International Orthopaedics (2023) 47:2215-2223
https://doi.org/10.1007/500264-023-05799-6

ORIGINAL PAPER q

Check for
updates

Ground kinematically aligned total knee arthroplasty: new
personalized technique which enables a stable knee with deep flexion

Tomoyuki Matsumoto'® - Naoki Nakano' - Kazunari Ishida? - Yuichi Kuroda' - Shinya Hayashi' -
Hirotsugu Muratsu® - Ryosuke Kuroda'

Received: 13 March 2023 / Accepted: 26 March 2023 / Published online: 22 April 2023
© The Author(s) 2023

Abstract

Purpose This study aimed to evaluate kinematically aligned total knee arthroplasty (KA-TKA) targeting the neutral ground
mechanical axis (MA) (hip-to-calcaneus axis), the line from the hip centre to the bottom of the calcaneus, (ground KA-TKA)
in terms of its comparison with tibia-restricted modified KA-TKA (modified KA-TKA).

Methods This retrospective cohort study included 106 consecutive patients who underwent unilateral KA-TKA for varus
osteoarthritis (OA) (60 modified KA-TKAs and 46 ground KA-TKAs). After 1:1 propensity score matching, 60 patients
(30 pairs) were matched between the groups with comparable demographic data. The hip-knee-ankle (HKA) angle, coronal
femoral component alignment (FCA), and coronal tibial component alignment (TCA) were compared between groups.
Intraoperative soft tissue balance, including the joint component gap and varus/valgus balance, was also compared between
the groups. One year postoperatively, the clinical outcomes, including the range of motion and 2011 Knee Society Score,
were compared between groups.

Results The HKA angle and FCA/TCA were not significantly different between groups. Whereas the varus/valgus balance
showed no significant differences between groups, smaller joint component gaps were found throughout the range of motion
in the ground KA-TKA group than in the modified KA-TKA group. Despite no difference in clinical scores between groups,
a significantly deeper postoperative flexion angle was achieved in the ground KA-TKA group than in the modified KA-TKA
group (p <0.05).

Conclusion Targeting neutral ground MA in KA-TKA for patients with varus OA has the potential to provide a better flexion
angle with stable intraoperative soft tissue balance.

Keywords Kinematically alignment - Total knee arthroplasty - Calcaneus - Ground mechanical axis

Introduction [2, 3] have gained popularity for reproducing physiological

joint lines and kinematics with minimal soft tissue release.

The alignment philosophy in total knee arthroplasty (TKA)
has recently shifted from mechanical alignment as the
gold standard to personalized alignment [1]. Among them,
anatomical and restricted kinematically aligned (KA) TKA
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However, recent meta-analyses have shown that the
advantage in KA TKA is still controversial compared with
mechanically aligned TKA; one showed better early clinical
outcomes and the other did not [4, 5].

The hip-to-calcaneus axis, known as the ground
mechanical axis (MA) [6, 7], passes through the center of the
knee joint in the native knee [8]; it has attracted attention as
an alternative alignment assessment to the hip-to-talus axis,
the gold standard MA [9-11]. Matsumoto et al. reported a
tibia-restricted modified KA-TKA procedure [12], where the
femoral component was placed on the cylindrical axis using
the calipered technique, and the tibial component constantly
placed at 3° varus. On average, this procedure resulted in
joint lines parallel to the ground and a similar alignment to
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that in young healthy individuals [8], with the ground MA
unexpectedly passing through the center of the knee joint.
Furthermore, Kamenaga et al. performed a gait analysis
and reported that the hindlimb plantar pressure distribution
after tibia-restricted modified KA-TKA is similar to that in
normal individuals [13]; that is not the case in mechanically
aligned TKA. Hence, for individualized reproduction of
native limb alignment and knee kinematics [14], ground
MA may be an alternative target, particularly for KA-TKA.

Recently, a new concept of KA-TKA targeting the neutral
ground KA for patients with varus osteoarthritis (OA) (ground
KA-TKA) was introduced with a feasible technique and fewer
alignment outliers, and was reported to potentially provide
a physiological alignment, more similar to that of the native
knee than modified KA-TKA [15]. However, details, including
intraoperative soft tissue balance and postoperative outcomes,
remains unclear. Therefore, this study aimed to compare
radiographic, intraoperative soft tissue balance, and early-
term clinical outcomes of ground KA-TKA and tibia-restricted
modified KA-TKA in patients with varus OA. The hypothesis
of the study was that the ground KA-TKA would reproduce
more stable intraoperative soft tissue balance and better clinical
outcomes compared with the modified KA-TKA, because the
ground KA-TKA technique individually fits the anatomical
differences of each knee.

Fig. 1 Distal femoral bone cut a
simulation. a The femoral bone
cut line was simulated to be

7 mm proximal to and parallel
to the bicondylar distal end line.
Considering a 2-mm cartilage
thickness, the medial side with
cartilage wear and the lateral
side with invisible cartilage
were 7 mm each (equal to a
9-mm distal thickness of the
femoral component). b The
mechanical axis from the hip
center to the center of the distal
cut line generally results in
valgus in relation to the perpen-
dicular line of the distal cut line.
In this case, the femoral angle is
3° valgus

Distal cut line

Materials and methods

Radiographic simulation for the ground KA-TKA
technique

To simulate ground KA-TKA, the femoral distal and tibial
proximal cut lines were first simulated using full-length
standing coronal radiography that included the calcaneus.
The femoral distal cut was 9 mm thick on the lateral side
and 7 mm thick on the medial side, as per the calipered
technique. Considering cartilage thickness, the distal cut
line was simulated to be 7 mm proximal to both the medial
and lateral sides of the bicondylar distal end line (Fig. 1a).
The MA of the femur was from the hip center to the center
of the distal cut line. The femoral angle (FA) was defined
as the angle between the MA and the line perpendicular
to the distal cut line and was measured: this is commonly
the valgus angle in varus-type OA (Fig. 1b).

For the simulation of the tibial side, considering the
2-mm thickness of the cartilage, the proximal cut line was
8 mm distal to the lateral joint line of the tibia (Fig. 2a).
The proximal cut line was set to neutralize the FA in rela-
tion to the ground MA from the centre of the proximal
cut line to the bottom of the calcaneus. If the resulting
FA is 3° valgus to the MA of the femur, a 3° varus tibial

Hip center

Femoral
angle (FA)
1eg. 3

Mechanical
axis

Bicondylar distal end line
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Fig.2 Proximal tibial bone a
cut simulation. a The proximal

cut line was 8 mm distal to the

lateral joint line of the tibia.

Considering a 2-mm cartilage

thickness, the lateral side with

invisible cartilage was 8 mm

(equal to a 10-mm thickness of

b Proximal cut line

the tibial component). b The
proximal cut line was simu-
lated to neutralize the femoral
angle in relation to the ground
mechanical axis from the center
of the proximal cut line to the
bottom of the calcaneus. The
navigation system refers to the
mechanical axis and not ground
mechanical axis. The mechani-
cal axis is typically medial to
the ground mechanical axis. If
the ankle is located 1° medial to
the calcaneus (ATA =1° varus)
and the FA is 3° valgus (TA=3°
varus), the navigated tibial cut
angle should be 4° varus

Proximal cut line

cut in relation to the ground MA of the tibia as the tibial
angle (TA) should be performed with the assistance of
the navigation system. The navigation system refers to
the ankle centre rather than the bottom of the calcaneus.
Therefore, ATA was defined as the angle between the MA
and the ground MA of the tibia and was measured; this
parameter should also be measured preoperatively. Gener-
ally, the calcaneus is located lateral to the ankle centre. If
the FA was 3° valgus (TA =3° varus) and the bottom of
the calcaneus was 1° lateral to the ankle center (ATA=1°
varus), the navigated tibial cut angle (nTA) was 4° varus
(Fig. 2b). These parameters were calculated as follows:
“nTA (varus) =TA (varus)(FA (valgus)) + ATA (varus).”

Ground KA-TKA compared with modified KA-TKA

The hospital’s ethics committee approved the study proto-
col (No. 290038), and the patients provided informed con-
sent for participation in the study. The inclusion criteria
were as follows: substantial pain and loss of function due
to severe OA of the knee (Kellgren—-Lawrence grade 3—4),
with a functional posterior cruciate ligament (PCL) based

Ground
mechanical
axis

Mechanical
axis

A Tibial
angle (ATA)
reg. 1°

Tibial
angle (TA)
= Femoral
angle (FA)

1eg. 3

Bottom of the calcaneus

on the intercondylar osteophytes assessed by preoperative
epicondylar view radiograph and computed tomography. To
make a fair assessment and minimize the influence of clini-
cal variables, the exclusion criteria included the following:
knees with valgus deformity, severe varus deformity > 20°,
flexion contracture > 20°, revision TKAs, active knee joint
infections, and the need for bilateral TKA. To avoid com-
pensatory hindfoot alignment change postoperatively [16,
17], patients with prior ankle or foot surgery, foot or ankle
deformity (such as flat foot, hallux valgus, and ankle OA),
history of ankle fracture, and those unable to stand stably
on one leg for> 10 s without support were also excluded.
Between January 2019 and December 2021, 106 consecutive
patients who met the abovementioned criteria were prospec-
tively enrolled in this study and underwent cruciate-retaining
TKA (Persona®. Zimmer Inc., Warsaw, IN, USA) using a
portable navigation system (iIASSIST® Zimmer-Biomet
Japan Inc., Tokyo, Japan). This cohort included 60 consec-
utive tibia-restricted modified KA-TKAs performed from
January 2019 to December 2020, and 46 consecutive ground
KA-TKAs performed from January to December 2021. All
operative procedures were performed by a senior surgeon
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(T.M.) with> 15 years of experience in performing TKAs.
To adjust for baseline patient characteristics between groups,
1:1 propensity score matching was used based on logistic
regression models using age, sex, body mass index, preop-
erative deformities, preoperative range of motion (ROM),
and subscales of the patient-derived 2011 Knee Society
Score (KSS) [18] (objective indicators, patient satisfaction,
and functional activity scores). Thirty matched pairs were
finally enrolled in this study (Table 1).

Operative procedures

After inflating the air tourniquet to 250 mm Hg, medial para-
patellar arthrotomy was performed. All surgeries were per-
formed using the extension-gap-first technique. Following
confirmation of functional PCL based on intraoperative find-
ings, PCL insertion was preserved by creating a bony island.

For the ground KA-TKAs, the distal femoral cut was per-
formed with the assistance of a portable navigation system,
followed by the tibial cut using the calipered technique [19].
Before the femoral osteotomies, minimum medial release
(osteophyte removal and release of the deep layer of the
medial collateral ligament) was performed to maintain
medial stability. Femoral osteotomies were performed after
correcting for cartilage wear from the distal and posterior
femoral condyles equal in thickness (9 mm) to the femo-
ral component; the rotational angle of the femur relative to
the posterior condylar axis was set as 0° [12]. Based on the
FA value, which was confirmed by preoperative planning
and the navigation system, the nTA value was determined
by targeting the neutral ground MA, as planned preopera-
tively. Thus, distal femoral and proximal tibial cuts were
performed by referring to preoperative simulation and navi-
gation values.

For the tibia-restricted modified KA-TKAs, the femoral
cut was made to be the same as the ground KA-TKA with
the assistance of a portable navigation system. Tibial oste-
otomy was performed at 3° varus relative to the MA and
the original posterior slope (up to 10°). Based on a previ-
ous report, where the tibial plateau inclination was approxi-
mately 3° in asymptomatic volunteers regardless of age, but
progressed to approximately 10° with OA progression [20],
3° varus of the tibial cut was applied to avoid severe varus
tibial implantation.

Radiographic measurements

Preoperatively and six months postoperatively, full-length
standing coronal radiographs that included the calcaneus
(hip-to-calcaneus radiograph) were obtained to evaluate
ground MA, as previously described [12, 21]. The patient
maintained a unipedal stance on a radiolucent platform and
faced a long film cassette. For the lowest point of the calca-
neus to be visualized by radiography, the cassettes slid into
a position where the lower edge passed through the platform
edge. The patient’s patella was placed forward and ankle
position was neutral.

Postoperatively, the hip-knee-ankle (HKA) angle and
coronal femoral/tibial component alignment (FCA/TCA)
during one-leg standing were compared between groups. To
determine the intra- and inter-observer reliabilities of the
radiographic assessments, the two investigators performed
all radiographic assessments twice on 20 randomly selected
radiographs. The intra- and inter-observer reliabilities of all
radiographic measurements were evaluated using intraclass
correlation coefficients (ICCs). The ICCs for intra- and
inter-observer reliability were > 0.85 (range, 0.85-0.96) for
all measurements. Based on the observed reliability of the

Table 1 Patient demographic
data after propensity score

matching

Ground KA-TKA Modified KA-TKA p-value

Number 30 30
Age (years)* 73.5+8.4 72.0+7.8 0.487
Sex (% female) 89.7.0% (26/30) 82.8% (24/30) 0.706
Body mass index* 26.5+4.9 27.0+2.8 0.658
Deformity (varus) (degree)*# 11.2+2.9 122+4.9 0.314
Range of motion

Extension angle (degree) —-12.8+5.7 —-11.7+4.3 0.456

Flexion angle (degree) 120.3+12.2 120.2+12.3 0.957
2011 KSS

Objective indicator* 652+79 65.7+11.7 0.854

Patient satisfaction*™ 13.4+5.6 12.7+7.3 0.670

Functional activity score* 47.1+12.0 46.0+20.1 0.794

Data are presented as mean + standard deviation

#Positive values indicate varus alignment

KA-TKA kinematically aligned total knee arthroplasty, KSS Knee Society Score
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results, the measurements obtained by only one of the inves-
tigator (N.N.) were used in the analyses.

Intraoperative measurement of the soft tissue
balance

During this study, an offset-type tensor, which enables
evaluation of the soft tissue balance throughout the ROM
with femoral component placement and patellofemoral joint
reduction, was used for the intraoperative measurement of
soft tissue balance [22, 23]. This tensor permits intraopera-
tive reproduction of postoperative alignment of the patel-
lofemoral and tibiofemoral joints; the accuracy of measur-
ing this tensor in patients who underwent TKA has been
reported [24]. Before the final implantation of the prosthe-
ses, the tensor was fixed, and the femoral trial prosthesis and
patellofemoral joint were reduced by temporarily suturing
the medial parapatellar arthrotomy site. Soft tissue balance,
including the joint component gap (mm) and varus/valgus
ligament balance (°) with the knee at 0 °, 10 °, 30 °, 60 °,
90 °, and 120 ° of flexion were measured with a distraction
force of 40 1b. This distraction force was applied several
times until the joint centre gap remained constant. This was
performed to reduce the error that can result from the creep
elongation of the surrounding soft tissues.

Clinical evaluations

Clinical evaluation was performed for each patient one
year postoperatively. The ROM and patient-derived 2011
KSS were assessed, which determined by the patients in the
outpatient clinic and includes four categories: symptoms,
patient satisfaction, patient expectations, and functional
activities. The objective knee indicator score from the 2011
KSS, determined by the surgeon who was blinded to the
group assigned, included alignment, instability, and joint
motion.

Statistical analysis

All values were normally distributed and were expressed as
mean + standard deviation (SD). Non-paired #-tests were
used to compare parameters including radiographic findings,
intraoperative soft tissue balance, and clinical outcomes
between the groups. Propensity scores were obtained from
logistic regression analysis using the following covariates:
age, sex, body mass index, preoperative deformity, preopera-
tive ROM, and preoperative clinical scores (objective indica-
tors, patient satisfaction, and functional activity scores). A
1:1 propensity score in nearest neighbour matching without
replacement was performed to create matched pairs with
the calliper set at 0.2 of a standard deviation of the logit
of the propensity score. A standardized difference of < 0.1

was considered adequate. Propensity score matching was
conducted using EZR Ver1.36 (Saitama Medical Center,
Jichi Medical University, Saitama, Japan), a graphical user
interface for R (The R Foundation for Statistical Computing,
Vienna, Austria). All other statistical analyses were using
a statistical software package (Graph Pad Prism software,
Graph Pad, California, USA). Statistical significance was
set at p < 0.05.

Results
Radiographic results

The alignment of the limbs and each component are listed in
Table 2. There were no significant differences in the HKA
angle and the FCA/ TCA between the groups.

Intraoperative soft tissue balance

The mean joint component gaps of the knees are presented
in Table 3. The joint component gaps throughout the ROM
were significantly smaller in the ground KA-TKA group than
in the modified KA-TKA group (Fig. 3a).

The mean varus/valgus ligament balance (positive value
indicates varus balance) of the knee is shown in Table 3. The
varus/valgus ligament balance in the participants exhibited
slight lateral laxity in both groups, with no significant dif-
ferences between the groups throughout the ROM (Fig. 3b).

Clinical results
The average postoperative ROMs and subscales of the 2011
KSS in the ground and modified KA-TKA groups are pre-

sented in Table 4. The flexion angles were significantly
better in the ground KA-TKA group than in the modified

Table 2 Postoperative radiological parameters

Ground KA-TKA Modified KA-TKA  p-value
HKA angle (°) 1.0+1.3 varus 1.6 + 1.6 varus 0.165
(1.0 valgus-5.0 (2.0 valgus—4.0
varus) varus)
FCA (°) 1.7+ 1.8 valgus 1.5+ 1.3 valgus 0.626
(4.0 valgus-3.0 (4.0 valgus-2.0
varus) varus)
TCA (°) 2.8+1.2 varus 3.1+1.0 varus 0.319

(0-4.5 varus)

(1.0 valgus—4.5
varus)

Data are presented as the mean +standard deviation (range). HKA hip-
knee-ankle, FCA femoral component alignment, 7CA tibial component
alignment, KA-TKA kinematically aligned total knee arthroplasty
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Table 3 Intraoperative soft

A Ground KA-TKA Modified KA-TKA p-value
tissue balance
Joint component gap (mm)
0 9.3+0.6 99+1.1 0.023
10 11.4+1.0 11.8+1.6 0.340
30 12.2+0.8 13.0+1.7 0.034
60 11.9+0.9 129+1.7 0.010
90 11.2+0.7 12.1+1.5 0.009
120 10.7+0.7 11.5+14 0.011
Varus/valgus balance (°)
0 3.1+19 37+22 0.346
10 44+2.0 3.8+25 0.335
30 42+2.1 3.6+29 0.401
60 43+25 3.6+29 0.340
90 4.0+24 33+32 0.328
120 4.0+25 3.0+2.6 0.187
(Mean +SD)

KA-TKA kinematically aligned total knee arthroplasty

117

10 7

—0O— Ground KA-TKA

Joint component gap (°)

9 —@— Modified KA-TKA

0 10 30 60 90
Flexion angle (°)

120

Fig. 3 Intraoperative soft tissue balance. A Joint component gap. The
joint component gaps in participants in the ground KA-TKA group
were significantly smaller throughout the range of motion than those
in the modified KA-TKA group.*p <0.05. B Varus/valgus ligament

KA-TKA group (p=0.041) (Table 4). All postoperative sub-
scales of the 2011 KSS showed no significant differences
between groups (Table 4).

Discussion

The most important finding of this study was that for patients
with varus OA, ground KA-TKA achieved smaller joint
component gaps throughout the ROM and better flexion
angle than tibia-restricted modified KA-TKA, as partially

@ Springer
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balance. The varus/valgus ligament balance in participants exhibited
slight lateral laxity throughout the range of motion. The value in both
groups showed no significant differences

hypothesized. To the best of our knowledge, this study is
the first to report the intraoperative soft tissue balance and
early clinical outcomes of this new KA-TKA technique that
targets neutral ground MA.

In KA-TKA, the physiological joint line and kinematics
are ideal for reproducing a pre-arthritic knee. In contrast, pre-
arthritic knees and young healthy knees demonstrate slight varus
alignment on average, constitutional varus, in conventional MA
assessment [8, 25]. This raises the question of why healthy young
knees are not in neutral MA. Haraguchi et al. suggested that true
MA, previously called ground MA [6, 7], should be assessed
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Table4 Postoperative clinical Ground KA-TKA Modified KA-TKA p-value
outcomes
ROM
Extension (°) -1.9+2.7 —-1.7+£3.0 0.824
(- 15-0) (-=10-0)
Flexion (°) 130.7+6.5 125.7+10.5 0.041
(110-140) (85-135)
2011 KSS
Objective knee indicators (100) 94.6+4.1 94.9+6.2 0.801
(86-100) (79-100)
Patient satisfaction (40) 28.1+7.6 28.1+7.0 >0.999
(14-40) (12-40)
Patient expectations (15) 11.5+£2.3 11.8+3.2 0.744
(6-15) (5-15)
Functional activities (100) 78.8+11.6 77.8+18.1 0.797
(63-100) (66-96)

(mean +SD (range))

ROM range of motion, KSS Knee Society Score, KA-TKA kinematically aligned total knee arthroplasty

from the hip centre to the lowest point of the calcaneus, not the
ankle centre [26]. Tanaka et al. reported 34 healthy individuals
(mean age, 26.4 years) with ground MA ratios of 51.4% and
50.4% and conventional MA ratios of 46.3% and 46.1% in
single-leg and double-leg standing positions, respectively.
This indicated that ground MA should be considered for the
assessment or planning of knee osteotomy and reconstruction
surgeries [8]. Kikuchi et al. reported that in 21 patients with
varus OA, ground MA was more closely correlated with knee
adduction angular impulse than conventional MA [9]. Thus, our
philosophy of targeting the neutral ground MA in KA-TKA is
reasonable.

In this study, the ground KA-TKA group exhibited more
stable joint component gaps throughout the ROM than the
modified KA-TKA group. In both procedures, the femoral
cut was performed in the same way according to the calipered
method. Therefore, difference may be due to the difference in
the tibial cut procedures; the tibia was cut individually to the
femoral cut in the ground KA-TKA, whereas the systemic tibial
cut (3° in varus) was performed in the modified KA-TKA. This
difference in the tibial cut may lead to a smaller distribution
(standard deviation) in ground KA-TKA, as shown in Table 3,
resulting in smaller and more stable joint component gaps. This
stable joint component gap in ground KA-TKA may result in
a higher flexion angle. It has been previously reported that an
excessively loose flexion gap relative to the extension gap should
be avoided to obtain a high flexion angle in TKA [27]. Our
current findings indicate that joint component gaps in ground
KA-TKA might be the appropriate level of tension. In ground
KA-TKA, appropriate joint component gaps and slight lateral
laxity may lead to a high flexion angle.

This study had several limitations. First, the assess-
ments were performed in a small patient population, and

those with severe varus, valgus deformities, and ankle/
foot deformities were excluded. The large number of
patients with valgus and severe deformities may have
influenced the results and should be examined in the
future. In addition, the clinical outcomes were assessed
only one year after the surgeries. This may not have
resulted in true clinical relevance, and longer-term fol-
low-up should be assessed.

In conclusion, the ground KA-TKA technique for
patients with mild-to-moderate varus OA resulted in more
stable joint component gaps throughout the ROM, and a
better flexion angle when compared with tibia-restricted
modified KA-TKA. This new KA-TKA procedure,
as a personalized alignment technique, may provide
physiological alignment more comparable to that of the
native knee than that of other TKA alignment techniques.
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