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Anatomical Imaging Study on Uneven
Settlement of the Proximal Tibia

Zhijie Wang, MD, Yi Zheng, MD, Decheng Meng, MD, Handi Li, MD, Chenni Ji, MD, Juan Wang, PhD

'Hebei Medical University Third Affiliated Hospital, Shijiazhuang, China

Objective: Uneven settlement of the proximal tibia significantly contributes to the onset and progression of medial
compartment knee OA; however, the specific location and variations of proximal tibial deformity remain unclear. There-
fore, this study aimed to explore the effects of the anatomic morphology of different tibial regions on proximal tibial
vara and proximal tibial microstructural changes with age in both sexes to reveal the pattern of uneven settlement of
the proximal tibia.

Methods: In this retrospective study, we reviewed the radiographs of 414 patients (789 legs) between May and
September 2021. The medial proximal tibial angle (MPTA) and four anatomic angles of the tibia (i.e., the tibial
plateau-epiphyseal line [PT-EL] angle, epiphyseal line-tibial platform [EL-PF] angle, epiphyseal axis inclination angle
[EAIA], and subepiphyseal axis inclination angle [SAIA]) were measured. The effect of each angle on MPTA and their
changes with age in both sexes were investigated using Pearson’s correlation coefficient and multiple linear
regression.

Results: In females, PT-EL angle, EL-PF angle, and SAIA negatively correlated with MPTA (r = —0.325, —0.246, and
—0.502; p < 0.05), and EAIA positively correlated with MPTA (r = 0.099, p < 0.05). Regression analysis showed that
the correlations between MPTA and PT-EL angle, EL-PF angle, and SAIA were significant (f§ = —1.003, —0.013, and
—0.971; adjusted R? = 0.979). Furthermore, MPTA negatively correlated with age (r = —0.202, p < 0.05); PT-EL angle
and EAIA positively correlated with age (r = 0.237 and 0.142, p < 0.05). Regression analysis showed that only the
correlation between PT-EL angle and age was significant (f = 5.635, p < 0.05). In males, PT-EL angle, EL-PF angle,
and SAIA negatively correlated with MPTA (r = —0.270, —0.267, and —0.533; p < 0.05), and EAIA positively corre-
lated with MPTA (r = 0.135, p < 0.05). Regression analysis showed that the correlations between MPTA and PT-EL
angle, EL-PF angle, and SAIA were significant (f = —0.992, —0.017, and —0.958; adjusted R? = 0.970). However,
there was no significant correlation between age and any of the measured angles (p > 0.05).

Conclusions: Proximal tibial vara is affected by the anatomic morphology of the epiphyseal and subepiphyseal
regions. In females, the uneven settlement of the epiphysis progresses with age and may be responsible for dynamic
varus deformity of the proximal tibia.
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Introduction compartment knee OA, which usually requires surgical correc-
nee osteoarthritis (OA) is the leading cause of lower tion at more advanced stages.6’7
limb dysfunction in the middle-aged and geriatric Among the variables associated with varus alignment,
populations,' affecting the medial compartment more | only the medial proximal tibial angle (MPTA) has been
commonly than the lateral™® Varus limb alignment sig- | reported to be significantly associated with the progression

nificantly contributes to the onset and progression of medial | of joint space narrowing in the medial compartment, the
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odds of which increase by 21% for every 1° decrease in
MPTA.® MPTA reflects an overall morphological varus incli-
nation of the tibial articular surface relative to the mechani-
cal axis of the tibia. However, the specific location and
variations of proximal tibial deformity remain unclear.

Lu et al’ reported a significant correlation between
MPTA and age in females; however, no such correlation was
found in males. This study suggested several potential causes of
tibial varus and reported the dynamic changes seen in both
men and women. Zhang et al. proposed the theory of uneven
settlement of the tibial plateau and reported a significant corre-
lation between the settlement of the medial tibial plateau and
the Kellgren-Lawrence (K-L) classification of knee OA.0 12
This theory states that subsidence of the medial tibial plateau
may progress, causing structural changes in the cancellous
bone, which may be precipitated by an uneven distributed
mechanical load and a decrease in the bone mass with
aging, 114

The proximal epiphysis, which is demarcated from the
metaphysis by the epiphyseal line, contains the most cancellous
bone in the proximal tibia. Varus deformity of the epiphysis
due to a long-term load is associated with knee OA."® Interest-
ingly, Kawasaki et al.t® reported that besides varus inclination, a
medial shift of the tibial articular surface also contributes to
proximal tibial vara. Therefore, further research is necessary to
clarify the structural changes in different tibial regions and their
contribution to overall varus deformity in the proximal tibia, to
investigate the mechanobiological basis of knee OA.

As such, this study aimed to (i) explore the effects of
the anatomic morphology of different tibial regions on proxi-
mal tibial vara and (ii) illustrate age-related proximal tibial
microstructural changes in both sexes to reveal the pattern of
uneven settlement of the proximal tibia. We hypothesized
that an uneven settlement of the tibial plateau occurs mainly
in the epiphyseal region, which progresses with age in
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females, while in males, proximal tibial vara may form dur-
ing development.

Methods

Study Participants

We retrospectively reviewed the weight-bearing, full-leg

anteroposterior radiographs obtained in our hospital between

Ist May 2021 and 30th September 2021 through a picture

archiving and communication system (Beijing Tianjian Yuan

Da Technology Co. Ltd., China). The study participants were

selected based on the following inclusion and exclusion

criteria:

i. Inclusion criteria: (1) age >18 years; (2) radiographs
showing the standard anteroposterior view with the
patella visible in the midline and approximately one-
third to one-half overlap of the fibular head with the lat-
eral edge of the proximal tibia; and (3) varus alignment
of the lower extremity, that is, a hip-knee angle
of <180°.

ii. Exclusion criteria: (1) extension deficit of the observed
knee joint; (2) history of injury or surgery in either
lower extremity; (3) skeletal dysplasia or osteopathy
involving the lower extremities; and (4) blurring articu-
lar surface outline or epiphyseal line on the radiographs.

Based on these criteria, 414 patients (789 knees) were

finally included in the statistical analysis (Figure 1).

Radiological Measurements

The requirement for informed consent was waived because of
the retrospective nature of this study. This study was approved
by the institutional review board of the Third Hospital of Hebei
Medical University (IRB number: 2021-056-1). The films were
taken according to the patient’s medical needs, not for our
research. All data were fully anonymized before we accessed

Total Tiba (592 patients)

Exclusion Criteria
-Genu valgum (53 patients)
-Injury or Surgery (38 patients)
-Skeletal dysplasia or Osteopathy (20 patients)

481 patients
(962 Knees)

Absence of epiphyseal line on radiographs
(173 Knees)

Radiographic analysis
For statistical analysis (789 Knees)

FIGURE 1 Flowchart illustrating the enroliment
procedure
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FIGURE 2 PT-EL angle is defined as the angle between the tibial
plateau and proximal epiphyseal line. (A) Anteroposterior radiograph;
(B) schematic diagram. PT-EL, tibial plateau-epiphyseal line

o e

FIGURE 3 EL-PF angle is defined as the angle between the proximal
epiphyseal line and tibial plafond. (A) Anteroposterior radiograph;
(B) schematic diagram. EL-PF, epiphyseal line-tibial platform
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them, without personal details included, and no patient consent
was requested. The radiographs were marked and measured
using RadiAnt DICOM Viewer (v4.6.9 Medixant, Poznan-
Poland). The radiological measurements of the tibia included:
(1) MPTA: the medial angle between the line tangent to the tib-
ial plateau and the mechanical axis of the tibia'*; (2) the tibial
plateau-epiphyseal line (PT-EL) angle: the angle between the
tibial plateau and the proximal epiphyseal line (Figure 2);
(3) the epiphyseal line-tibial platform (EL-PF) angle: the angle
between the proximal epiphyseal line and the tibial plafond
(Figure 3); (4) the epiphyseal axis inclination angle (EAIA): the
angle between the line perpendicular to the proximal epiphyseal
line and the line connecting the midpoints of the proximal
epiphyseal line and tibial plateau (Figure 4); and (5) the sub-
epiphyseal axis inclination angle (SAIA): the angle between the
line perpendicular to the proximal epiphyseal line and the line
connecting the midpoints of the proximal epiphyseal line and
tibial plafond (Figure 5).

Two investigators performed radiological measure-
ments twice at 1-week intervals for 50 randomly selected
patients. Intra-observer and inter-observer reliabilities were

=

(5)

FIGURE 4 EAIA is defined as the angle between the line connecting the
midpoints of the tibial plateau and proximal epiphyseal line, and the
line perpendicular to the proximal epiphyseal line. (A) Anteroposterior
radiograph; (B) schematic diagram. EAIA, epiphyseal axis inclination
angle
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FIGURE 5 SAIA is defined as the angle between the line connecting the
midpoints of the proximal epiphyseal line and tibial plafond, and the
line perpendicular to the proximal epiphyseal line. (A) Anteroposterior
radiograph; (B) schematic diagram. SAIA, subepiphyseal axis inclination
angle

estimated by intraclass correlation coefficients (ICCs), with
an ICC of >0.8 considered excellent reliability. Based on sat-
isfactory intra- and inter-observer reliabilities (ICCs > 0.9)
for each measurement, the radiological measurements from
the same investigator were analyzed.

Statistical Methods

Statistical analyses were performed with IBM SPSS 25.0
(IBM Corp., Armonk, NY, USA) software for Windows. The
normality of continuous variables was assessed using the
Kolmogorov-Smirnov test. Continuous variables following a
normal distribution were expressed as the mean + standard
deviation. Pearson’s correlation coefficients were calculated,
and multiple regression analyses were conducted to examine
age-related changes in the four structural variables of the
tibia (PT-EL angle, EL-PF angle, EAIA, SAIA) and their rela-
tionships with MPTA in both sexes. The level of significance
was defined as a = 0.05.
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TABLE 1 Descriptive statistical data

Parameters Female (n = 547) Male (n = 242)
Age (years) 58.6 +11.4 57.1+ 145
MPTA (°) 86.1 +2.4 85.9 +£2.4
PT-EL angle (°) 3.8+27 3.2+26
EL-PF angle (°) —-0.5+5.2 0.2 +4.7
EAIA (°) 51+35 5.6+ 3.2
SAIA (°) 1.2 +£3.0 1.4+ 3.0

Abbreviations: EAIA, epiphyseal axis inclination angle; EL-PF, epiphyseal
line-tibial platform; MPTA, medial proximal tibial angle; PT-EL, tibial
plateau-epiphyseal line; SAIA, subepiphyseal axis inclination angle.

Results

Baseline Characteristics

We enrolled a total of 414 patients (789 legs), including
287 females (547 legs) with an average age of 58.6 &= 11.4 years
and 127 males (242 knees) with an average age of
57.1 & 14.5 years. Detailed statistics are listed in Table 1.

Correlations between Variables

Pearson’s correlation coefficients for evaluating the relation-
ship between age and tibial variables showed a significant
correlation of MPTA, PT-EL angle, and EAIA with age in
females (r = —0.202, 0.237, and 0.142, respectively;
p <0.01). The two remaining varjables (SAIA and EL-PF) in
females and all the variables in males did not correlate with
age (p>0.05) (Table 2). In females, multivariate linear
regression analysis of the four structural variables indicated
that only the PT-EL angle significantly correlated with age
(f = 5.635, p < 0.01; Table 3).

Bisexual Age-Based Analysis

Further analyses of the effects of the four structural variables
on MPTA were conducted. Pearson’s correlation coefficients
demonstrated a significant correlation between all four

TABLE 2 Univariate correlation between tibial variables and

MPTA based on sex

Female (n = 547) Male (n = 242)

Pearson’s Pearson’s

correlation correlation
Parameters coefficient (r) p-value coefficient (r) p-value
PT-EL angle -0.325 <0.001 -0.270 <0.001
EL-PF angle —0.246 <0.001 —0.267 <0.001
EAIA 0.099 0.021 0.135 0.035
SAIA —0.502 <0.001 —0.533 <0.001
Abbreviations: EAIA, epiphyseal axis inclination angle; EL-PF, epiphyseal
line-tibial platform; MPTA, medial proximal tibial angle; PT-EL, tibial
plateau-epiphyseal line; SAIA, subepiphyseal axis inclination angle.
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TABLE 3 Multivariate correlation between tibial variables and

MPTA based on sex

Regression

Parameters coefficient 95% ClI p-value
Female (n = 547)

PT-EL angle —1.003 -1.018 —0.988 <0.001

EL-PF angle —-0.013 —0.020 —0.005 0.001

EAIA 0.006 —0.003 0.016 0.204

SAIA —-0.971 —0.986 —0.956 <0.001
Male (n = 242)

PT-EL angle —0.992 —1.019 —0.965 <0.001

EL-PF angle -0.017 —-0.031 —0.004 0.013

EAIA 0.017 0.000 0.035 0.056

SAIA —0.958 —0.985 —0.932 <0.001
Abbreviations: EAIA, epiphyseal axis inclination angle; EL-PF, epiphyseal
line-tibial platform; MPTA, medial proximal tibial angle; PT-EL, tibial
plateau-epiphyseal line; SAIA, subepiphyseal axis inclination angle.

variables and MPTA in both males and females (p < 0.05).
In contrast, multivariate linear regression analysis revealed a
negative correlation of PT-EL and EL-PF angles and SAIA
with MPTA in both sexes (females: § = —1.003, —0.013, and
—0.971, respectively; male: f = —0.992, —0.017, and —0.958,
respectively; p < 0.05); however, there was a lack of signifi-
cant correlation between EAIA and MPTA (p > 0.05).

Discussion

he most important finding of the present study was that

the PT-EL angle, EL-PF angle, and SAIA correlated neg-
atively with MPTA, whereas EAIA correlated positively with
MPTA. Multiple linear regression analysis revealed that the
above-mentioned negative correlations were significant in
both females and males. Furthermore, MPTA correlated neg-
atively with age, whereas the PT-EL and EAIA angles corre-
lated positively with age. However, no significant correlation
was noted between age and the measured angles in males.

Morphological Indicators of the Tibia

The tibia is the primary weight-bearing structure of the knee
joint, receiving a maximum load of approximately three
times the body weight during normal gait, with the medial
tibial plateau receiving about 60% of that load."” Addition-
ally, in both Eastern and Western populations, developmen-
tal varus of the tibia is prevalent to some degree,® > which
may cause greater differences in the load distribution of the
medial and lateral tibial plateaus. As age increases, bone
mineral density and mechanical strength decline, causing
corresponding changes in the load-bearing bone settle-
ment.'>'* According to Wolffs law and the theory of
mechanical regulation of bone, bones eventually adapt to the
mechanical load and undergo structural changes. Interest-
ingly, although increased stress within a certain range can
promote bone formation, an excessive pathological load leads
to an imbalance in bone homeostasis.”’ Therefore, an uneven
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stress distribution may initiate uneven settlement of the
medial and lateral tibial plateaus. This can aggravate proxi-
mal tibial varus, causing an inward displacement of the force
line of the lower limb, thereby increasing the load on the
medial compartment further, creating a vicious circle. Cur-
rently, patients with knee osteoarthritis due to obvious proxi-
mal tibial varus primarily undergo a high tibial osteotomy,
which corrects the lower limb force line, redistributes the
internal and lateral compartment load, and slows the uneven
settlement of the medial compartment. However, in the early
stages, an effective means to redistribute the tibial load and
prevent the occurrence and progression of uneven settlement
is lacking. Therefore, it is vital to first identify the location of
proximal tibial settlement and its influence on the overall tib-
ial morphology, which can serve as a foundation for further
research on proximal tibial microstructural changes and
osteoarthritis-related pathological changes.

The proximal tibia, demarcated by the epiphysis line,
can be further subdivided into the epiphysis and sub-
epiphysis. These two regions are unique in their develop-
mental origin and microstructure. The epiphyseal region,
dominated by cancellous bone, is the first to conduct and
buffer the stress, dispersing the stress load to protect the
articular cartilage and transmitting the load to the denser
and greater load-bearing cortical bone.*** In the sub-
epiphysis, the following changes are seen: the diameter grad-
ually decreases, the proportion of cancellous bone declines,
and the cortical bone steadily thickens. The proximal tibial
cancellous bone density varies by region. In patients with
knee osteoarthritis, bone density in the medial region of the
epiphysis increases in response to a lower limb force line and
stress distribution.”*”*” Therefore, we hypothesized that the
uneven settlement of the proximal tibia occurs mainly in the
epiphysis. In this study, taking the proximal tibial epiphyseal
line as the boundary, the tibia was divided into upper and
lower regions. Morphological changes in each region were
reflected using four imaging measurements, and the compo-
sition of proximal tibial varus was subsequently analyzed.
While the PT-EL angle reflects the vertical changes of the
tibial plateau relative to the epiphyseal line, the EAIA reflects
the corresponding horizontal changes, which together affect
the anatomical morphology of the tibial epiphysis. Similarly,
the EL-PF angle and SAIA reflect the vertical and horizontal
changes in the distal tibial articular surface in relation to the
proximal epiphyseal line, respectively, which together affect
the anatomical morphology of the epiphyseal area.

In this study, multiple linear regression analysis rev-
ealed a significant correlation of the PT-EL angle, EL-PF
angle, and SAIA with MPTA in both males and females,
suggesting that epiphyseal varus, subepiphyseal varus, and
subepiphyseal shift are the main factors affecting proximal
tibial varus. Several studies have demonstrated an inward
inclination and horizontal displacement of the articular sur-
face of the plateau. Kawasaki et al.'® reported that in patients
with severe proximal tibial varus, the greater the
intraarticular displacement of the tibia, the greater the
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separation of the tibial anatomical and mechanical axes at
the proximal end. In this study, the EAIA, which reflects the
medial shift of the tibial articular surface relative to the
epiphyseal line, positively correlated with MPTA. This indi-
cates that an increased shift of the tibial articular surface will
lead to a greater proximal medial angle of the tibia and lesser
proximal tibial inward migration. This result contradicts the
report by Kawasaki et al.'® possibly due to differences in the
methods and references used to set the indicators. Specifi-
cally, they used the integral anatomical and mechanical axes
as the reference to set the tibial articular surface inclination
angle and inward migration distance, ignoring the combined
effect of the morphological changes in the subepiphyseal
region on the anatomical and mechanical axes of the tibia.
Therefore, we presume the tibia is divided into different ana-
tomical areas, for each of which corresponding morphologi-
cal indexes were set. This could give an in-depth and
accurate reflection of the causes and factors influencing
proximal tibial varus; measuring the medial angle of the
proximal tibia with the tibial mechanical axis as the reference
is better than with the tibial anatomical axis as the reference.
However, in the multivariate regression analysis in this
study, the influence of EAIA on MPTA was not significant,
and it may only be a minor factor among others influencing
proximal tibial varus.

Age-Related Proximal Tibial Structural Changes

This study analyzed the correlation of age and sex with prox-
imal tibial varus. Although MPTA correlated negatively with
age in women, it did not significantly correlate with age in
men (Table 4). This is consistent with the report by Lu
et al,” which suggested that proximal tibial varus increases
with age in women but not in men. This study further ana-
lyzed the relationship between morphological changes in dif-
ferent tibial regions and age. In males, the PT-EL angle, EL-
PF angle, EAIA, and SAIA had no significant correlation
with age (Table 4), suggesting that the morphology of the
epiphyseal and subepiphyseal regions did not change

TABLE 4 Univariate correlation between tibial variables and

age by sex

Female (n = 547) Male (n = 242)

Pearson’s Pearson’s

correlation correlation
Parameters coefficient (r) p-value coefficient (r) p-value
MPTA —0.202 <0.001 —0.058 0.368
PT-EL angle 0.237 <0.001 0.078 0.226
EL-PF angle —0.030 0.480 —0.037 0.569
EAIA 0.142 0.001 —0.015 0.815
SAIA —0.078 0.067 —0.095 0.139
Abbreviations: EAIA, epiphyseal axis inclination angle; EL-PF, epiphyseal
line-tibial platform; MPTA, medial proximal tibial angle; PT-EL, tibial
plateau-epiphyseal line; SAIA, subepiphyseal axis inclination angle.
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TABLE 5 Multivariate correlation between tibial variables and

age in females

Regression
Parameters coefficient 95% ClI p-value
PT-EL angle 5.635 0.853 1.765 <0.001
EL-PF angle 1.288 —0.079 0.380 0.198
EAIA 1.918 —0.007 0.587 0.056
SAIA 1.862 —0.025 0.918 0.063

Abbreviations: EAIA, epiphyseal axis inclination angle; EL-PF, epiphyseal
line-tibial platform; MPTA, medial proximal tibial angle; PT-EL, tibial
plateau-epiphyseal line; SAIA, subepiphyseal axis inclination angle.

significantly with age in males. In females, univariate correla-
tion analysis revealed that both PT-EL angle and EAIA cor-
related positively with age, while EL-PF angle and SAIA did
not (Table 4), suggesting that the area above the epiphyseal
line of the proximal tibia underwent uneven settlement and
shifted with age, while the area below the epiphyseal line did
not. In contrast, multivariate regression analysis demon-
strated that only the PT-EL angle significantly correlated
with age in females (Table 5). These results suggest that the
proximal tibial epiphysis in females shows uneven settlement
with age, which may be responsible for the dynamic change
in proximal tibial varus. Therefore, the crux is that the
epiphysis is the main site of uneven tibial settlement in
female patients.

Sex-Related Differences

Maeda et al.*® reported that the thickness of both the medial
and lateral cortices of the proximal tibial epiphysis in geriat-
ric women was greater than that in young women. In con-
trast, in geriatric men, only the medial cortex was thicker,
which may result from cortical bone remodeling under axial
stress. Higano et al.*” reported that a thicker medial cortex
of the proximal tibia before the onset of knee osteoarthritis
is associated with the progression of arthritis and that corti-
cal thickness can be used as an indicator of stress distribu-
tion and related morphological changes. Therefore, we
suggest that age-related changes in the area below the epiph-
yseal line of the proximal tibia in both males and females
may result from cortical bone remodeling and thickening
without any significant morphological changes in this area
due to enhanced cortical bone support.

The pathological process of uneven settlement of the
proximal tibia remains unclear. In this study, an uneven set-
tlement was found in the epiphysis, showing only dynamic
changes in women. This provides an important basis for elu-
cidating its mechanism and relationship with knee osteoar-
thritis in the future. The metaphysis is primarily composed
of cancellous bone, which is susceptible to osteoporosis,
especially in perimenopausal women.”® Furthermore, a link
between osteoporosis and osteoarthritis has been reported.
Previous studies have shown that the incidence of
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osteoarthritis and osteoporosis in women is significantly
higher than that in men.”">* Akamatsu et al.” reported that
lower limb BMD in postmenopausal women was associated
with more severe proximal tibial introversion. Based on the
results of this study and previous literature, we inferred that
bone mass loss and osteoporosis might play an important
role in the uneven settlement of the proximal tibial epiphysis
in females, which needs validation through clinical and basic
experiments.

Strengths and Limitations
This retrospective cross-sectional study has some limitations.
First, the indicators set in the analysis considered the area
from the proximal epiphyseal line to the distal articular sur-
face as a whole, ignoring the anatomical changes below the
proximal epiphyseal line. Second, factors such as weight,
height, and bone mineral density were not included in this
study, nor were the risk factors for tibial morphological
changes screened and analyzed; therefore, the correlation
between tibial imaging parameters and age is confounded. In
addition, due to the measurement on two-dimensional
images, there may be errors in the positioning of anatomical
markers, selection of midpoints, and measurement of angles.
Despite these limitations, our study demonstrated that
dividing the tibia into different anatomic regions along the
epiphysis and setting the corresponding parameters can reflect
the composition of uneven settlement more accurately. Fur-
thermore, we confirmed that the location of uneven settlement
is the epiphysis and that dynamic changes were only observed
in women, which provides an important basis to further eluci-
date its mechanism and relationship with knee osteoarthritis,
which highlights the novelty of this study. As part of a theoret-
ical study on uneven settlement of the proximal tibia, our
study will prompt subsequent investigations that seek to fur-
ther clarify the pathological process of this condition through
imaging, mechanobiology, and molecular biology techniques.

Conclusion
Proximal tibial vara (MPTA decrease) was influenced by
changes in the PT-EL angle, EL-PF angle, and SAIA.
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Epiphyseal varus, subepiphyseal varus, and subepiphyseal
shift were the main factors affecting proximal tibial varus. In
females, uneven settlement of the epiphysis progressed with
age, whereas no obvious changes were observed in males.
Our findings provide a theoretical basis for uneven settle-
ment of the proximal tibia. More attention should be paid to
aging patients, especially females.
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