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Abstract
Purpose Kinematically aligned total knee arthroplasty (KA TKA) relies on precise determination of constitutional alignment 
to set resection targets. The arithmetic hip-knee-ankle angle (aHKA) is a radiographic method to estimate constitutional 
alignment following onset of arthritis. Intraoperatively, constitutional alignment may also be approximated using navigation-
based angular measurements of deformity correction, termed the stressed HKA (sHKA). This study aimed to investigate 
the relationship between these methods of estimating constitutional alignment to better understand their utility in KA TKA.
Methods A radiological and intraoperative computer-assisted navigation study was undertaken comparing measurements 
of the aHKA using radiographs and computed tomography (CT-aHKA) to the sHKA in 88 TKAs meeting the inclusion 
criteria. The primary outcome was the difference in the paired means between the three methods to determine constitutional 
alignment (aHKA, CT-aHKA, sHKA). Secondary outcomes included testing agreement across measurements using Bland-
Altman plots and analysis of subgroup differences based on different patterns of compartmental arthritis.
Results There were no statistically significant differences between any paired comparison or across groups (aHKA vs. sHKA: 
0.1°, p = 0.817; aHKA vs. CT-aHKA: 0.3°, p = 0.643; CT-aHKA vs. sHKA: 0.2°, p = 0.722; ANOVA, p = 0.845). Bland-
Altman plots were consistent with good agreement for all comparisons, with approximately 95% of values within limits of 
agreement. There was no difference in the three paired comparisons (aHKA, CT-aHKA, and sHKA) for knees with medial 
compartment arthritis. However, these findings were not replicated in knees with lateral compartment arthritis.
Conclusions There was no significant difference between the arithmetic HKA (whether obtained using CT or radiographs) 
and the stressed HKA in this analysis. These findings further validate the preoperative arithmetic method and support use of 
the intraoperative stressed HKA as techniques to restore constitutional lower limb alignment in KA TKA.
Level of evidence III.
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Introduction

Recent strategies in the pursuit of more favourable outcomes 
following total knee arthroplasty (TKA) have focused on res-
toration of constitutional lower limb alignment and joint line 
obliquity. Termed kinematic alignment (KA), this method 
has been shown to more reliably restore soft tissue laxities 
and native joint kinematics [6, 28–30, 43, 54]. However, 
with the progressive deformity that follows loss of articular 
cartilage, determination of constitutional lower limb align-
ment is challenging [10].
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The recently described arithmetic hip–knee–ankle angle 
(aHKA) uses preoperative radiographs to estimate constitu-
tional alignment following the onset of arthritis by measure-
ment of angles unaffected by joint space narrowing, validated 
to apply to both arthritic and non-arthritic populations [18] and 
in comparison with contralateral normal limbs [33]. Investigat-
ing an arthritic population, McEwen et al. demonstrated that 
constitutional alignment can also be approximated intraopera-
tively during computer-assisted TKA by stressing the collat-
eral ligaments to reverse the direction of arthritic deformity, 
thereby producing a “stressed” HKA (sHKA) [38].

This technique can then be used to set distal femoral and 
proximal tibial resections to restore each patient’s unique limb 
alignment [31, 38, 39]. Although preoperative stress radiographs 
have demonstrated utility in defining the constitutional alignment 
and need for soft tissue releases intraoperatively [20, 27, 46], it 
is unknown whether the intraoperative sHKA method correlates 
with the aHKA. Further, it is unknown if the sHKA is similarly 
predictive of the constitutional alignment based on whether the 
deformity has resulted from medial or lateral compartment OA. 
As both the aHKA and sHKA are methods that negate the con-
tribution of joint space narrowing in osteoarthritis, it follows that 
they would yield equivalent values in direct comparison. Further-
more, although reasonable correlation has been shown between 
radiographs and computed tomography (CT) in coronal plane 
assessment of knee alignment [3, 16, 23, 50, 52], the derivation 
of the aHKA has yet to be applied to CT imaging.

The purpose of this study was to determine if the preopera-
tive aHKA and the intraoperative sHKA are related, thereby 
validating the reliability of the sHKA to act as a surrogate 
target for constitutional alignment, and whether this compari-
son is dependent on the compartmental pattern of OA. Addi-
tionally, we wanted to investigate whether CT-derived aHKA 
(CT-aHKA), measured in preoperative planning for robotic 
TKA [11], would be equivalent to the aHKA calculated from 
radiographs and then to consider if the same relationship exists 
between the CT-aHKA and sHKA. The primary hypothesis was 
that in patients undergoing primary TKA for osteoarthritis (OA), 
the aHKA, sHKA, and CT-aHKA would not be significantly dif-
ferent in the same knee. The secondary hypothesis was that in 
the same cohort of patients, there would be statistical agreement 
between measurements of aHKA, sHKA and CT-aHKA in the 
same knee. Identifying a direct relationship between the sHKA 
and aHKA would further confirm reliability and lend support 
to routine use in restoring constitutional alignment in KA TKA.

Methods

Study design

A retrospective study was undertaken to compare meas-
urements of the arithmetic HKA, using weight-bearing 

long-leg radiographs for the aHKA, computed tomogra-
phy for CT-aHKA, and intraoperative measurements for 
the stressed HKA (sHKA). Ethics approval was granted 
from the Hunter New England Local Health District 
Human Research Ethics Committee, #EX201905-02. 
All investigations and procedures undertaken were in 
accordance with the ethical standards of the institutional 
research committee and with the 1964 Declaration of 
Helsinki and its later amendments or comparable ethical 
standards.

Study group

Radiographic and intraoperative data were collected from 
a consecutive series of patients who underwent robotic-
assisted primary TKA (Mako Triathlon, Stryker, Kalama-
zoo, MI, USA), for end-stage degenerative OA between 
July and December 2020. All patients who were included 
had at minimum unicompartmental knee OA with grade 
3 or 4 changes as per Kellgren-Lawrence [25]. Following 
screening for imaging adequacy and exclusion criteria, 88 
radiographs with corresponding intraoperative data were 
available for analysis in 76 patients. Surgeries were per-
formed by a single surgeon at a private hospital in Sydney, 
Australia. The flow chart in Fig. 1 illustrates inclusion/
exclusion criteria and a summary of the broad knee phe-
notypes [22, 34] of the study group.

Radiographic technique

Weight-bearing long-leg radiographs in the “stand-
at-attention” position were taken using the technique 
described by Paley [44]. All radiographs were screened 
for inclusion by an orthopaedic fellow based on deviation 
from accepted rotational alignment; those of inadequate 
quality were excluded. Inclusion criteria were defined by 
the patellae being positioned symmetrically facing for-
ward, 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.

CT-derived values for the aHKA were calculated from 
coronal plane geometry reported within software for the 
Mako robotic system. This software utilises preopera-
tive CT imaging, using a pre-defined protocol to maxim-
ise bony architecture [11, 50]. The DICOM images were 
transferred to the system software for determination of 
lower limb anatomical landmarks by the Mako product 
specialist.
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Radiographic analysis for aHKA

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 articular 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 (Fig. 2).

Computed tomographic and robotic analysis 
for CT‑aHKA

The same definitions were applied to determine landmarks 
using cross-sectional CT imaging and 3D reconstructions 
within the Mako software (Fig. 3).

Fig. 1  Study flow chart indicat-
ing patient inclusion/exclusion 
and knee phenotypes of the 
study group



2983Knee Surgery, Sports Traumatology, Arthroscopy (2022) 30:2980–2990 

1 3

The LDFA and MPTA in the CT group were calculated 
by application of equal-resection thicknesses to the distal 
femur and proximal tibia landmarks in the Mako plan-
ning screen (Fig. 4) as per a recently described technique 
on robotic KA planning by Clark et al. [12]. The angu-
lar deviation from neutral was used to estimate these two 
angles. For example, a valgus cut angle of 3.5° equates 
to an LDFA of 86.5°. Measurements from radiographs 
were carried out for all patients by the senior author and 
repeated independently by the orthopaedic fellow, with the 
mean of the two measurements used for analysis.

Intraoperative technique for stressed HKA (sHKA)

All patients underwent a medial parapatellar approach with 
excision of the anterior cruciate ligament and release of the 
deep medial capsular ligaments only. Following anatomical 

landmark registration [51], accessible osteophytes were 
removed and the arthrotomy was approximated using towel 
clips. The joint was then placed into extension, and the pre-
liminary value for the HKA was recorded as the “resting 
HKA”. The knee was then stressed to reverse the direction 
of deformity, applying a valgus stress to the medial liga-
ments in knees with medial compartment osteoarthritis and 
a varus stress to the lateral ligaments in knees with lateral 
compartment osteoarthritis. The direction of applied force 
was the basis for inclusion into subgroups of medial and 
lateral compartment arthritis. This sHKA manoeuvre was 
performed with the joint flexed between 5° and 10° to de-
tension the posterior capsule, which may act as a secondary 
restraint to deformity correction, particularly in the presence 
of significant posterior osteophytes. The HKA angle from 
the robotic navigation software was then recorded as the 
sHKA. Figure 5 shows an example of the robotic user inter-
face during measurements for the resting and stressed HKA.

Outcomes

The primary outcome of this study was to determine the 
mean angular difference when the following groups were 
compared:

1. sHKA and aHKA
2. sHKA and CT-aHKA
3. aHKA and CT-aHKA
4. aHKA, CT-aHKA and sHKA (across all three groups)

Secondary outcomes were to determine if there was 
agreement in measurements between pairs 1 and 3 above. 
Further, comparison of sHKA relationship to the aHKA in 
patients with medial and lateral compartment arthritis was 
performed.

Sample size calculation

In keeping with previous investigations [18, 33], a mean 
difference of 1.5° or less between measurements was con-
sidered indicative of equivalence and within the margin 
of error both for radiographic assessment and accuracy of 
optical computer-assisted navigation [26, 47]. Assuming the 
standard deviation (SD) of the paired differences to be 3.5°, 
to achieve a power of 80% at a 5% level of significance (two-
sided), it was determined a minimum of 45 pairs would be 
required to detect whether a true difference exists between 
measurement techniques.

Statistical analysis

Descriptive statistics were used for calculation of means, 
SD and 95% confidence intervals. Paired samples t-tests 

Fig. 2  Determination of the arithmetic HKA angle on radiographs. 
A Full preoperative long leg standing radiograph. In the right limb, 
the mechanical HKA (mHKA) is highlighted. The mHKA is the 
angle subtended by the MA femur and the MA tibia. The MA of the 
lower limb, shown on the left leg, is the line marked from the centre 
of the hip joint to the centre of the ankle joint. B Calculation of con-
stitutional alignment in the arthritic knee using the aHKA algorithm, 
which subtracts the lateral distal femoral angle (LDFA) from the 
medial proximal tibial angle (MPTA). mHKA mechanical hip-knee-
ankle angle, MA mechanical axis, aHKA arithmetic hip-knee-ankle 
angle, LDFA lateral distal femoral angle, MPTA medial proximal 
tibial angle
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Fig. 3  Mako computed tomographic robotic planning of alignment 
landmarks. CT images and 3D reconstructions were based on preop-
erative CTs within the Mako software, demonstrating distal femoral 
and proximal tibial landmarks and selection of the femoral head and 

ankle centre. Landmark acquisition was based on points at the most 
distal part of the condyles for the femur, and centre at 2/3 of the dis-
tance from the front of each plateau for the tibia, as demonstrated in 
the uppermost image
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were used to compare means between any two groups, and 
repeated-measures ANOVA (rANOVA) was used for com-
parison of means across the three groups [36]. Bland–Altman 
plots were used to assess agreement between paired meas-
urements [7]. These graphically represent the 95% limits of 
agreement (LOA) estimated by a mean difference ± 1.96 SDs 
within which measurements by the two methods were expected 
to lie [8]. For non-parametric comparisons in subgroups, the 
Wilcoxon signed-rank test was used. Tests for normality of 
distribution were conducted with Shapiro–Wilk test and Q-Q 
plots, and Mauchly's Test of Sphericity to determine if any 
corrections were required for rANOVA. Intraclass correlation 
coefficients (ICC) were used to assess inter-observer and intra-
observer agreement in a subgroup of 15 patients, using a two-
way mixed-effects model with absolute agreement. Statistical 
analysis was performed using SPSS 27 (IBM Corp, Armonk, 
NY, USA). Significance was set at a p value < .05.

Results

Table  1 summarises demographic characteristics, and 
Table 2 describes the radiological parameters. On aver-
age, the resting HKA was approximately 3° more varus 
than the values for aHKA, sHKA, and CT-aHKA.

Inter‑ and intra‑observer agreement

Inter-observer agreement was rated as excellent, with an 
ICC of 0.94 (p < .001). Intra-observer agreement measured 
at a one-week interval was also excellent, with an ICC of 
0.95 (p <.001).

Fig. 4  Computed tomographic determination of the arithmetic 
HKA angle. Determination of the computed tomographic arithme-
tic hip-knee-ankle angle (CT-aHKA) using the Mako software to 
determine the LDFA and MPTA. These are ascertained by applica-
tion of matched resections (6.5 mm femur and 7.0 mm tibia) to the 
landmarks represented by the purple dots in this figure. The resultant 
coronal plane angle reported by the software (in this case 3.5° val-
gus for the femur and 3.5° varus for the tibia) is the precise deviation 
from the orthogonal axis. From these angles, we can infer the values 
of 86.5° for both the LDFA and MPTA and thereby calculate the CT-
aHKA using the arithmetic method (CT-aHKA = MPTA − LDFA). 
CT computed tomographic, aHKA arithmetic hip-knee-ankle angle 
algorithm, LDFA lateral distal femoral angle, MPTA medial proximal 
tibial angle

Fig. 5  Intraoperative determination of the stressed hip-knee-ankle 
angle (sHKA). A Resting HKA of 3° varus (green square); B applica-
tion of valgus stress to the same knee (varus deformity with loss of 
medial joint space), whilst in 7° of flexion, to determine the stressed 
HKA—in this case, an HKA of 0° (green square). The intended 
position of the implants is superimposed by the MAKO software to 
inform surgical workflow. HKA hip-knee-ankle angle

Table 1  Patient demographics

n, number

Variable Value

Mean age, years (range) 68 (42–87)
Sex ratio, n (male:female) 41:35
Laterality, n (right:left) 37:51
Predominant arthritic compartment (medial:lateral) 73:15
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Primary outcome

Table 3 summarises the results for the primary outcome. 
There were no statistically significant differences between 
any of the paired comparisons, or across the three groups,

Secondary outcome: agreement between groups

Figure 6 illustrates Bland-Altman plots for the compared 
variables. For aHKA versus sHKA, 83 out of 88 values 
(94.4%) fell within the LOA. For both the CT-aHKA ver-
sus sHKA and the aHKA versus CT-aHKA, 84 out of 88 
(95.5%) fell within the LOA, which is consistent with good 
agreement [7, 40].

Secondary outcome: compartmental arthritis 
correction patterns

Medial and lateral compartment arthritic correction patterns 
were analysed as subgroups, with the findings summarised 
in Table 4. Analysis of the lateral arthritis group showed 

a statistically significant difference (p <.001) in values 
between aHKA vs. sHKA, and CT-aHKA vs. sHKA. The 
medial arthritis group (73 knees) showed no differences in 
all three paired comparisons.

Discussion

The most important findings of this study were that there 
were no significant differences in the aHKA, sHKA, and 
CT-aHKA, thereby lending support to the use of the sHKA 
as an intraoperative validation of the aHKA to restore consti-
tutional lower limb alignment in kinematically aligned TKA. 
Moreover, the findings establish the arithmetic HKA as an 
essential calculation for determining constitutional align-
ment prior to surgery using either radiographic or CT-based 
imaging.

A primary goal of KA is to restore constitutional limb 
alignment to minimise the need for intraoperative soft tissue 
releases and to provide more natural kinematics [6, 24, 41, 
54]. It is therefore imperative that methods to determine the 
constitutional alignment are precise, reliable, and uncom-
plicated. The arithmetic HKA has been previously shown to 
closely approximate the constitutional alignment [33]. Our 
group uses it routinely to determine individualised align-
ment target plans preoperatively, and then uses the stressed 
HKA as a secondary intraoperative measure to validate the 
aHKA. We are unaware of any other study that has cor-
related these two methods to achieve this important target 
for surgeons who want to restore each patient’s pre-arthritic 
hip knee ankle angle in TKA surgery.

The concept of using “stressed” navigation, or radio-
graphs, to determine if ligaments have become contracted 
is becoming increasingly discredited. Prior studies using 
stressed analyses (whether with radiographs or computer-
assisted navigation) have aimed to restore the HKA angle 
to neutral, as mechanical alignment has been considered 
biomechanically advantageous [5, 13, 14, 19, 27]. An unin-
tended and false extension of this assumption was that MA 
was also the “normal” alignment for every patient. How-
ever, an awareness of the wide variabilities in constitutional 
alignments, particularly over the last decade, has refuted this 
belief [4, 21]. Correcting the HKA to neutral will iatrogeni-
cally tighten ligaments on the same side as the constitutional 
deviation from neutral unless the constitutional alignment 
started in neutral. With only 15% of healthy and arthritic 
knees having an aHKA within ± 2° of neutral, ligament 
releases will be needed in a significant amount of MA TKAs 
[32, 34]. Further refuting the concept of ligaments contract-
ing is the work of McAuliff et al. [37] and Okoamoto et al. 
[42] who have found that at least in varus knees, medial soft 
tissues do not contract, even with deformities of up to 15° of 
varus. Hence, the stressed HKA will tension the collateral 

Table 2  Radiological parameters

SD standard deviation, mHKA mechanical hip-knee-ankle angle, 
rHKA resting hip-knee-ankle angle, aHKA radiographic arithmetic 
hip-knee-ankle angle, CT-aHKA computed tomographic arithmetic 
hip-knee-ankle angle, sHKA stressed hip-knee-ankle angle

Variable Mean ± SD (°) Range (°)

mHKA − 3.6 ± 6.7 − 16 to 19
rHKA − 3.5 ± 4.5 − 14 to 12
aHKA − 0.3 ± 3.9 − 9.1 to 12
CT-aHKA − 0.5 ± 4.1 − 9 to 12
sHKA − 0.4 ± 2.9 − 8 to 5

Table 3  Comparison of differences between aHKA, CT-aHKA, and 
stressed HKA

SD standard deviation, CI confidence interval, aHKA radiographic 
arithmetic hip-knee-ankle angle, sHKA stressed hip-knee-ankle angle, 
CT-aHKA computed tomographic arithmetic hip-knee-ankle angle, 
N/A not applicable, n.s. not significant
*Paired samples t test, †repeated measures ANOVA with Green-
house–Geisser correction for asphericity

Compared variables Mean ± SD (°) 95% CI (°) p value

aHKA vs. sHKA 0.1 ± 4.2 − 0.8 to 1.1 n.s.*
aHKA vs. CT-aHKA 0.3 ± 5.3 − 0.8 to 1.4 n.s.*
CT-aHKA vs. sHKA 0.2 ± 4.1 − 0.7 to 1.0 n.s.*
aHKA vs. sHKA vs. CT-

aHKA
N/A N/A n.s.†
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Fig. 6  A Bland-Altman plot 
comparing the radiographic 
arithmetic hip-knee-ankle 
angle (aHKA) and the stressed 
hip-knee-ankle angle (sHKA). 
B Bland-Altman plot compar-
ing the computed tomographic 
arithmetic hip-knee-ankle angle 
(CT-aHKA) and the stressed 
hip-knee-ankle angle (sHKA). 
C Bland-Altman plot compar-
ing radiographic arithmetic 
hip-knee-ankle angle (aHKA) 
and the computed tomographic 
arithmetic hip-knee-ankle angle 
(CT-aHKA)
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ligamentous restraints on the side of osteochondral loss, 
providing a HKA angle target that reverses the arthritic 
deformity.

The use of a navigation-based “stress” pose and its 
implications for final alignment have been described by 
McEwen et al. to define constitutional alignment in KA, 
but not validated against the aHKA [38, 39]. In a recent 
paper, Sappey-Marinier et al. compared preoperative val-
gus stress radiograph in 749 patients undergoing primary 
TKA for varus arthritis to the aHKA [46]. They found 
that the valgus correction angle was similar to the aHKA, 
confirming its utility in approximating the constitutional 
alignment. The findings in the current study therefore cor-
roborate theirs, although in a smaller sample. There are, 
however, several relevant differences. First, our method 
relies on intraoperative optical tracking, which is consid-
ered more precise [15] and is free of radiation exposure 
risk to either the patient or the operator. Second, stressed 
view acquisition is part of the routine surgical process of 
primary robotic TKA with minimal additional time, cost 
implications, or disruptions to the workflow. Finally, the 
study by Sappey-Marnier et  al. only compared values 
between stressed radiographs and radiographic aHKA 
measurements only.

The use of preoperative CT imaging is becoming a rou-
tine assessment in some robotic-assisted TKA platforms. 
Using imaging data from these surgeries, the aHKA meas-
urements using CT also showed a high level of agreement 
with the routine method of radiographic assessment. Both 
methods also showed similar concordance with the sHKA. 
Whilst this does not abrogate the use of CT in the setting 
of robotic-assisted KA, the similarity of the measurements 
between the two methods does provide further validation 
of the aHKA, whether derived from radiographs or from 
CT imaging.

Regarding the subgroup analysis of 15 knees with lateral 
compartment arthritis (varus correction for sHKA), no sig-
nificant difference was found only when comparing the two 
groups that had measurements taken using the arithmetic 
method (aHKA and CT-aHKA), but not when these groups 
were compared to the stressed HKA. In contrast, the medial 
compartment group showed no difference across all group 

comparisons. This finding is not unexpected, as knees with 
lateral compartment arthritis are likely to behave differently 
under applied varus loads due to the high degrees of vari-
ability in constitutional lateral laxities compared to medial 
laxities [2, 17, 35]. Medial ligamentous structures, in both 
flexion and extension, typically exhibit less coronal plane 
laxity than lateral sided structures [45, 48, 53]. Therefore, 
it is likely that the stressed HKA is more reliable in knees 
with medial arthritis. However, it should also be considered 
that the numbers in the lateral compartment arthritis cohort 
were small.

Our study has several limitations. The first pertains to 
the arithmetic method, as it does not consider the small 
contribution of the joint line convergence angle (0.5°), 
nor does it compensate for bone loss in the presence of 
severe arthritis [18]. Second, the sHKA may not be reli-
able in knees where significant joint space loss in both 
medial and lateral compartments is present. Third, using 
the stressed HKA to plan alignment is a technique that 
is only possible in computer-assisted or robotic-assisted 
TKA, a technology that may have significant barriers to 
implementation, although arguably, these barriers are 
becoming less challenging [1, 9, 49]. Hence, it might be 
reasonable to consider the aHKA as a tool to provide an 
initial alignment target, with the sHKA acting to validate 
the plan with either computer-assisted or robotic-assisted 
technologies.

Despite these limitations, these findings provide greater 
certainty for surgeons when using the aHKA and sHKA for 
pre-operative planning with intra-operative restoration of 
constitutional alignment when undertaking KA TKA.

Conclusion

This study found that the values obtained for the arithme-
tic HKA and stressed HKA, whether obtained using CT 
or radiography, are not significantly different. These find-
ings therefore validate the arithmetic method to determine 
constitutional alignment and support the stressed HKA 
as a technique to approximate constitutional alignment 
intraoperatively.

Table 4  Comparison of 
differences between aHKA, 
CT-aHKA, and stressed HKA

aHKA radiographic arithmetic hip-knee-ankle angle, sHKA stressed hip-knee-ankle angle, CT-aHKA com-
puted tomographic arithmetic hip-knee-ankle angle, SD standard deviation, n.s. not significant
‡ Wilcoxon signed-ranks test, *paired samples t test

Compared variables Medial compartment OA 
(mean ± SD) (°)

p value Lateral compartment OA 
(mean ± SD) (°)

p value

aHKA vs. sHKA − 0.1 ± 3.1 n.s.* 5.6 ± 3.3 .001‡

aHKA vs. CT-aHKA 0.3 ± 3.6 n.s.* 0.7 ± 3.2 n.s.‡

CT-aHKA vs. sHKA 0.5 ± 3.8 n.s.* 4.9 ± 3.3 .001‡



2989Knee Surgery, Sports Traumatology, Arthroscopy (2022) 30:2980–2990 

1 3

Acknowledgements No further acknowledgements.

Author contributions PT and SJM took part in study design, data 
collection, analysis, manuscript preparation. JW, DC, WGJ, JB 
were involved in manuscript preparation.

Funding Open Access funding enabled and organized by CAUL and its 
Member Institutions. No further funding to declare other than already 
stated in COI.

Declarations 

Conflict of interest Sam MacDessi, Darren Chen and  Will Griffiths 
Jones: Speakers’ bureau/paid presentations for a company or sup-
plier—Stryker. Paid consultant for a company or supplier—Stryker, 
Amplitude SAS. Research support from a company or supplier as a 
Principal Investigator for an unrelated study—Ramsay Hospital Re-
search Foundation. Other financial or material support from a compa-
ny or supplier—Research fellowship funding from Smith & Nephew, 
Stryker and Zimmer Biomet; IP pertaining to an unrelated study ac-
quired by Stryker; patent application lodged on key components of the 
unrelated IP. Payam Tarassoli, Jil Wood, Johann Bellemans: None to 
declare.

Ethical approval Approval was granted from our local research gov-
ernance unit.

Informed consent Informed consent was obtained from all individual 
participants included in the study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Antonios JK, Korber S, Sivasundaram L, Mayfield C, Kang HP, 
Oakes DA et al (2019) Trends in computer navigation and robotic 
assistance for total knee arthroplasty in the United States: an anal-
ysis of patient and hospital factors. Arthroplast Today 5:88–95

 2. Kayani B, Konan S, Ahmed S, Chang J, Ayuob A, Haddad F 
(2020) The effect of anterior cruciate ligament resection on knee 
biomechanics. Bone Jt J 102-B(4):442–448

 3. Babazadeh S, Dowsey MM, Bingham RJ, Ek ET, Stoney JD, 
Choong PF (2013) The long leg radiograph is a reliable method 
of assessing alignment when compared to computer-assisted navi-
gation and computer tomography. Knee 20:242–249

 4. Bellemans J, Colyn W, Vandenneucker H, Victor J (2012) The 
Chitranjan Ranawat award: is neutral mechanical alignment nor-
mal for all patients? The concept of constitutional varus. Clin 
Orthop Relat Res 470:45–53

 5. Bellemans J, Vandenneucker H, Vanlauwe J, Victor J (2010) The 
influence of coronal plane deformity on mediolateral ligament 
status: an observational study in varus knees. Knee Surg Sports 
Traumatol Arthrosc 18:152–156

 6. Blakeney W, Clement J, Desmeules F, Hagemeister N, Riviere C, 
Vendittoli PA (2018) Kinematic alignment in total knee arthro-
plasty better reproduces normal gait than mechanical alignment. 
Knee Surg Sports Traumatol Arthrosc 27(5):1410–1417

 7. Bland JM, Altman DG (1999) Measuring agreement in method 
comparison studies. Stat Methods Med Res 8:135–160

 8. Bugbee WD, Mizu-Uchi H, Patil S, D’Lima D (2013) Accuracy 
of implant placement utilizing customized patient instrumenta-
tion in total knee arthroplasty. Adv Orthop 2013:891210

 9. Burn E, Prieto-Alhambra D, Hamilton TW, Kennedy JA, Mur-
ray DW, Pinedo-Villanueva R (2020) Threshold for computer- 
and robot-assisted knee and hip replacements in the English 
National Health Service. Value Health 23:719–726

 10. Cerejo R, Dunlop DD, Cahue S, Channin D, Song J, Sharma L 
(2002) The influence of alignment on risk of knee osteoarthritis 
progression according to baseline stage of disease. Arthritis 
Rheum 46:2632–2636

 11. Chauhan SK, Clark GW, Lloyd S, Scott RG, Breidahl W, Sikor-
ski JM (2004) Computer-assisted total knee replacement. A con-
trolled cadaver study using a multi-parameter quantitative CT 
assessment of alignment (the Perth CT Protocol). J Bone Jt Surg 
Br 86:818–823

 12. Clark GW, Esposito CI, Wood D (2021) Individualized func-
tional knee alignment in total knee arthroplasty: a robotic-
assisted technique. Tech Orthop. https:// doi. org/ 10. 1097/ BTO. 
00000 00000 000567

 13. Daines BK, Dennis DA (2014) Gap balancing vs. measured 
resection technique in total knee arthroplasty. Clin Orthop Surg 
6:1–8

 14. Dennis DA, Komistek RD, Kim RH, Sharma A (2010) Gap bal-
ancing versus measured resection technique for total knee arthro-
plasty. Clin Orthop Relat Res 468:102–107

 15. Elfring R, De La Fuente M, Radermacher K (2010) Assessment 
of optical localizer accuracy for computer aided surgery systems. 
Comput Aided Surg 15(1–3):1–12

 16. Gbejuade HO, White P, Hassaballa M, Porteous AJ, Robinson JR, 
Murray JR (2014) Do long leg supine CT scanograms correlate 
with weight-bearing full-length radiographs to measure lower 
limb coronal alignment? Knee 21:549–552

 17. Greenberg A, Kandel L, Liebergall M, Mattan Y, Rivkin G 
(2020) Total knee arthroplasty for valgus deformity via a lateral 
approach: clinical results, comparison to medial approach, and 
review of recent literature. J Arthroplast 35:2076–2083

 18. Griffiths-Jones W, Chen DB, Harris IA, Bellemans J, MacDessi SJ 
(2021) Arithmetic hip–knee–ankle angle (aHKA): an algorithm 
for estimating constitutional lower limb alignment in the arthritic 
patient population. Bone Jt Open 2:351–358

 19. Hakki S, Coleman S, Saleh K, Bilotta VJ, Hakki A (2009) Navi-
gational predictors in determining the necessity for collateral 
ligament release in total knee replacement. J Bone Jt Surg Br 
91:1178–1182

 20. Hino K, Kutsuna T, Watamori K, Kiyomatsu H, Ishimaru Y, 
Takeba J et al (2017) Varus-valgus stability at 90 degrees flex-
ion correlates with the stability at midflexion range more widely 
than that at 0 degrees extension in posterior-stabilized total knee 
arthroplasty. Arch Orthop Trauma Surg 137:1429–1434

 21. Hirschmann MT, Hess S, Behrend H, Amsler F, Leclercq V, 
Moser LB (2019) Phenotyping of hip–knee–ankle angle in young 
non-osteoarthritic knees provides better understanding of native 
alignment variability. Knee Surg Sports Traumatol Arthrosc 
27:1378–1384

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1097/BTO.0000000000000567
https://doi.org/10.1097/BTO.0000000000000567


2990 Knee Surgery, Sports Traumatology, Arthroscopy (2022) 30:2980–2990

1 3

 22. Hirschmann MT, Moser LB, Amsler F, Behrend H, Leclerq V, 
Hess S (2019) Functional knee phenotypes: a novel classification 
for phenotyping the coronal lower limb alignment based on the 
native alignment in young non-osteoarthritic patients. Knee Surg 
Sports Traumatol Arthrosc 27:1394–1402

 23. Holme TJ, Henckel J, Hartshorn K, Cobb JP, Hart AJ (2015) Com-
puted tomography scanogram compared to long leg radiograph for 
determining axial knee alignment. Acta Orthop 86:440–443

 24. Hutt JR, LeBlanc MA, Masse V, Lavigne M, Vendittoli PA (2016) 
Kinematic TKA using navigation: surgical technique and initial 
results. Orthop Traumatol Surg Res 102:99–104

 25. Kellgren JH, Lawrence JS (1957) Radiological assessment of 
osteo-arthrosis. Ann Rheum Dis 16:494–502

 26. Klasan A, Putnis SE, Grasso S, Neri T, Coolican MR (2020) 
Conventional instruments are more accurate for measuring the 
depth of the tibial cut than computer-assisted surgery in total 
knee arthroplasty: a prospective study. Arch Orthop Trauma Surg 
140:801–806

 27. Lee OS, Elazab A, Lee YS (2019) Preoperative varus-valgus stress 
angle difference is valuable for predicting the extent of medial 
release in varus deformity during total knee arthroplasty. Knee 
Surg Relat Res 31:12–18

 28. Lee YS, Howell SM, Won YY, Lee OS, Lee SH, Vahedi H et al 
(2017) Kinematic alignment is a possible alternative to mechani-
cal alignment in total knee arthroplasty. Knee Surg Sports Trau-
matol Arthrosc 25:3467–3479

 29. Lozano R, Campanelli V, Howell S, Hull M (2018) Kinematic 
alignment more closely restores the groove location and the sulcus 
angle of the native trochlea than mechanical alignment: implica-
tions for prosthetic design. Knee Surg Sports Traumatol Arthrosc. 
https:// doi. org/ 10. 1007/ s00167- 018- 5220-z

 30. Lustig S, Sappey-Marinier E, Fary C, Servien E, Parratte S, 
Batailler C (2021) Personalized alignment in total knee arthro-
plasty: current concepts. SICOT J 7:19

 31. MacDessi SJ (2021) Restricted kinematic alignment in total knee 
arthroplasty: scientific exploration involving detailed planning, 
precise execution, and knowledge of when to abort. Arthroplast 
Today 10:24–26

 32. MacDessi SJ, Griffiths-Jones W, Chen DB, Griffiths-Jones S, 
Wood JA, Diwan AD et al (2020) Restoring the constitutional 
alignment with a restrictive kinematic protocol improves quantita-
tive soft-tissue balance in total knee arthroplasty: a randomized 
controlled trial. Bone Jt J 102-B:117–124

 33. MacDessi SJ, Griffiths-Jones W, Harris IA, Bellemans J, Chen DB 
(2020) The arithmetic HKA (aHKA) predicts the constitutional 
alignment of the arthritic knee compared to the normal contralat-
eral knee. Bone Jt Open 1:339–345

 34. MacDessi SJ, Griffiths-Jones W, Harris IA, Bellemans J, Chen DB 
(2021) Coronal Plane Alignment of the Knee (CPAK) classifica-
tion. Bone Jt J 103-B:329–337

 35. Maderbacher G, Baier C, Springorum HR, Zeman F, Grifka J, 
Keshmiri A (2016) Lower limb anatomy and alignment affect 
natural tibiofemoral knee kinematics: a cadaveric investigation. 
J Arthroplast 31:2038–2042

 36. Mara CA, Cribbie RA (2012) Paired-samples tests of equivalence. 
Commun Stat Simul Comput 41:1928–1943

 37. McAuliffe MJ, Vakili A, Garg G, Roe J, Whitehouse SL, Crawford 
R (2017) Are varus knees contracted? Reconciling the literature. 
J Orthop Surg (Hong Kong) 25:2309499017731445

 38. McEwen P, Balendra G, Doma K (2019) Medial and lateral gap 
laxity differential in computer-assisted kinematic total knee 
arthroplasty. Bone Jt J 101-B:331–339

 39. McEwen P, Dlaska C, Jovanovic I, Doma K, Brandon B (2019) 
Computer-assisted kinematic and mechanical axis total knee 

arthroplasty: a prospective randomized controlled trial of bilateral 
simultaneous surgery. J Arthroplast 35(2):443–450

 40. Myles PS, Cui J (2007) Using the Bland–Altman method to meas-
ure agreement with repeated measures. Br J Anaesth 99:309–311

 41. Niki Y, Nagura T, Nagai K, Kobayashi S, Harato K (2018) Kin-
ematically aligned total knee arthroplasty reduces knee adduction 
moment more than mechanically aligned total knee arthroplasty. 
Knee Surg Sports Traumatol Arthrosc 26:1629–1635

 42. Okamoto S, Okazaki K, Mitsuyasu H, Matsuda S, Iwamoto Y 
(2013) Lateral soft tissue laxity increases but medial laxity does 
not contract with varus deformity in total knee arthroplasty. Clin 
Orthop Relat Res 471:1334–1342

 43. Orsi AD, Wakelin EA, Plaskos C, Petterwood J, Coffey S (2022) 
Restricted kinematic alignment achieves similar relative lateral 
laxity and greater joint line obliquity compared to gap balancing 
TKA. Knee Surg Sports Traumatol Arthrosc (Online ahead of 
print)

 44. Paley D, Pfeil J (2000) Principles of deformity correction around 
the knee. Orthopade 29(1):18–38

 45. Roth JD, Howell SM, Hull ML (2015) Native knee laxities at 0°, 
45°, and 90° of flexion and their relationship to the goal of the 
gap-balancing alignment method of total knee arthroplasty. J Bone 
Joint Surg Am 97:1678–1684

 46. Sappey-Marinier E, Meynard P, Shatrov J, Schmidt A, Cheze L, 
Batailler C et al. (2022) Kinematic alignment matches functional 
alignment for the extension gap: a consecutive analysis of 749 
primary varus osteoarthritic knees with stress radiographs. Knee 
Surg Sports Traumatol Arthrosc (online ahead of print)

 47. Schlatterer B, Linares JM, Chabrand P, Sprauel JM, Argenson 
JN (2014) Influence of the optical system and anatomic points on 
computer-assisted total knee arthroplasty. Orthop Traumatol Surg 
Res 100:395–402

 48. Sharma L, Song J, Dunlop D, Felson D, Lewis CE, Segal N et al 
(2010) Varus and valgus alignment and incident and progressive 
knee osteoarthritis. Ann Rheum Dis 69:1940

 49. Sherman WF, Wu VJ (2020) Robotic surgery in total joint arthro-
plasty: a survey of the AAHKS membership to understand the 
utilization, motivations, and perceptions of total joint surgeons. J 
Arthroplast 35(3474–3481):e3472

 50. Solayar GN, Chinappa J, Harris IA, Chen DB, Macdessi SJ (2017) 
A comparison of plain radiography with computer tomography in 
determining coronal and sagittal alignments following total knee 
arthroplasty. Malays Orthop J 11:45–52

 51. Stryker. Mako application user guide. PN 209707 Rev 3 06/18: 
https:// www. stryk ermed ed. com/ media/ 2943/ mako- pka- appli 
cation- user- guide- pka- 30- 003. pdf.

 52. Vaishya R, Vijay V, Birla VP, Agarwal AK (2016) Inter-observer 
variability and its correlation to experience in measurement of 
lower limb mechanical axis on long leg radiographs. J Clin Orthop 
Trauma 7:260–264

 53. Watanabe T, Muneta T, Sekiya I, Banks SA (2015) Intraopera-
tive joint gaps and mediolateral balance affect postoperative knee 
kinematics in posterior-stabilized total knee arthroplasty. Knee 
22:527–534

 54. Winnock de Grave P, Luyckx T, Claeys K, Tampere T, Kellens J, 
Muller J et al (2020) Higher satisfaction after total knee arthro-
plasty using restricted inverse kinematic alignment compared 
to adjusted mechanical alignment. Knee Surg Sports Traumatol 
Arthrosc 30(2):488–499

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00167-018-5220-z
https://www.strykermeded.com/media/2943/mako-pka-application-user-guide-pka-30-003.pdf
https://www.strykermeded.com/media/2943/mako-pka-application-user-guide-pka-30-003.pdf

	Arithmetic hip-knee-ankle angle and stressed hip-knee-ankle angle: equivalent methods for estimating constitutional lower limb alignment in kinematically aligned total knee arthroplasty
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 
	Level of evidence 

	Introduction
	Methods
	Study design
	Study group
	Radiographic technique
	Radiographic analysis for aHKA
	Computed tomographic and robotic analysis for CT-aHKA
	Intraoperative technique for stressed HKA (sHKA)
	Outcomes

	Sample size calculation
	Statistical analysis

	Results
	Inter- and intra-observer agreement
	Primary outcome
	Secondary outcome: agreement between groups
	Secondary outcome: compartmental arthritis correction patterns

	Discussion
	Conclusion
	Acknowledgements 
	References




