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Abstract

Purpose Only a few publications considered the influence of the spinopelvic parameters on below-hip anatomy. There is a
lack of evidence about the relationship between the anatomic spinopelvic parameters and the posterior tibial slope (PTS).
Therefore, the aim of this study was to analyze the association between fixed anatomic spinopelvic parameters and PTS.
Methods Adult patients presenting with lumbar, thoracic, or cervical complaints together with knee pain at a single hospital
between 2017 to 2022 with available standing full-spine lateral radiograph and lateral knee radiograph were retrospectively
reviewed. The measured parameters included the pelvic incidence (PI), the sacral kyphosis (SK), the pelvisacral angle, the
sacral anatomic orientation (SAO), the sacral table angle, the sacropelvic angle and the PTS. Pearson’s correlations and
linear regression analyses were conducted.

Results A total of 80 patients (44 women), median age 63 years were analyzed. A strong positive correlation was identi-
fied between PI and PTS (r=0.70, p <0.001). A strong negative correlation was observed between PI and SAO (r=-0.74,
p<0.001). A strong positive correlation was observed between PI and SK (r=0.81, p<0.001). A univariable linear regression
analysis showed that PTS can be deduced from PI according to the following formula: PTS=0.174 xPI-1.138.
Conclusion This study is the first to support a positive correlation between the PI and the PTS. We demonstrate that knee
anatomy is individually correlated to pelvic shape and therefore influences spinal posture.

Keywords Posterior tibial slope - Pelvic incidence - Anatomic spinopelvic parameters - Sacral anatomic orientation - Sacral
kyphosis

Introduction above the hip [2], and only a few publications considered the

influence of the spinopelvic parameters on below-hip anat-

In order to maintain a horizontal gaze in the erect posture,
a complex interplay of hip, pelvic, and spinal alignment
is required [1]. Current studies addressing sagittal spinal
alignment are mainly focused on the alignment of structures
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omy. Knee flexion is documented as an important compensa-
tory mechanism to maintain standing balance in spinopel-
vic malalignment cases [3]. Any alignment alterations due
to degenerative changes in the spine, hip or knee produce
compensatory changes at other localizations to maintain a
balanced posture [1].

However, the relationship between the anatomic spinopel-
vic parameters and knee parameters is not well understood.
The anatomic parameters are independent of the position and
orientation of the subjects and constant for an individual at a
certain time [4]. The pelvic incidence (PI) is recognized as a
key parameter that dictates the morphological characteristics
of the pelvis and affects sagittal spinal alignment [1]. Dur-
ing childhood, the pelvic incidence is observed to increase
parallel to the acquisition of walking [1]. In adulthood, it is
found to remain unchanged as long as the sacroiliac joints
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remained stable [1]. However, in the last decade, several
authors demonstrated increasing PI in older age as a con-
sequence of a twisting in the sacroiliac joints [5, 6]. The
posterior tibial slope (PTS) is defined as the angle between
the longitudinal axis of the tibia and the posterior inclination
of the tibia plateau [7]. The PTS is a key parameter in knee
joint stability and biomechanics [8]. PTS affects anterior
cruciate ligament tension, flexion gap width and posterior
femoral rollback, and consequently influences surgical deci-
sions and outcomes of reconstructive as well as joint pre-
serving knee surgery [9]. There is a lack of evidence about
the relationship between the anatomic spinopelvic param-
eters and the PTS. Therefore, the aim of the present study
was to analyze the association between fixed anatomic spin-
opelvic parameters and PTS.

Materials and methods
Patient population

This study was a retrospective analysis of adult patients
presenting with lumbar, thoracic, or cervical complaints
in addition to knee pain, at a single university hospital’s
orthopedic department from 2017 to 2022. This study
was approved by the local ethics committee under rule no.
428/20. An upright standing full-spine lateral radiograph
with both femoral heads and anterosuperior iliac spine vis-
ible and a strictly lateral knee radiograph had to be present
for inclusion. Furthermore, in the lateral knee radiograph the
distance between the posterior femoral condyles had to be
maximum 5 mm to avoid femoral rotation and the diaphyseal
axis had to be visible at least 16 cm below the tibial plateau
[10, 11]. Exclusion criteria were (1) patients younger than
18 years old, (2) history of a previous surgical intervention

or injury (e.g., tumors or fractures) at the spine, knee or hips
leading to modification of the shape of the sacrum, the posi-
tion of the acetabulae within the pelvis or the femoral con-
dyles, (3) incomplete/missing radiographs, (4) patients with
isthmic spondylolysis, (5) non-Caucasian patients, and (6)
patients with severe osteoarthritis (OA) leading to a severe
modification of the knee, hips and spine were also excluded.
The Kellgren—Lawrence classification was used to assess
the severity of knee OA in patients with available antero-
posterior (a.p.) knee radiograph [12]. Patients with Grade 4
OA were excluded. It is worth noting that in other studies, PI
value was not observed to be different in case of degenera-
tive spinal diseases [13]. Patients with isthmic spondylolysis
were excluded because cases of isthmic spondylolysis have
been associated with significantly higher values of pelvic
incidence (PI), which have been shown to be proportional
to the degree of slipping [14]. Collected demographic infor-
mation included age, gender, and ethnicity. Only Caucasian
patients were included in this study because several studies
demonstrated that sagittal pelvic parameters were different
among different ethnicities [15]. The study flow of patient
inclusion and exclusion is depicted in Fig. 1.

Pelvic measurements

The evaluation of pelvic parameters is based on the bicox-
ofemoral axis and the superior end plate of the first sacral
segment (S1). The hip axis, determined by the midpoint
of the bicoxofemoral axis, represents the zero point, and
the center, anterior or posterior corner of the S1 end plate
represents the end point of the measurements. The pelvic
incidence (PI) represents the angle between the line join-
ing the center of the hip axis and the center of the S1 end
plate and the line orthogonal to the S1 endplate [16] (Fig. 2).
The pelvisacral angle (PSA) is the angle between the line

Fig.1 Study flow of patient

. . . Patients included (n=98)
inclusion and exclusion

Caucasian patients

Upright standing full-spine lateral radiograph
- Lateral knee radiograph

Patients excluded (n=18)

- Radiographs with both femoral heads
and anterosuperior iliac spine not visible

- Distance between the posterior femoral
condyles greater than 5 mm and the
diaphyseal axis less than16 cm below
the tibial plateau

- Patients younger than 18 years old

- History of a previous surgical
intervention or injury (e.g., tumors or
fractures) at the spine, knee or hips

- Patients with advanced OA of the hips
and spine

- Patients with severe knee OA (Kellgren-
Lawrence score of 4)

- Patients with isthmic spondylolysis

Patients analyzed (n=80)
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Fig.2 Measurements on a
lateral radiograph of the spin-
opelvic region of a recruited
patient. Measurement of sacral
table angle (STA) (black angle),
sacropelvic angle (PRS1) (red
angle), femorosacral posterior
angle (FSPA) (green angle),
sacral anatomic orientation
(SAO) (blue angle). B. Meas-
urement of sacral kyphosis (SK)
(black angle), pelvic incidence
(PI) (red angle), pelvisacral
angle (PSA) (green angle). The
circles represent the femoral
heads

joining the center of the hip axis and the center of the S1
end plate and the line along the S1 endplate [4] (Fig. 2).
The sacral anatomic orientation (SAO) represents the angle
between the line joining the anterosuperior iliac spine and
the anterosuperior edge of the symphysis pubis and the line
along the S1 end plate [17] (Fig. 2). The sacral table angle
(STA) is the angle between the line along the S1 end plate
and the line along the posterior border of the S1 body [18]
(Fig. 2). The sacropelvic angle (PRS1) is the angle between
the line joining the center of the hip axis and the posterior
corner of the S1 end plate and the line along the S1 end plate
[4] (Fig. 2). The femorosacral posterior angle (FSPA) rep-
resents the angle between the line joining the center of the
hip axis and the posterior corner of the S1 end plate and the
line along the posterior border of the S1 body [4] (Fig. 2).
Sacral kyphosis (SK) has been defined as the angle between
a line joining the midpoint of the superior and the inferior
borders of S1 and the line joining the inferior borders of S2
and S4 [19] (Fig. 2).

Knee measurements

The posterior tibial slope (PTS) was determined on a lateral
knee radiograph as follows: angle between the tangent of the
medial and lateral tibial plateau and the perpendicular line
to the diaphyseal tibial axis (Fig. 3). The axis was defined as
the connection of two points equidistant between the anterior
and posterior border of the tibia, one just below the tibial
tubercle and the other 16 cm below the most proximal point
[10] (Fig. 3).

Statistical analyses

All parameters were measured by two blinded observ-
ers and one of the observers measured twice with a time
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Fig.3 Measurement of the posterior tibial slope (PTS) on a lateral
knee radiograph of a recruited patient (blue angle). The axis was
defined as the connection of two points equidistant between the ante-
rior and posterior border of the tibia, one just below the tibial tubercle
and the other 16 cm below the most proximal point (yellow arrows)

interval of 3 months for intra- and interrater agreement.
All continuous variables were checked first for normal
distribution by applying the Shapiro—Wilk Test. Mean
and standard deviation (SD) or median and interquartile
range [IQR] were reported depending on the distribution
of the continuous data. Because all parameters in excep-
tion of age were normally distributed, parametric tests
were performed. The correlation of PI, PSA, SAO, STA,
PRS1, FSPA, SK, and PTS were evaluated with Pearson’s
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correlation. A Pearson’s coefficient between 0.00 and
0.10 is considered as a negligible correlation, between
0.10 and 0.39 as week, 0.40-0.69 as moderate, between
0.70 and 0.89 as strong and between 0.90 and 1.00 as very
strong correlation. For the comparison of two groups, the
paired two-sample t-test was performed. Univariable lin-
ear regression analysis and multivariable linear regression
analysis with adjustment for age were conducted. The int-
rarater and interrater reliability were evaluated using the
intraclass correlation coefficient (ICC) two-way random
effects model. ICCs are generally interpreted as follows:
< 0.5 is poor, between 0.5 and 0.75 is moderate, between
0.75 and 0.90 is good, and more than 0.90 is excellent.
In addition, a power analysis was performed. Statistical
analysis was conducted using the software R (version
4.2.2; The R Project for Statistical Computing). Statisti-
cal significance was set to p <0.05.

Results

Among the screened patients, 80 patients (44 women),
median age 63 years, fulfilled all the inclusion criteria
and were analyzed in this study. Patient demographics and
the severity of knee OA assessed by Kellgren—Lawrence
are illustrated in Table 1.

Measurement of the anatomic spinopelvic
parameters and PTS
Statistically, there was so significant differences between

either sex in anatomic spinopelvic parameters and PTS in
our patient’s cohort (Table 2).

Table 1 Patient demographic data

Factors n 80
Age (years) Median [IQR] 63.0
[55.0;
77.0]
Gender, count Female 44
Male 36
Kellgren-Lawrence classifica- 0 2
tion, count
1 10
2 27
3 37
4 0
Not applicable 4

IQR interquartile range

Table 2 Details of the anatomic spinopelvic parameters of the 80
recruited patients, stratified by sex

n=2_80 Male patients ~ Female patients  p value
n=36 n=44
PI (°) 554+122 55.8+124 55.1+12.1 0.83
PSA (°) 34.6+12.2 343+124 349+12.1 0.81
STA(°) 101.2+6.8 99.7+6.5 102.4+7.0 0.14
FSPA (°)  70.8+10.5 69.8+10.8 71.6+10.3 0.53
PRS1(°) 30.2+10.6 29.8+10.9 30.6+10.4 0.69
SAO (°) 51.5+11.7 51.5+11.0 51.5+123 0.92
SK (°) 3324132 35.1+15.2 31.7+11.2 0.11
PTS (°) 8.5+3 85+2.9 8.5+3.1 0.91

Data are presented as: mean + standard deviation, p value

PI pelvic incidence, PSA pelvisacral angle, SAO sacral anatomic
orientation, STA sacral table angle, PRS/ sacropelvic angle, FSPA
femorosacral posterior angle, SK sacral kyphosis, PTS posterior tibial
slope

Pearson’s Correlations between the anatomic
spinopelvic parameters and PTS

A strong positive correlation was identified between PI and
PTS and reciprocally between PSA and PTS. Furthermore,
a strong positive correlation was observed between PI and
SK, and reciprocally between PSA and SK. Additionally, a
strong positive correlation was identified between FSPA and
SK. A strong negative correlation was observed between PI
and SAO, and reciprocally between PSA and SAO. There
was a strong positive correlation between PRS1 and SAO.
A strong negative correlation was observed between PRS1
and SK and between PRS1 and PTS. Table 3 summarize the
Pearson’s correlation coefficients of spinopelvic parameters
and PTS.

Linear regression analysis

Univariable and multivariable linear regression analysis after
adjustment for age showed a significant positive correlation
between PI and PTS. PTS can be deduced from PI according
to the following formula: PTS =0.174 X PI —1.138. Age was
not significant in the multivariable linear regression analysis.

Univariable and multivariable linear regression
analysis after adjustment for age showed a significant
positive correlation between PI and SAO. SAO can be
deduced from PI according to the following formula:
SAO=-0.707 x PI +90.649. Age was not significant in the
multivariable linear regression analysis. Univariable and
multivariable linear regression analysis after adjustment for
age showed a significant positive correlation between PI and
SK. SK can be deduced from PI according to the follow-
ing formula: SK=0.871xPI—15.037. Age was not signifi-
cant in the multivariable linear regression analysis. Table 4

@ Springer
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Table3 Pearson’s correlation Pl PSA STA FSPA PRSI SAO SK PTS

coefficients of spinopelvic

parameters and PTS for male PI —1.00%* —0.33% 0.79%: —0.99% —0.74%* 0.81%* 0.70%*

and female patients n =80 PSA 033%  —079%  099%F  074%  —081%  —070%
STA 0.31* 0.36* 0.25% -0.09 —0.32%
FSPA —0.78%* —0.59%* 0.76%* 0.49%*
PRSI 0.75%* —0.80%* —0.70%*
SAO —0.57%* —0.53%*
SK 0.49%*

Data are presented as: *p <0.05; **p <0.001

PI pelvic incidence, PSA pelvisacral angle, SAO sacral anatomic orientation, STA sacral table angle, PRS1
sacropelvic angle, FSPA femorosacral posterior angle, SK sacral kyphosis, PTS posterior tibial slope

Table 4 Univariable and

- 5 . Var Uni Multi.*
multivariable linear regression
analysis E 95% CI r? pvalue E 95% CI ? p value
PTS~PI 0.174  (0.134,0.214) 0482 <0.001 0.167  (0.127,0.207) 0.498 <0.001
SAO~PI -0.707 (-0.853,-0.561) 0.539 <0.001 -0.681 (-0.827,-0.535) 0.556 <0.001
SK~PI  0.871 (0.726, 1.015) 0.645 <0.001 0.886  (0.739,1.033) 0.647 <0.001

In this table shows the results of the linear regression analysis with PTS, SAO, and SK as dependent and PI

as an independent variable (Var.)

95% CI 95% confidence interval, PI pelvic incidence, SAO sacral anatomic orientation, SK sacral kyphosis,

PTS posterior tibial slope
*Adjusted for age
Significant values are in bold

summarizes the estimate, 95% CI, r-squared and p values for
the univariable and multivariable linear regression analysis.
Figure 4 showed the graphical representations of the cor-
relations between PI and PTS, PI and SAO, and PI and SK.

Intra- and interrater reliability

The ICC revealed a moderate to excellent intra- and interob-
server agreement (Table 5).

Discussion

The aim of the present study was to analyze the correlation
between PTS and anatomic spinopelvic parameters. A strong
positive correlation was identified between PI and PTS, a
strong negative correlation between PI and SAO and a strong
positive correlation between PI and SK.

Only a few prior studies insisted on the relationship
between anatomic spinopelvic parameters and anatomic
parameters of the lower extremity [20, 21]. This study is the
first to support a positive correlation between most of the
measured pelvic parameters, including the PI and the PTS.
Since PI seems to be a major determinant if spinal posture
[1], we postulate that everyone has a specific combination of

@ Springer

interlinked and anatomically fixed parameters defining their
physiologic whole-body posture. Even knee anatomy is indi-
vidually correlated to pelvic shape and therefore influences
spinal posture. Therefore, this study confirms that physi-
ological sagittal alignment and spinal posture is related to
a balance between spinopelvic and the lower extremities
anatomy [1, 22].

Our findings have clinical implications for knee sur-
gery. Physiologically PTS reconstruction should be a goal
of total knee arthroplasty (TKA). The reconstructed PTS
plays s significant role in restoring knee kinematic in TKA
[23]. However, the optimal PTS angle for postoperative knee
function continues to be controversial [23]. Typically, the
goal of the reconstructed PTS in TKA corresponds to an
arbitrary angle based on the recommendation of prosthesis
manufacturers and design [23]. Anatomic pelvic parame-
ters could potentially help calculating the ideal individual
PTS. We could deduce a formula between PI and PTS as
PTS=0.174 X PI - 1.138. Our formula could be used to cal-
culate the ideal individual PTS based on anatomic pelvic
parameters. In prior studies, investigators have demonstrated
increased PI in older age as a consequence of a twisting of
the sacroiliac joints [5, 6]. In our patient cohort, however,
the variable age was not significant in the multivariable lin-
ear regression analysis. Therefore, future studies with larger
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Fig.4 Graphical representations 16 o .
of the correlations between PI RELLpRI0e13 L= -04p=b3e10
and PTS (a), PI and SAO (b),
and PI and SK (c). The Pear-
son’s correlation coefficient, 12 60
the p value and the formula are
depicted on each graph @ e
a %]
8
40
4 .
.. PTS=0.174xPI-1.138 20 SAO =-0.707 x PI + 90.649 .
a 30 40 50 60 70 80 b 40 50 60 70 80
PI PI
R=0.81,p<22e-16 *
60
« 40
w
20
v s * SK =0.871 x Pl - 15.037
30 40 50 60 70 80
c PI
Tal?le 5 .Intra— and interrater Parameter Intra rater Inter rater
reliabilities of the measured
values ICC 95% C1 p value ICC 95% CI p value
PI 0.888 (0.826, 0.928) <0.001 0.837 (0.749, 0.895) <0.001
PSA 0.945 (0.915, 0.965) <0.001 0.890 (0.824,0.931) <0.001
STA 0.833 (0.752, 0.890) <0.001 0.680 (0.546, 0.784) <0.001
FSPA 0.951 (0.924, 0.968) <0.001 0.918 (0.875, 0.947) <0.001
PRS1 0.941 (0.909, 0.962) <0.001 0.952 (0.888, 0.952) <0.001
SAO 0.919 (0.874, 0.948) <0.001 0.863 (0.794, 0.910) <0.001
SK 0.941 (0.909, 0.961) <0.001 0.884 (0.826, 0.924) <0.001
PTS 0.888 (0.826, 0.928) <0.001 0.837 (0.749, 0.895) <0.001

ICC intraclass correlation coefficient, 95% CI 95% confidence interval, PI pelvic incidence, PSA pelvisa-
cral angle, SAO sacral anatomic orientation, STA sacral table angle, PRSI sacropelvic angle, FSPA femo-
rosacral posterior angle, SK sacral kyphosis, PTS posterior tibial slope

Significant values are in bold

samples sizes are required to account for a patient’s age in
our proposed PTS formula.

A strong correlation between PI and SK means that PI
is reflected in sacral anatomy. McKay et al. showed that
the pelvis can compensate the kyphotic anatomy of the
sacrum by increasing the value of the pelvic tilt and there-
fore increasing the capacity to position the pelvis through a
wider spectrum of angles [24]. The authors showed that if a
patient has a pronounced SK, it is likely that they also have a
relatively high PI, resulting in favorable ratios of sacral slope

(SS) to pelvic incidence. Our data supports previous results
of McKay et al. A highly statistically significant positive
correlation between the PI and SK was identified r=0.636,
p<0.0001 [24].

We found a strong negative correlation between PI and
SAO in both male and female patients, which supports
similar findings in prior studies [17, 25]. Peleg et al. [17]
demonstrated that SAO and PI measurements were highly
correlated with a coefficient r=—0.824, p <0.001 for skel-
etal material and r=—-0.828, p<0.001 for adult living

@ Springer
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individuals. These findings highlight the significance of
sacral orientation in determining the proper alignment of
the spine.

This study had several limitations. First, selection bias
exists due to our cohort consisting of patients who have
been referred to our hospital’s spine service with pathol-
ogy of varying natures. We sought to limit this by excluding
patients with isthmic spondylolysis, severe osteoarthrosis,
or previous surgery. Second, the sample size was limited,
however, the power analysis revealed that the minimum case
number required for a significant Pearson correlation is 46.
Therefore, the sample size of this study was considered suf-
ficient by power analysis. Third, the PTS was measured on
a lateral knee radiograph. The PTS is defined as the angle
of the tibial plateau in relation to the mechanical axis of
the tibia, which is defined as the connection between the
midpoints of the tibial plateau and the distal tibial joint. For
this study, the diaphyseal axis was defined between 6 and
16 cm below the tibial plateau. Faschingbauer et al. [10]
showed that a reference axis connecting mid-diaphyseal
points at 6 and 10 cm below the tibial plateau will overesti-
mate the PTS of 3°, on average, and that the measurement
between 6 and 16 cm is more accurate, with an error of 1,5°
on average. Additionally, Gwinner et al. [11] demonstrated
that lateral knee radiograph may be good alternative if the
radiograph contains a sufficient tibial length and femoral
rotation is avoided. Furthermore, this study did not include
clinical assessment. Lastly, because this study only included
Caucasian patients, further studies are needed to confirm the
identified correlations in other ethnicities.

Conclusion

This is the first study to identify a positive correlation
between pelvic incidence and posterior tibial slope. This
study shows that there is an anatomic association between
fixed spinopelvic parameters and alignment of below-hip
structures. This confirms that the physiologic sagittal align-
ment of the spine is related to a balance between spinopelvic
and lower extremities anatomical parameters, and that each
individual patient has a specific combination of interlinked,
anatomically fixed, parameters that defines their physiologic
whole-body posture.
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