range of movement. One
component of this goal is achieved by restoring the hip-
knee-ankle (HKA) angle and joint line obliquity by recon-
struction of the native distal femoral and proximal tibial
articular surface joint lines.' There are conflicting results
in the literature on whether this technique improves clin-
ical outcomes.*® In addition, there is no consensus on
ideal alignment boundaries among studies.?*?®

It is now recognized that there is significant vari-
ability in constitutional lower limb alignment in healthy
subjects.’”® However, determination of constitutional
alignment once arthritis has developed has proven to
be more elusive. Various kinematic TKA techniques have
been described that aim to achieve constitutional align-
ment using surrogate measures to reach this target.
These include intraoperative estimation of pre-arthritic
cartilage-bone composite thickness;?° use of preopera-
tive radiological distal femoral and proximal tibial land-
marks to guide resections via patient-specific templates
or navigated techniques;*”""* intraoperative analysis of
soft tissue laxities to guide navigated resection angles;™
or use of a combination of these methods. To date, no
single method has been validated to accurately predict
the constitutional lower limb alignment once arthritis has
developed.

The purpose of this study was to determine if a newly
described “arithmetic HKA” (aHKA) algorithm™ could
predict the constitutional alignment of the lower limb
following development of significant arthritis using the
opposite, radiologically normal, limb as the comparator.
The primary hypothesis was that the arithmetic HKA in
the arthritic knee would be equivalent to the mechanical
HKA in the opposite normal (non-arthritic) limb. If the
aHKA could estimate the lower limb constitutional align-
ment prior to the onset of arthritis, this would support its
clinical use by those surgeons wishing to perform kine-
matic alignment techniques in TKA.

Methods

Study design. We undertook a matched-pairs study using
long leg alignment radiographs to compare the arithme-
tic HKA of an arthritic knee with the mechanical HKA of
the contralateral normal knee serving as the control.
Study group. All radiographs were evaluated from an im-
aging database of patients who had undergone either
unilateral unicompartmental or unilateral total knee ar-
throplasty for end-stage degenerative osteoarthritis be-
tween January 2016 and January 2018. Two orthopaedic

surgeons (S)JM, DBC) performed the surgeries at one pri-
vate hospital in Sydney, Australia.

Inclusion criteria were knees with preoperative Grade
3 or 4 Kellgren-Lawrence tibiofemoral osteoarthritis,
indicative of moderate or severe joint space loss. In addi-
tion, Grade O or | Kellgren-Lawrence changes, nil, or
doubtful joint space loss had to have been present in the
contralateral knee to serve as the normal comparator.’
Patients were excluded if they had a prior contralateral
total or unicompartmental knee arthroplasty; if there
were any extra-articular deformities of the femur or tibia;
if the patient had undergone a prior femoral or tibial oste-
otomy; or if there were prior intra- or extra-articular frac-
tures of the femur or tibia.

The inclusion of radiographs into the study was under-
taken through a two-step process. An orthopaedic fellow
performed the initial screening of all radiographs from the
study period and included those that may be considered
suitable. This set of radiographs was then reassessed, and
agreement had to be reached between two observers in
order for the radiograph to be included in the analysis.
Radiographic technique. Standing long leg radiographs
that included the pelvis were taken in one radiology unit
using the technique described by Paley' (Figure 1a).
Positioning was in the “stand-at-attention” position
with both patellae facing forward. Three 430 mm cas-
settes were used to undertake the examination, and
digital stitching was undertaken using the Philips Digital
Diagnostics Software (Philips Healthcare, North Ryde,
Australia). The tube-to-knee distance was approximately
250 cm. Kilovoltage settings varied between 70kV and
85KkV per cassette.

All radiographs deemed suitable for inclusion were
then evaluated for image quality. Appropriate rotational
positioning was defined by the patella being positioned
symmetrically facing forward; the lesser trochanters
having a similar shape; and the proximal tibiofibular
joints having similar overlap. In addition, significant fixed
flexion deformity of the arthritic limb was assessed by
noting asymmetry of the intercondylar outline. Radio-
graphs were excluded if they were deemed to be poor
quality due to patient positioning.

Radiographic analysis. The mechanical axis (MA) of the
femur was defined as a line from the centre of the femoral
head to the centre of the distal femur at the knee joint.
The MA of the tibia was defined as a line at the midpoint
of the tibia at the level of the knee joint to the centre of
the tibial plafond at the ankle. The lateral distal femoral
angle (LDFA) was defined as the lateral angle subtended
by the MA of the femur and a line drawn across the artic-
ular surface of the distal femur at the most distal points
of the lateral and medial femoral condyles. Similarly, the
medial proximal tibial angle (MPTA) was defined as the
angle subtended medially by the MA of the tibia and a
line drawn between the most distal articular contours
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Fig. 1
a) Full preoperative long leg standing radiograph. Grade 4 Kellgren-Lawrence tibiofemoral osteoarthritis of right knee. Grade 1 tibiofemoral osteoarthritis left
knee, serving as matched control. b) Same long leg radiograph with digital radiological reference lines. Right knee demonstrates calculation of constitutional
alignment in the arthritic knee using aHKA algorithm. Left normal knee shows calculation of mHKA. aHKA, arithmetic hip-knee-ankle angle algorithm; LDFA,
lateral distal femoral angle; MPTA, medial proximal tibial angle; mHKA, mechanical hip-knee-ankle angle; MA, mechanical axis.

of the mid-points of the lateral and medial plateaus. The
mechanical hip-knee-ankle angle (mHKA) was defined as
the angular difference between the MA of the femur and
MA of the tibia, with varus represented as a negative val-
ue and valgus as a positive value. Figure 1b demonstrates
radiological landmarks for each knee. All measurements
were performed by an orthopaedic fellow . A second
observer (DBC) undertook a subgroup analysis of 15 pa-
tients, repeated at one-week intervals to assess for inter-
and intra-observer agreement.

The arithmetic HKA algorithm. The arithmetic HKA was
calculated by subtracting the LDFA from the MPTA™
(Figure 2). It ignores the joint line convergence angle
(JLCA), which shows a slight convergence to the medial
side of the knee of 0.51.'° For simplicity, as well as the
fact that its value is considered to be within the margins
of both measurement error and surgical resection error,
it was ignored in the aHKA algorithm. Furthermore, it has

been shown in a previous study not to be a significant
contributing factor to overall lower limb alignment.®
Outcomes. The primary outcome was the mean of the
paired differences between the arithmetic HKA of the ar-
thritic knee (aHKA-OA) and the mechanical HKA of the
normal knee (mHKA-N). The aHKA-OA was hypothe-
sized to be predictive of the constitutional alignment of
the lower limb, based on the mHKA of the non-affected
side. Secondary outcomes included comparison of aHKA,
mHKA, LDFA and MPTA between sexes. In addition, aHKA
accuracy to determine the constitutional alignment with
coronal deformities of greater than versus less than or
equal to 8° from neutral alignment was assessed.
Sample size calculation. Our prior research found that the
aHKA in the normal population (aHKA-N) is -0.9° of varus
with a standard deviation (SD) of 2.5. It was felt that a
mean difference of 1.5° or less between sides would be
indicative of equivalence between mHKA-N and aHKA-OA
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Fig. 2
Radiological changes that occur with joint space loss and deformity. a)
LDFA, MPTA and mHKA in a knee with preserved joint space and mild
constitutional varus alignment. b) The same knee following degenerative
loss of medial joint space, showing a change in mHKA and no change to
LDFA and MPTA (and therefore, no change to aHKA). mHKA, mechanical hip-
knee-ankle angle; LDFA, lateral distal femoral angle; MPTA, medial proximal
tibial angle.

on clinical grounds, as well as within the margin of error
for radiological measures of knee alignment. Based on a
maximum difference between groups of 1.5°, a power
of 80%, and statistical significance of 5%, we required a
minimum of 47 paired radiographs to determine if a true
difference in alignment existed between sides.

Statistical analysis. Descriptive statistics were used for
calculation of means, SD, and 95% confidence intervals.
Paired t-tests were used for comparison of means between
all other radiological alignment parameters assuming
normality of distribution on Shapiro-Wilk’s test and Q-Q
plots. Pearson’s r (r) and the coefficient of determination
(R?) were calculated comparing mHKA-N and aHKA-OA.
Independent two-tailed t-tests were used for analysis of
mean differences in deformities greater and less than 8°,
as well as differences between sexes. Intraclass correla-
tion coefficients were used to assess inter-observer and
intra-observer agreement using a two-way mixed-effects
model with absolute agreement. Significance was set
with a p-value < 0.05.

Results

Radiographs of 587 patients undergoing knee arthro-
plasty surgery in the study period were screened. Overall,
65 patients had radiographs that met the initial inclu-
sion criteria based on arthritic disease in one knee and
a normal contralateral knee. In all, 14 radiographs were
excluded: nine due to rotational asymmetry; two due to
the presence of prior femoral or tibial fractures resulting
in extra-articular angular deformities; two due to the
presence of significant asymmetrical lateral distal femoral
valgus (most likely from juvenile physeal growth arrest),

Table 1. Demographics of study group.

Variable Value

Mean age, (range) years 69 (43 to 87)
Sex ratio (male:female) 28:23
Laterality of arthritic knee (left:right) 28:23
Mean height, cm 170.3

Mean weight, kg 86.0

Mean BMI 29.6

cm = centimetres; kg = kilograms; BMI = body mass index

Table Il. Radiological parameters — all knees and differences between
sexes.

All knees Male knees Female knees p-value

(n=51), (n=27), (n = 24), between
Variable (°) mean +SD mean +SD mean + SD sexes
aHKA-OA (°)  -1.3+3.2 -2.2+3.1 -0.8+3.3 0.1
mHKA-OA (°)  -4.6+5.2 -5.5+4.2 -3.7+6.1 0.21
LDFA-OA(°) 88.2%2.6 89.0+2.4 87.4+27 0.02*
MPTA-OA (°) 86.8+2.6 86.9+2.38 86.6+2.4 0.75
aHKA-N (°) -0.5+3.1 -1.4+£3.1 0.6 +2.7 0.01*
mHKA-N (°) -1.2+29 -2.2+27 0.0+2.8 0.005*
LDFA-N (°) 87.5+2.2 88.3+2.0 86.6 + 2.1 0.006*
MPTA-N (°) 87.0+2.2 86.9+2.7 87.2+1.5 0.60

*significant p-values; minus values indicate varus.

OA = arthritic limb; N = normal limb; aHKA = arithmetic hip-knee-ankle
angle; mHKA = mechanical hip-knee-ankle angle; LDFA = lateral distal
femoral angle; MPTA = medial proximal tibial angle; SD= standard
deviation

and one due to asymmetric anteroposterior radiological
projectional differences because of a flexion contracture
in the arthritic knee. Final analysis included 51 radio-
graphs. Table | presents the demographics of the study
group.

The mean mechanical HKA of the normal knee was
-1.2° (SD 2.9°; range -8.2 to 5.9°) and the mean mechan-
ical HKA of the arthritic knee was -4.6° (SD 5.2°; range
-11.9 to 11.4°). There was a significant difference between
male and female normal knees, with male knees having
greater constitutional varus (mean -2.2°;, SD 2.7°) than
female knees (mean 0.0°; SD 2.8°). In addition, in both
normal and arthritic limbs, female knees had greater
valgus alignment than males with respect to LFDA.
Females also had greater valgus alignment in normal
limbs with respect to aHKA and mHKA (Table II). The
aHKA of the normal limb was in slight valgus compared
to the mechanical HKA of the normal limb, with some of
this difference most likely caused by the JLCA, which may
contribute approximately 0.5° more valgus to the aHKA.°
Primary outcome: aHKA-OA versus mHKA-N. Results
showed no significant difference between aHKA-OA and
mHKA-N, with a mean angular difference of -0.4° (95%
SE -0.8 to 0.1°; paired t-test). In addition, aHKA-OA and
mHKA-N were strongly positively correlated (r=0.84, p <
0.001; R?2 = 0.71 (Figure 3).
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Fig. 3
Comparison of aHKA in the arthritic group versus mHKA in the normal
group. HKA, hip-knee-ankle angle; mHKA, mechanical hip-knee-ankle angle;
aHKA, arithmetic hip-knee-ankle angle; R?, coefficient of determination.

Table Il1. Primary outcome differences between aHKA-OA and mHKA-N.

Mean + SD
Variable (°) (°) Range (°) 95% CI (°) p-value
aHKA-OA -1.5+3.3  -8.4t05.0 -2.5t0-0.6 0.16
mMHKA-N 12429  82t059  -2.0to-0.4 (pairedttest)
Mean -0.4+0.4 N/A -0.8t0 0.1 N/A
difference
overall
Mean 0.0+1.8 -3.0to4.3 -0.2t0 1.8 0.1
difference (independent
males samples t-test)
Mean 0.8+1.7 -1.7t04.8
difference
females

aHKA-OA = arithmetic hip-knee-ankle angle of arthritic knees; mHKA-N
= mechanical hip-knee-ankle angle of normal knees; SD = standard
deviation; Cl=confidence interval; N/A = not applicable

Differences between sexes. There was a trend for the
aHKA to be in more valgus than the mHKA-N in females.
However, the differences between sexes were small and
not statistically significant (mean difference 0.8°, p =
0.11; independent samples t-test) (Table IlI).

Relationship between severity of deformity and aHKA-OA
prediction of mHKA-N. Knees with deformities greater
than 8° (n = 15) had a greater mean difference between
aHKA-OA and mHKA-N than those with deformities less
than or equal to 8° (1.3° versus -0.1°; p = 0.009; 95%
Cl 0.4 to 2.4) (Table IV). There was no significant differ-
ence in variance between the two groups (Fisher’s F test;
p =0.375, 95% CI -0.5 to 5.5).

Intra-observer agreement. Intra-
observer agreement between measures one week apart
was high, with an intraclass correlation coefficient of 0.95
(p < 0.0001) for Observer One and 0.97 (p < 0.0001) for
Observer Two. Similarly, inter-observer agreement both
at weeks one and two was high, with an intraclass cor-
relation coefficient of 0.97 (p < 0.0001) and 0.95 (p <
0.0001) respectively.

and inter-observer

Table IV. Analysis of difference between aHKA-OA and mHKA-N based on
severity of deformity.

Mean difference
in aHKA-OA and
mHKA-Nz SD (°)

1.3+1.9

Range (°) 95% CI (°)
-3.0t0 4.8 0.3t02.4 N/A

p-value

Deformity > 8°
(n=15)
Deformity < 8°
(n=36)
Difference in 1.4 N/A
means between

groups

-0.1+£1.6 -24t04.3 -0.6t00.5

0.4to 2.4 0.009*

aHKA-OA= arithmetic hip-knee-ankle angle of arthritic knees; mHKA-N
= mechanical hip-knee-ankle angle of normal knees; SD= standard
deviation; Cl = SE interval; *= significant p-value; N/A = not applicable

Discussion

The purpose of this study was to validate the aHKA as
an algorithm to predict the constitutional (pre-arthritic)
alignment once significant arthritis has occurred. The
study found that the aHKA in the arthritic knee was able
to estimate the mechanical alignment in the contralateral
normal knee within 0.4 of a degree. This result was within
our pre-defined boundary of 1.5°, which was within the
radiological measurement error range as well as within
the surgical resection accuracy of TKA. Even in knees
with preoperative arthritic deformity exceeding 8°, the
predicted constitutional alignment still remained well
within the accepted boundaries.

As surgical techniques in the field of knee arthroplasty
evolve, it is increasingly recognized that attempting to
restore the constitutional alignment may reduce the
requirement for significant ligament balancing, and
potentially return the soft tissue envelope to a more phys-
iological state.*#'31”1 Having a planning tool to deter-
mine the constitutional alignment prior to performing
surgical resections of the distal femur and proximal tibia
is valuable to surgeons aiming to restore the knee to its
pre-arthritic alignment.

Cooke et al?® described a calculation of the mechanical
alignment in normal knees using a combination of distal
femoral, proximal tibial and condylar plateau angles. They
did not apply their calculation to arthritic knees, nor use
it to predict constitutional knee alignment. Several recent
papers on kinematic alignment planning have used distal
femoral and proximal tibial angles as a way to restore
the native limb alignment.'>'® To date, however, we are
unaware of a clearly defined and validated algorithm that
can estimate the constitutional alignment once arthritis
has intervened.

The aHKA algorithm had similar accuracy between
males and females, although we noted a trend for the
aHKA to be in slightly more valgus in females when
compared to males, in whom the aHKA-OA and mHKA-N
were more closely aligned. It is likely that this difference
relates to the finding that female knees have a statistically
smaller LDFA angle (greater distal femoral valgus) than
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males, when comparing this angle in both normal and
arthritic knees between sexes. This finding was different
to the results noted in the 2012 paper on normal knee
alignment, where the MPTA was significantly different
between sexes, but the LDFA was not.™

When looking at its capacity to determine the consti-
tutional alignment in more advanced deformities, we
found a greater mean difference between the aHKA of the
arthritic knee compared to the mHKA-N of the normal
knee. It is probable that the capacity of the arithmetic
HKA to determine the constitutional alignment in more
advanced states is slightly less. This makes intuitive sense,
because when arthritis progresses, bone erosion may
alter the landmarks for determination of the LFDA and
MPTA, both of which are required for calculation of the
aHKA. In addition, there is increased likelihood of joint
flexion contractures, which may subtly alter the exten-
sion surface articular topography for landmark refer-
encing, which will contribute to measurement error. The
other consideration is that this difference may have been
related to a sampling error, as there were only 15 patients
who had deformities greater than 8°.

It is important to outline special considerations and
limitations of the arithmetic HKA. Firstly, the calculation
requires high-quality long leg radiographs with accu-
rate stitching of cassettes. The benefit of this imaging
modality is that it is less costly, has lower radiation dosing
and is more readily available than calculated tomog-
raphy. It also allows for weight-bearing assessment of
limb deformity, as the algorithm references bony land-
marks and is not affected by changes in joint space with
weight-bearing. The arithmetic HKA has not been vali-
dated with biplanar lower limb radiography, computed
tomography or magnetic resonance imaging, although
it is possible that these more advanced imaging methods
may offer increased accuracy by controlling for rotational
and sagittal limb positioning issues that may increase
measurement error. Secondly, the calculations in this
study were performed using digital imaging, which has
been found to be more accurate than manual templating
on plain radiographs.?’ Third, all patients with poor-
quality imaging were excluded, and this needs to be
considered when interpreting the results of the study and
clinical applicability. It is critical that the clinician individ-
ually scrutinizes the quality of the imaging, and if this
cannot be guaranteed, it should not be relied upon for
calculation of the constitutional alignment. Fourth, vari-
ability between limbs has been reported in a CT-based
analysis of individuals without skeletal abnormalities.?
Hence, using the opposite, non-arthritic side as an exem-
plar target for constitutional alignment restoration may
not represent a perfect control in every case. Lastly, we
arbitrarily set the boundary for deformity severity at 8°.
This was done to ensure a sufficient number of patients for
analysis in this range to allow some statistical inferences

to occur. However, we do not know the accuracy at this
stage with greater levels of deformity or with significant
bone loss; hence, caution should be used when esti-
mating the constitutional alignment with severe arthritic
deformities or when bone loss is present.

The results of this study strongly support the use of
the arithmetic HKA for prediction of the constitutional
alignment in the arthritic knee. It has clinical applicability
for those surgeons aiming to restore the constitutional
lower limb alignment during TKA. The algorithm has
similar accuracy between sexes and potentially greater
accuracy with lesser degrees of deformity.
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