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ABSTRACT 

 

Popliteal Vascular Safety during High Tibial Osteotomy: an Analysis in 3-

Dimensional Knee Flexion Models 

 

Sung-Hwan Kim 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Chong-Hyuk Choi) 

 

 Concern about inadvertent popliteal vascular injury during high tibia osteotomy (HTO) 

for the posterior cortex of the proximal tibia requires careful attention. However, 

different methods and conditions adopted to each study led to draw conflicting 

conclusions. In addition, most studies performed in the context of two dimensions 

rather than three dimensions, and no studies have determined whether the results vary 

in relation to the real osteotomy plane. The objects of this study were as follows; (1) to 

develop a validated magnetic resonance imaging  (MRI) based 3D knee flexion model 

that enables to evaluate knee and popliteal artery (PA) kinematics of each subject, (2) 

to analyze popliteal artery movement in the 3D coordinate system in relation to knee 

flexion and osteotomy techniques (lateral closed  HTO (LCHTO) vs. uniplane medial 

open HTO (UP-MOHTO) vs. biplane medial open HTO (BP-MOHTO)), (3) to identify 

optimal techniques using oscillating saw or osteotome in each osteotomy plane. 
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 Sixteen subjects who underwent knee MRI scan with extension and 90° flexion in our 

institute were enrolled in the study. After developing the 3D knee flexion models for 

each specimen, 3 types of virtual osteotomies were performed in the models using 

avalidated sofware (Mimics® 17.0, Materialise, Leuven, Belgium). Displacement of 

the PA during knee flexion along the X-axis (dX) and Y-axis (dY), the distance between 

posterior tibial cortex and PA parallel to Y-axis (d-PCA). And also, ∆d-PCA was 

defined as the value obtained by substracting d-PCA of extension from d-PCA of 

flexion. Frontal plane safety proportion (FPSP) was define as the ratio of the length 

between the most medial or lateral margin and the medial or lateral edge of the PA to 

the total length of the osteotomy along the osteotomy plane. The maximal axial safe 

angles (MASA) of osteotomy calculated the angle was formed by two intersection line 

which lie in the osteotomy plane as well as pass through a common intersection point 

that is the the most medial or lateral eminence of the cutting surface. One line is parallel 

with the coronal plane of the coordinate system and the oother line is tangent to the 

surface of the popliteal artery along the osteotomy plane. Differences among 3 

osteotomy methods were compared in each flexion angle. 

 In LCHTO group, the mean dY, dX, ∆d-PCA were 1.9 ± 1.3 mm, 0.0 ± 5.7 mm, 1.3 ± 

2.3 mm (p = 0.170), respectively. In UP-MOHTO group, the mean dY, dX, ∆d-PCA 

were 1.7 ± 1.7 mm, -0.1 ± 5.6 mm, 1.3 ± 1.8 mm (p = 0.050). In BP-MOHTO group, 

the mean dY, dX, ∆d-PCA were 1.8 ± 1.8 mm, -0.5 ± 5.7 mm, 1.7± 2.0 mm (p = 0.015). 

Regards to d-PCA, values in knee flexion was decreased rather than those in extended 

position, which were 6 subjects (37.5%) in LCHTO, 5 subjects (31.3%) in UP-MOHTO, 
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and 3 subjects (18.8%) in BP-MOHTO. The mean FPSP of each osteotomy method in 

knee extension were 37.6 ± 5.9 %, 49.2 ± 6.0 %, and 45.1 ± 8.1 % (LCHTO, UP-

MOHTO, and BP-MOHTO, respectively). The mean MASA of each osteotomy method 

in knee extension were 45.8 ± 4.4°, 35.2 ± 5.9°, and 38.9 ± 6.5° (LCHTO, UP-MOHTO, 

and BP-MOHTO, respectively). In all ostetomy methods, values in knee flexion slightly 

increased, but these increments were not significnat. 

 On average, the PA moved posteriorly during knee flexion based on reference points 

as locations of the PA in extension in all osteotomy planes. The d-PCA significantly 

increased toward lower level osteotomy planes. Although the significant increment of 

the mean value during knee flexion was noted in BP-MOHTO group only, these small 

(1.7 mm) increment and inconsistent movement along subjects may not provide clinical 

significance. In the frontal plane, the location of the PA was about 37% from most 

lateral cortex of the tibia, and 45 ~ 49 % from most medial cortex of the tibia along 

each osteotomy plane. Saw angle from the frontal plane should be at maximum 45° in 

the LCHTO and 35 ~ 40° in the MOHTO. 

 

 

 

 

 

---------------------------------------------------------------------------------------------- 

Key words: knee, popliteal artery, high tibial osteotomy, 3-dimensional analysis 
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Popliteal Vascular Safety during High Tibial Osteotomy: an Analysis in 3-

Dimensional Knee Flexion Models 

 

Sung-Hwan Kim 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Chong-Hyuk Choi) 

 
I. INTRODUCTION 

 

 High tibial osteotomy (HTO) has become a valuable treatment option for patients with 

isolated medial compartment arthritis and varus knee alignment1,2. HTO is a widely 

performed procedure for young and active patients because of the various advantages 

and superior clinical outcomes compared to unicompartment knee replacement. 

However, concern about inadvertent popliteal vascular injury during osteotomy of the 

posterior cortex of the proximal tibia requires careful attention. There are several 

reports about complications related to vascular injuries3-8. In this respect, several studies 

reporting on changes in the distance between the posterior cortex of the tibia and 

popliteal artery in accordance with knee flexion angle have been published9-15. However, 

different methods and conditions adopted to each study led to draw conflicting 

conclusions9-15. In addition, most studies performed analysis in the context of two 

dimensions rather than three dimensions, and no studies have yet determined whether 
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the results vary in relation to the real osteotomy plane. There has been only one study 

considering the real osteotomy situation. Kim et al.13 reported in their cadaveric study 

that the popliteal artery was farthest from the posterior tibia at 90° of knee flexion and 

saw angles greater than 30° from the coronal plane put the popliteal neurovasculature 

at risk of injury. Although this study has provided good information about the vascula, 

this knowledge based mainly on cadaveric in vitro study may not reflect actual vascular 

structures and knee kinematics in the living human due to the removal of adjacent soft 

tissue around the knee joint. Recently, an in vivo 3-dimensional (3D) technique has 

been used to overcome obvious limitations of cadaveric studies and enable the analysis 

of in vivo motion of any joint and the more accurate measurement of anatomic 

structures noninvasively16,17. To our knowledge, there has been no simulation studies 

using a 3D model for these relationships. The objects of this study were as follows; (1) 

to develop a validated magnetic resonance imaging  (MRI) based 3D knee flexion 

model that enables to evaluate knee and popliteal artery kinematics of each subject, (2) 

to analyze popliteal artery movement in the 3D coordinate system in relation to knee 

flexion and osteotomy techniques (lateral closed  HTO (LCHTO) vs. uniplane medial 

open HTO (UP-MOHTO) vs. biplane medial open HTO (BP-MOHTO)), (3) to identify 

optimal techniques using oscillating saw or osteotome in each osteotomy plane.  

 

II. MATERIALS AND METHODS 

   

1. Subject Enrollment 
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 This study was approved by our institutional review board. Inclusion criteria was 

subjects who underwent knee MRI scan with extension and 90° flexion in our institute 

from January 2008 to May 2013. Subjects with inflammatory arthritis, ligament injuries, 

previous surgeries, fractures, retained hardware, vascular disease or procedures, and 

less than 80° of knee flexion angle in flexion MRI, which was defined as the angle 

between the femoral and tibial longitudinal axes according to the measurement 

standards described by Chen et al.18 were excluded. Among all patients who met 

eligibility criteria, sixteen subjects were randomly selected and enrolled according to 

sample size calculations. The mean subject age was 47.4 years (range, 27 ~ 69 years; 

standard deviation (SD), 13.7 years), the mean height was 162.6 cm (range, 150.0 ~ 

177.0 cm; SD, 9.8 cm), the mean body mass index was 22.3 kg/m2 (range, 19.1 ~ 27.7 

kg/m2; SD, 2.4), and the mean flexion angle was 88.6° (range, 80.1 ~ 100.7°; SD, 6.0°). 

Radiological diagnoses of subjects were five chondromalcia of the patella, five medial 

meniscus lesion, 3 lateral meniscus lesion and 3 within normal findings (Table 1).  
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Table 1. Information of the Subjects 
 
 

Subject No. Gender Age,y Side Height,cm Weight, kg BMI, kg/m2 Radiological Diagnosis 

1 F 55 L 160.0 50.0 19.5 Lateral meniscus degeneration 
2 F 57 L 160.0 60.0 23.4 Chondromalacia of the patella 
3 F 42 R 169.0 62.0 21.7 Chondromalacia of the patella 
4 F 69 L 160.0 50.0 19.5 Chondromalacia of the patella 
5 F 69 L 150.0 56.0 24.9 Medial meniscus horizontal tear 
6 F 28 L 150.0 50.0 22.2 Within normal finding 
7 M 54 R 170.0 65.0 22.5 Medial meniscus horizontal tear 
8 F 52 R 165.0 52.0 19.1 Chondromalacia of the patella 
9 M 30 L 174.0 75.0 24.8 Medial meniscus degeneration 

10 F 50 L 152.0 49.0 21.2 Lateral meniscus tear 
11 F 57 L 152.0 64.0 27.7 Medial meniscus flap tear 
12 F 27 R 163.0 55.0 20.7 Lateral meniscus tear 
13 F 49 R 150.0 50.0 22.2 Chondromalacia of the patella 
14 M 52 R 173.0 66.0 22.1 Medial meniscus degeneration 
15 M 29 R 176.0 63.0 20.3 Within normal finding 

16 M 38 R 177.0 78.0 24.9 Within normal finding 
 
M: male, F: female, R: right, L: left
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2. Magnetic Resonance Imaging based 3-dimensional Knee Model 

 

 MRI scans were obtained at 0 degrees extension and 90° of knee flexion in supine 

position. MRI was performed using a 3-T MR system (Discovery MR750w®; GE 

Healthcare, Milwaukee, WI, USA) with a GEM Flex-Medium coil. The 3-T MR 

protocol consisted of knees in extended and flexed positions using the isovoxel sagittal 

3D cube sequence (TR/TE = 1,300/31.82 ms and flip angle 90 degrees; slice thickness 

0.5 mm; field of view 160X160 mm; matrix 320X320). Digital Imaging and 

Communications in Medicine (DICOM) files were imported into validated software 

(Mimics® 17.0, Materialise, Leuven, Belgium) to segment 3D volumetric model. Two 

trained observers segmented the MRI images of the femur, tibia, and popliteal artery 

semi-manually (Fig. 1). The first observer had previous experience segmentating for 

about 150 sets of knee MRI images, and the second observer was an orthopedic surgeon 

who had previously segmented 50 sets of knee MRI images. The two observers were 

trained to use a rule-based protocol including prior instruction of common rules 

between observers in 3D reconstruction and performed the same segmentation and 

reconstruction processes on the MR images19. High reproducibility of 3D 

reconstruction has been analyzed in our previous studies20,21. Registration of the 3D 

images of the tibia at extension and flexion allowed us to develop the 3D knee flexion 

models for each specimen (Fig. 2). During the registration of the 3D images, the mean 

3D least square fitting tolerance was recorded at 0.087 mm.  
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Figure 1. Digital Imaging and Communications in Medicine files were imported into 

validated software to segment 3D volumetric model 
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Figure 2. Registration of the 3D images of the tibia at extension and flexion allowed us 

to develop the 3D knee flexion models for each specimen. The red-colored vascular 

structure represents the popliteal artery at extension and the violet-colored structure 

represents the popliteal artery at flexion 

  



11 

 

3. Coordinate Systems 

 

A. Creating Base Model for the Femur and Tibia 

 

 Fifty-six subjects were randomly selected from 502 patients who underwent lower 

extremity CT angiography for evaluation of vascular lesion in 2009 in our institute. 

Four subjects who had bone deformities or a history of bone disease or trauma were 

excluded. After that, finally 52 subjects (30 males and 22 females) were included for 

creating 3D base model for the femur and tibia. The mean age, height, and weight of 

the selected subjects were 52.2 years (range 22 ~ 64 years), 166.1 cm (range 154 ~ 184 

cm), and 63.3 kg (range 42 ~ 90 kg), respectively. Lower extremity CT angiography 

data were acquired by means of a LightSpeed VCT 64 (GE Healthcare, Milwaukee, WI, 

USA) set to 100 kVp and 94 mA with an image resolution of 0.4 mm/pixel and 1.2-mm 

slice thickness. One observer segmented the CT images of the entire length femur and 

tibia semi-manually using Mimics 17.0 software (Materialise, Leuven, Belgium) (Fig. 

3).  
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Figure 3. CT images of the entire length femur and tibia were segmented semi-manually using Mimics 17.0 software 
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B. Coordinate Systems of Full Length of the Femur and Tibia 

 

 A local coordinate system modified from recommendation of International Society of 

Biomechanics22 was specified for each bone, such that its’ positive X, Y, and Z 

directions corresponded to lateral to medial, anterior to posterior, and inferior to 

superior direction, respectively. The femoral coordinate system was defined using the 

femoral mechanical axis (F-MA) and the transepicondylar axis of the distal femur. The 

femoral head center (F-HC) was determined as center of the sphere that best fitted 

femoral head surface23. The intercondylar notch center of the distal femur (F-ICNC) 

was determined as the most distal point of the distal femur in coronal and sagittal 

views24. The apex of medial epicondyle of the femur (F-AMEC) was defined as the 

most medial apex was analyzed using a computer aided draft (CAD) software (3-

matic® 9.0, Materialise, Leuven, Belgium). As a similar manner, the apex of lateral 

epicondyle of the femur (F-ALEC) was also defined. The F-MA was defined as Z-axis 

passing through the F-HC and the F-ICNC, and the origin of the femoral coordinate 

system was assigned as F-ICNC. The X-axis as the vector passing through the origin 

and parallel to the transepicondylar axis projected on the plane perpendicular to F-MA, 

and the Y-axis was determined automatically using the vector product of Z-axis by X-

axis (Fig 4). 
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Figure 4. Local coordinate system of the femur 

F-HC: femoral head center, F-LAEC: lateral apex of the femoral epicondyle, F-MAEC: 

medial apex of the femoral epicondyle, F-ICNC: femoral intercondylar notch center, F-

MA: femoral mechanical axis, F-ECA: femoral transepicondylar axis 
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 The tibial coordinate system was determined with the tibial mechanical axis (T-MA) 

and the lateral medial plateau line (T-PL) of the proximal tibia. Landmark points of the 

tibia; the center of lateral plateau of the tibia (T-LPC) and the center of medial plateau 

of the tibia (T-MPC) were determined by selecting the centroid of multiple points on 

the medial and lateral joint surface of the proximal tibia that was surrounded by a 

contour line of each compartment joint surface. The center of plafond of the distal tibia 

(T-AC) was determined by selecting of the centroid of multiple points of the distal tibia 

joint surface25. The T-PL was defined as the line connecting T-MPC and T-LPC and T-

MA was defined as the line connecting T-AC and the midpoint of the T-LP (T-HPC). 

The origin of the tibial coordinate system was determined as the center of tibial plateau 

(T-CP) at which T-MA passes through the tibial plateau surface of the reconstructed the 

tibia. Z-axis of the tibial coordinate system was determined as T-MA; X-axis as the 

vector passing T-CP and perpendicular to T-MA, also on the coronal plane including 

both T-MPC and T-LPC; Z-axis as the cross product of the X-axis and Y-axis (Fig 5.). 

  



16 

 

 

Figure 5. Local coordinate system of the tibia 

T-LPC: tibial lateral plateau center, T-MPC: tibial medial plateau center, T-PL: tibial 

plateau line, T-AC: tibial plafond center, T-HPC: mid point between T-LPC and T-MPC, 

T-CP: tibial plateau center, T-MA: tibial mechanical axis 
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C. Coordinate System for the Distal Femur and Proximal Tibia Based on MRI 

Segmentation 

 

 Although 3D knee models from MRI segmentation had distal femoral and proximal 

reference points (F-ICNC, F-LAEC, F-MAEC, T-LPC, T-MPC and T-HPC), F-HC and 

T-AC could not be defined directly. Therefore, the surface models from each 

experimental subjects were co-registered with the most matching base model, which 

were pre-aligned to the defined coordinate system (Fig. 6). Matching factors accounted 

for height, trans-epicondylar width of the femur and gender, which were correlated with 

3D positions of F-HC and T-AC in a preliminary study.  

 

 Figure 6. The surface models from each experimental subjects were co-registered with 

the most matching base model, which were pre-aligned to the defined coordinate 

system 
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4. Virtual High Tibial Osteotomies 

 Using the simulation tool 3 types of osteotomies were performed to the model. The 

cutting surface of the LCHTO was 2 cm inferior and parallel to the joint line26, the UP-

MOHTO was obliquely starting 2.5 cm inferior to the medial joint surface and finishing 

1.5 cm inferior to the lateral joint surface, and the BP-MOHTO was also cut obliquely 

starting 3.5 cm inferior to the medial joint surface and finishing 1.5 cm inferior to the 

lateral joint surface27 (Fig 7). All osteotomy planes were perpendicular to the coronal 

plane (XZ plane) of the model. Virtual osteotomy planes did not have any thickness, 

and proximal segments including the femur, tibia, and popliteal arteries in extension 

and flexion were processed to be invisible after virtual osteotomies, which enable us to 

view cross-sections of the tibia and popliteal arteries (Fig 8). 

 

Figure 7. Virtual high tibial osteotomies.  

LCHTO: lateral closed high tibial osteotomy, UP-MOHTO: uniplane medial open high 

tibial osteotomy, BP-MOHTO: biplane medial open high tibial osteotomy 
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Figure 8. Perspective view of the 3D knee model after uniplane medial open high tibial 

osteotomy.  

After virtual osteotomy, proximal segments including the femur, tibia, and popliteal 

arteries in extension and flexion were processed to be invisible, which enable us to view 

cross-sections of the tibia and popliteal arteries easily 
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5. Measurement 

 

A. Displacement of the Popliteal Artery during Knee Flexion 

 Posterior displacement of the popliteal artery from extension to flexion of the knee 

was measured in two ways. dY was defined as the length between the center of the 

popliteal artery at extension and flexion along the Y-axis. Positive values meant 

posterior displacement. d-PCA was defined as the distance between posterior tibial 

cortex and popliteal artery parallel to Y-axis (Fig. 9). And also, ∆d-PCA was defined as 

the value obtained by subtracting d-PCA of extension from d-PCA of flexion. Medial 

or lateral displacement of the popliteal artery from extension to flexion of the knee was 

measured as dX, which was defined as the length between the center of the popliteal 

artery at extension and flexion along the X-axis. Positive values meant medial 

displacement (Fig. 9). dY, dX, and d-PCA were compared during knee extension and 

90° of knee flexion, respectively. Also differences among 3 osteotomy methods were 

compared in each flexion angle.   
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Figure 9. Measurements of the displacement of the popliteal artery at extension and flexion 

PA: popliteal artery, Ext: extension, Flx: flexion, dX: the length between the center of the popliteal artery at extension and 

flexion along the X-axis, dY: the length between the center of the popliteal artery at extension and flexion along the Y-axis, d-

PCA: the distance between posterior tibial cortex and popliteal artery parallel to Y-axis
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B. Frontal Plane Safety Proportion 

 Frontal plane safety proportion (FPSP) was define as the ratio of the length between 

the most medial or lateral margin and the medial or lateral edge of the popliteal artery 

to the total length of the osteotomy along the osteotomy plane (Fig. 10). The values in 

extension and flexion were compared in each osteotomy method. And, the values of 

UP-MOHTO and BP-MOHTO were compared in extension and flexion. 

 

 

Figure 10. Measurement of the frontal plane safety proportion (FPSP) in biplane medial 

open high tibial osteotomy (HTO). 

FPSP was define as the ratio between (A) the length between the most medial margin 

of the tibia and the medial edge of the popliteal artery, and (B) the total length of the 

osteotomy along the osteotomy plane. In lateral closed HTO, same manner of 

measurement was applied but starting from lateral side.  
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C. Angular Measurements in Osteotomy Planes 

 The maximal axial safe angles (MASA) of osteotomy with an electric saw or blade 

could be measured on the osteotomy plane. The angle is formed by two intersection 

lines which lie in the osteotomy plane as well as pass through a common intersection 

point that is the the most medial or lateral eminence of the cutting surface. One line is 

parallel with the coronal plane of the coordinate system and the oother line is tangent 

to the surface of the popliteal artery along the osteotomy plane (Fig. 11). The values in 

extension and flexion were compared in each osteotomy method. And also, the values 

of each osteotomy method were compared in extension and flexion. 
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Figure 11. Measurements of the Maximal Axial Safe Angle (MASA) 

MASA is defined angle between Line A is parallel with the coronal plane of the 

coordinate system and pass through Point A which is the most medial edge of the tibia 

on the cutting plane, and Line B containing Point A and tangent to the popliteal artery 

at extension or Line C containing Point A and tangent to the popliteal artery at flexion. 

Line A, B, C and Point A were at the same datum plane, which is the osteotomy plane. 
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6. Statistical Analysis 

 A prospective power analysis was performed using power calculation tool for paired 

t-test in PASS software (version 2008, NCSS statistical software, Kaysville, UT, USA). 

Due to difference methodology and values of measurement of our study compared to 

those of previous articles, sample size calculation of this study was based on 

preliminary analysis using 5 subjects. According to paired comparison between d-PCA 

at extension and flexion in each osteotomy methods, means of difference and standard 

deviations (SDs) of difference were 2.9 mm and 2.6 mm in LCHTO, 2.3 mm and 2.1 

mm in UP-MOHTO, and 2.5 mm and 2.5 mm in BP-MOHTO, respectively. A sample 

size analysis with a power of 80% and an alpha of 0.01 (after adjustment for five pair-

wise comparison using Bonferroni method) showed that 13, 14, 16 subjects were 

required, respectively.  

 This introduced a correlation structure between the observations obtained from the 

same knee. Thus, a linear mixed model was used for statistical analysis, and a 

Bonferroni approach was used to adjust the alpha level for pairwise post hoc 

comparisons. Analysis for correlation between dY and ∆d-PCA were performed with 

Pearson correlation in each osteotomy method. All measurements were performed by 

two observers, who were blinded to each other’s findings. They measured each values 

twice over an interval of 2 weeks with subjects ordered randomly. The 95% confidence 

intervals of intraclass correlation coefficients were 0.94 to 0.99 for intraobserver 

reliabilities and 0.91 to 0.96 for intraobserver reliabilities. SPSS software (version 22.0; 

SPSS Inc., Chicago, IL, USA) was used for all analyses, and data presented as mean ± 
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SD and p-values <0.05 were considered statistically significant. 

 

III. RESULTS 

 

1. Displacement of the Popliteal Artery during Knee Flexion 

 

 All data measuring displacement of the popliteal artery in knee extension and flexion 

in each osteotomy method are shown in Table 2 and Fig. 12. In LCHTO group, the 

mean posterior displacement along the Y-axis was 1.9 ± 1.3 mm, medial displacement 

along X-axis was 0.0 ± 5.7 mm, d-PCA in extension was 10.6 ± 2.2 mm and d-PCA in 

flexion was 11.9 ± 3.4 mm. Although the mean ∆ d-PCA was 1.3 ± 2.3 mm, this 

increment was not significant (p = 0.170). In UP-MOHTO group, the mean posterior 

displacement along the Y-axis was 1.7 ± 1.7 mm, medial displacement along X-axis 

was -0.1 ± 5.6 mm, d-PCA in extension was 12.6 ± 2.1 mm and d-PCA in flexion was 

13.9 ± 3.0 mm. The mean ∆ d-PCA was 1.3 ± 1.8 mm, although being positive was not 

significant (p = 0.050). In BP-MOHTO group, the mean posterior displacement along 

the Y-axis was 1.8 ± 1.8 mm, medial displacement along X-axis was -0.5 ± 5.7 mm, d-

PCA in extension was 13.0 ± 2.0 mm and d-PCA in flexion was 14.8 ± 3.0 mm. The 

mean ∆ d-PCA was 1.7± 2.0 mm, this increment was significant (p = 0.015). All 

popliteal artery of subjects moved posteriorly at the osteotomy plane. However, the 

popliteal artery of two subjects moved anteriorly in UP-MOHTO as well as BP-

MOHTO group. Medial or lateral displacement of the popliteal artery during flexion 
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showed various values for each subject, with a wider range than anterior or posterior 

displacement. In observing the direction of movement by dividing the four 

compartment (anteromedial, AM; anterolateral, AL; posteromedial, PM; posterolateral, 

PL) during flexion, there were no AM displacement in all osteotomy methods. The 

number of subjects of AL/PM/PL in each osteotomy methods were 0/10/6, 2/10/4, and 

2/9/5 (LCHTO, UP-MOHTO, and BP-MOHTO, respectively). The number of subjects 

in which the distance between posterior cortex of the tibia and anterior surface of the 

popliteal artery decreased in flexion compared to the extension were 6 subjects (37.5%) 

in LCHTO, 5 subjects (31.3%) in UP-MOHTO, and 3 subjects (18.8%) in BP-MOHTO.  

 

 
Figure 12. Plot diagrams of the popliteal artery displacement in each osteotomy level 
LCHTO: lateral closed high tibial osteotomy 
UP-MOHTO: uniplane medial open high tibial osteotomy 
BP-MOHTO: biplane medial open high tibial osteotomy 
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Table 2-A. Measured Displacement of the Popliteal Artery in Knee Extension and 
Flexion in a Lateral Closed High Tibia Osteotomy Plane 
 

Subject 
No. 

dY, 
mm 

dX, mm d-PCA in 
Ext., mm 

d-PCA in Flx., 
mm 

∆ d-PCA (Flx.-
Ext.), mm 

1 0.6 6.8 8.6 6.1 -2.5 

2 0.7 0.2 10.6 11.1 0.5 
3 2.6 3.0 10.7 11.7 1.0 
4 0.3 1.5 11.3 11.0 -0.4 
5 2.3 5.7 13.3 14.2 0.9 
6 3.0 6.0 7.9 6.9 -1.1 

7 3.4 -2.2 10.4 13.5 3.1 
8 0.7 -11.0 6.4 10.1 3.6 
9 3.0 0.7 10.0 12.1 2.1 

10 1.6 0.2 11.3 11.0 -0.3 
11 3.1 5.7 9.4 11.8 2.4 
12 1.9 -4.2 7.9 9.6 1.7 
13 1.8 -12.3 12.4 18.5 6.1 
14 4.3 -3.2 14.3 19.0 4.7 
15 0.4 -0.4 11.8 11.6 -0.2 
16 0.4 4.0 13.8 13.1 -0.8 

Mean ± 
SD 

1.9 ± 
1.3 

0.0 ± 
5.7 

10.6 ± 2.2* 11.9 ± 3.4* 1.3 ± 2.3 

 
dY: posterior displacement of the popliteal artery along Y-axis, 
dX: medial displacement of the popliteal artery along X-axis, 
d-PCA: distance between posterior tibial cortex and the popliteal artery parallel to Y-
axis, 
Ext.: extension, 
Flx.: flexion, 
SD: standard deviation, 
* p = 0.190 
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Table 2-B. Measured Displacement of the Popliteal Artery in Knee Extension and 
Flexion in a Uniplane Medial Open High Tibia Osteotomy Plane 
 

Subject 
No. 

dY, 
mm 

dX, mm d-PCA in Ext., 
mm 

d-PCA in Flx., 
mm 

∆ d-PCA (Flx.-
Ext.), mm 

1 0.5 7.6 9.6 8.9 -0.8 

2 0.2 0.8 13.7 13.7 0.0 
3 2.9 2.9 11.1 12.4 1.2 
4 -1.5 -1.2 13.8 12.8 -1.1 
5 2.1 5.3 13.8 15.2 1.3 
6 3.9 5.1 10.6 13.1 2.5 
7 3.8 -2.2 12.2 15.9 3.7 
8 0.8 -10.9 9.2 10.5 1.3 
9 3.0 0.7 10.6 13.1 2.5 

10 0.6 2.4 12.1 11.2 -0.9 
11 2.8 5.1 10.2 13.1 2.9 
12 2.2 -3.8 9.0 9.8 0.8 
13 2.6 -11.9 14.3 18.0 3.7 
14 4.3 -3.9 16.3 20.9 4.6 
15 -0.4 -0.9 12.6 12.2 -0.4 
16 0.0 3.4 14.0 13.9 -0.2 

Mean ± 
SD 

1.7 ± 
1.7 

-0.1 ± 
5.6 

12.1 ± 2.1† 13.4  ± 3.0† 1.3 ± 1.8 

 
dY: posterior displacement of the popliteal artery along Y-axis, 
dX: medial displacement of the popliteal artery along X-axis, 
d-PCA: distance between posterior tibial cortex and the popliteal artery parallel to Y-
axis, 
Ext.: extension, 
Flx.: flexion, 
SD: standard deviation, 
† p =0.050 
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Table 2-C. Measured Displacement of the Popliteal Artery in Knee Extension and 
Flexion in a Biplane Medial Open High Tibia Osteotomy Plane 
 

Subject 
No. dY, mm dX, mm d-PCA in 

Ext., mm 
d-PCA in Flx., 

mm 
∆ d-PCA (Flx.-

Ext.), mm 
1 1.0 7.6 10.9 12.3 1.4 

2 0.1 1.0 14.9 15.0 0.1 
3 3.3 2.2 11.9 13.9 2.0 
4 -0.9 -2.0 14.4 13.8 -0.5 
5 1.1 3.9 14.3 15.0 0.7 
6 4.0 3.4 11.3 15.0 3.7 
7 4.5 -1.8 13.0 17.4 4.5 
8 0.8 -10.1 10.9 11.4 0.6 
9 2.6 0.9 12.7 15.5 2.8 

10 0.4 5.5 12.4 12.2 -0.2 
11 2.7 4.2 10.9 13.5 2.6 
12 1.4 -4.0 10.4 11.4 1.0 
13 3.5 -14.0 15.3 20.2 4.9 
14 4.4 -4.6 17.4 22.4 5.0 
15 -0.8 -1.9 13.5 12.6 -0.9 
16 0.6 2.3 14.5 14.8 0.3 

Mean ± 
SD 

1.8 ± 
1.8 

-0.5 ± 
5.7 13.0 ± 2.0‡ 14.8  ± 3.0‡ 1.7 ± 2.0 

 
dY: posterior displacement of the popliteal artery along Y-axis, 
dX: medial displacement of the popliteal artery along X-axis, 
d-PCA: distance between posterior tibial cortex and the popliteal artery parallel to Y-
axis, 
Ext.: extension, 
Flx.: flexion, 
SD: standard deviation, 
‡ p = 0.015 
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 Correlation analysis showed that dY and ∆ d-PCA were strongly correlated in 

MOHTO groups (r = 0.891, p <0.0001 in UP-MOHTO and r = 0.959, p < 0.0001 in BP-

MOHTO). However, LCHTO group showed weak correlation between dY and ∆ d-

PCA (r = 0.481, p = 0.060) (Fig. 13).  

 Comparing the d-PCA of the osteotomy methods in same flexion angle, the BP-

MOHTO showed significant larger values compared to the other two methods, and the 

mean value of the UP-MOHTO was significantly larger than that of the LCHTO in 

extended knee position. Similar trend was noted in 90 degrees of knee flexion and also 

that was significant (Fig. 14). However, the extent of the displacement along the 

coordinate system axis (dY and dX) and ∆ d-PCA during knee flexion were not 

significantly different among the three osteotomy methods (Fig. 15).  



32 

 

 

 

Figure 13. Correlation plots of posterior displacement of the popliteal artery along Y-
axis and change in distance between posterior tibial cortex and the popliteal artery 
during knee flexion in each osteotomy planes (A, LC-HTO; B, UP-MOHTO; C, BP-
MOHTO) 
LCHTO: lateral closed high tibial osteotomy, UP-MOHTO: uniplane medial open high 
tibial osteotomy, BP-MOHTO: biplane medial open high tibial osteotomy, dY: posterior 
displacement of the popliteal artery along Y-axis, d-PCA: distance between posterior 
tibial cortex and the popliteal artery parallel to Y-axis, Ext.: extension, Flx.: flexion 
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Figure 14. Comparison of distances between the posterior tibial cortex and the popliteal 
artery among osteotomy methods in knee extension and flexion 
LCHTO: lateral closed high tibial osteotomy, 
UP-MOHTO: uniplane medial open high tibial osteotomy, 
BP-MOHTO: biplane medial open high tibial osteotomy, 
d-PCA: distance between posterior tibial cortex and the popliteal artery parallel to Y-
axis, 
*p < 0.0001, **p = 0.007 
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Figure 15. Comparison of arterial displacement among osteotomy methods 
Columns and error bars represent means and standard errors, respectively 
LCHTO: lateral closed high tibial osteotomy, 
UP-MOHTO: uniplane medial open high tibial osteotomy, 
BP-MOHTO: biplane medial open high tibial osteotomy, 
dY: posterior displacement of the popliteal artery along Y-axis, 
dX: medial displacement of the popliteal artery along X-axis, 
d-PCA: distance between posterior tibial cortex and the popliteal artery parallel to Y-
axis, 
Ext.: extension, 
Flx.: flexion 
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2. Frontal Plane Safety Proportion 

 

 The mean FPSP of each osteotomy method in knee extension were 37.6 ± 5.9 %, 49.2 

± 6.0 %, and 45.1 ± 8.1 % (LCHTO, UP-MOHTO, and BP-MOHTO, respectively). 

Values were similar between in both extension and in flexion for all osteotomy methods. 

In knee extension, the mean FPSP of the UP-MOHTO was significantly larger than that 

of the BP-MOHTO (p < 0.0001). However, this pattern was not shown to be significant 

in knee flexion (p = 0.790) (Table 3). 

 

Table 3. Frontal Plane Safety Proportion1 
 

 FPSP in Extension (%) FPSP in Flexion (%) p-value 

LC-HTO 37.6 ± 5.9 37.8 ± 8.3 0.932 
UP-

MOHTO 
49.2 ± 6.9 49.2 ± 10.5 0.994 

BP-
MOHTO 

45.1 ± 8.1 48.9 ± 11.0 0.152 

p-value UP-MOHTO vs BP-
MOHTO, 
 <0.0001 

UP-MOHTO vs BP-
MOHTO,  0.790 

 

 
1 The values are given as the mean and standard deviation 
FPSP: Frontal Plane Safety Proportion, 
LCHTO: lateral closed high tibial osteotomy, 
UP-MOHTO: uniplane medial open high tibial osteotomy, 
BP-MOHTO: biplane medial open high tibial osteotomy 
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3. Maximal Axial Safe Angle 

 

 The mean MASA of each osteotomy method in knee extension was 45.8 ± 4.4°, 35.2 

± 5.9°, and 38.9 ± 6.5° (LCHTO, UP-MOHTO, and BP-MOHTO, respectively). In all 

osteotomy methods, values in knee flexion slightly increased, but these increments 

were not significant. In knee extension, the mean MASA of LCHTO was significantly 

larger than that of UP-MOHTO (p < 0.0001) and BP-MOHTO (p = 0.007). Also, the 

mean MASA of BP-MOHTO was significantly larger than that of UP-MOHTO (p < 

0.0001). In knee flexion, the mean MASA of UP-MOHTO was significantly smaller 

than that of BP-MOHTO (p < 0.0001) and LCHTO (p = 0.027) (Table 4). 

 

Table 4. Maximal Axial Safety Angles1 in Osteotomy Planes 
 
  MASA in Extension (� ) MASA in Flexion (� ) p-

value 
LC-HTO 45.8 ± 4.4 47.3 ± 8.2 0.338  
UP-
MOHTO 

35.2 ± 5.9 37.2 ± 7.4 0.135  

BP-
MOHTO 

38.9 ± 6.5 40.7 ± 7.9 0.243  

p-value LCHTO vs UP-MOHTO, 
<0.0001 
LCHTO vs BP-MOHTO, 0.007 
UP-MOHTO vs BP-MOHTO, 
<0.0001 

LCHTO vs UP-MOHTO, 
0.027 
LCHTO vs BP-MOHTO, 
0.217 
UP-MOHTO vs BP-
MOHTO, <0.0001 

  

 
1 The values are given as the mean and standard deviation 
MASA: maximal axial safety angle, 
LCHTO: lateral closed high tibial osteotomy, 
UP-MOHTO: uniplane medial open high tibial osteotomy, 
BP-MOHTO: biplane medial open high tibial osteotomy 
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IV. DISCUSSION 

 

 HTO is an established treatment method which realigns the anatomical axis in knee 

osteoarthritis with associated varus deformity limited to the medial compartment1-3. 

However, complications related to surgery such as delayed union, nonunion, peroneal 

nerve injury may occur and popliteal artery injury due to electric saw is known as the 

most severe complication. There are several reports on popliteal artery transection, 

traumatic aneurysm, thrombosis and perforation3,4,7,8,28-30. Most neurovascular injuries 

develop during lateral closing wedge osteotomy3,4,7,28, recently reports on these 

complications in medial opening wedge osteotomy have come to the fore8,29,30. In order 

to minimize these complications, some surgeon advocate that osteotomy should be 

performed with the knee in flexion and there are several studies reporting on the change 

in popliteal artery position during knee flexion utilizing cadaveric dissection11-13, 

arteriography11,31, ultrasonography9,11, and MRI10,11,14,15,32. Vermon et al.12 has reported 

on posterior displacement of the popliteal artery around the joint level during knee 

flexion using 6 cadavers. They only mentioned on harmonious posterior movement of 

middle and lower part of the popliteal artery along the bony structures and the upper 

part of the artery. Kim et al.13 reported on significant increment of the distance from the 

posterior tibial to the popliteal artery 2.0 cm below the joint line with knee flexion, in 

which measured distances were 6.2 ± 4.2 mm in knee extension and 11.0 ± 4.0 mm in 

90°of knee flexion. However, it is difficult to say that physiological in-vivo dynamics 

of the tissues are completely reproduced in a cadaveric model, in which there are no 



38 

 

proximal or distal musculotendinous attachment with soft tissue envelope. Also, 

measurements were performed using lateral mini C-arm radiographs, which inherently 

has calibration error and probability of incorrectly calculating the exact shortest 

distance between the posterior tibial cortex and the popliteal artery that could be located 

at a different sagittal plane. Two ultrasonography studies showed contradictory results 

9,11. Zaidi et al.9 reported that the popliteal artery was closer to the tibia in 90° of knee 

flexion than in full extension in more than half of the knee examined, which was argued 

on negating the effect of gravity by Shetty et al. who also inferred that the pressure of 

the ultrasound probe against the popliteal fossa may have prevented posterior vessel 

motion and spurious anterior displacement11. Utilizing MRI, measuring the distance in 

different planes has been proposed as a better alternative method. Smith et al.10 has 

reported on the distance to the popliteal artery during knee flexion using MR images of 

9 patients. They used the method of calculating the shortest distance from the posterior 

tibial cortex to the popliteal artery and vein from an axial image taken 1.5 ~ 2.0 cm 

inferior to the joint line. They reported that mean increment of the distance from 

posterior tibial cortex to the popliteal artery was 0.9 mm, which is compatible with our 

results of ∆ d-PCA (1.3 ± 2.3 mm) in the LCHTO plane. However, recent MRI study 

by Yoo et al.15 reported that the mean location of the popliteal artery at 2 cm distal to 

the joint level from posterior tibial cortex were 4.9 mm in extension and 9.7 mm in 

flexion. This discrepancy could be a result of difference in defining measuring direction. 

Their anteroposterior dimension measurements were defined as the shortest distance 

between two paralleled lines which were tangential to the posterior cortical margin of 
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the tibia and the anterior wall of the popliteal artery at the same axial plane, in which 

the direction of measurements might be inconstant in accordance with the contour of 

the tibial posterior cortical margin. An individual coordinate system in each MRI 

examination is determined when a subject undergoes the MRI examination with a pre-

scanned scout view without precisely predetermined anatomical landmarks. As a result, 

MRI study has an inherently inconstant coordinate system in every cases, which could 

result in unintentional errors in the measurements. In addition, previous studies 

arbitrarily determined a certain axial plane at about 2 cm below the joint line as the 

osteotomy plane. Although the LCHTO plane can be simulated in this manner, the 

current BP-MOHTO recently contrived to solve problems such as metal failure, 

unstable plate fixation in conventional MOHTO27,33, which is performed in an oblique 

fashion, can not be accurately reproduced.  

 To our best knowledge, our study is the first study which comprehensively analyzed 

the location and movement of the popliteal artery at knee extension and flexion by using 

a precise and standardized 3D coordinate system22,23,34 as well as simulating osteotomy 

surgery corresponding to clinical situations.  

 On average, the location of the popliteal artery moved posteriorly during knee flexion 

based on reference points as locations of the popliteal artery (dY) in extension in all 

osteotomy planes. However, these values did not match the change of the distance 

between the posterior cortex of the tibia and anterior margin of the popliteal artery (∆ 

d-PCA) in each subject. In the LCHTO, even though dY of all subjects were measured 

positive meaning that the popliteal artery moved posteriorly in all subjects, the 
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measured distance from the posterior cortex to artery resulted in a different pattern. In 

6 of 16 subjects, the distance to the posterior cortex from the popliteal artery in flexion 

was closer than that in extension. Mediolateral displacement of the popliteal artery in 

flexion had wider range of distribution than anteroposterior displacement, which could 

explain the discrepancy described above in combination with more variable contours 

of the posterior margin of the tibia at the LCHTO level compared to that of UP-MOHTO 

and BP-MOHTO. The change of the distance between the posterior cortex of the tibia 

and anterior margin of the popliteal artery were 1.3 ~ 1.7 mm in each osteotomy plane, 

but statistical significance was only shown in the BP-MOHTO. Nevertheless, these 

increment obtained from knee flexion during surgery might not provide expectable safe 

margins for surgeons to prevent inadvertent vascular injuries the following two reasons. 

First, the extent of increment was too small to apply to clinical situations. Second, even 

though the mean value was positive, negative values were still noted in 3 of 16 subjects. 

On comparison among osteotomy methods, lower level osteotomy resulted in a 

significantly longer distance between the posterior tibial cortex and the popliteal artery. 

Therefore, surgeons planning to perform LCHTO should take more care compared to 

the medial open techniques.  

 We defined two concepts for safe osteotomy in regard to frontal and axial plane along 

each osteotomy line. Frontal plane safety proportion estimates of the safe depth of 

sawing before meeting the popliteal artery. This corresponds to about 37% in LCHTO 

and to about 45 ~ 49% in MOHTO. Lee et al.32 showed that the popliteal artery was 

located at approximately 35 mm from the posteromedial cortex of the tibia in their 
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multiplanar MR image study. Because our findings were presented as proportion at each 

osteotomy plane, those clinical meaning could be considerable. During osteotomy 

surgeons can usually visulaize or palpate the most prominent edge on medial and lateral 

side at the intended starting point of the osteotomy. If surgeons performed sawing 

starting from any point located anterior to the most medial or lateral edge of the tibia 

and maintained less sawing angle compared to maximal axial safe angle (MASA), 

probability of inadvertent injuries to the popliteal artery could be lowered. In our results, 

an MASA of about 45 ~ 48° was needed in LCHTO and 35 ~ 40° in MOHTO. The BP-

MOHTO had a larger safe range of MASA compared to UP-MOHTO. These findings 

were consistent with the previous cadaver study by Kim et al.13, in which they showed 

that an angle greater than 30 ~ 38° from the coronal plane put the popliteal artery at risk 

of injury in MOHTO.    

 This study has the following limitations. First, 3D models analyzed in the study 

originated from patients rather than healthy participants. To minimize this limitation 

only subjects who did not have arthritis, ligament injuries, previous surgeries, fractures, 

vascular disease or procedures which could affect joint kinematics and vascular 

structures were included. Lee et al.32 reported in their MRI study, that the location of 

the popliteal artery below the joint levels was not significantly different between 

arthritic group and non-arthritic group. In a similar study based on normal volunteers 

with no knee pain there was no apparent difference compared to other studies15. Second, 

MR based knee models were initially segmented semi-manually. To reduce error of 

measurements, the two observers were trained to use a rule-based protocol including 
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prior instruction of common rules between observers in 3D reconstruction and 

performed the same segmentation and reconstruction processes on the MR images19. 

High reproducibility of the 3D reconstruction has been analyzed in our previous 

studies20,21 and the 95% confidence intervals of intraclass correlation coefficients were 

0.94 to 0.99 for intraobserver reliabilities and 0.91 to 0.96 for intraobserver reliabilities, 

which showed high reliability and reproducibility. Third, virtual osteotomies were 

simulated. The benefit of a simulation study includes the free formation of virtual 

cutting and easy measurement of the ranges of distances and angles in the same subject. 

However, it is possible that the result of the simulation study could be different from 

that of the actual surgery. Especially, we did not consider the thickness, width and 

oscillating angle range of the saw. This might limit the surgeon from directly using 

information from this study. Fourth, this study was performed using Asian subjects. 

There is a difference in the bone size of Asian and non-Asian patients35. Therefore, our 

study results must be applied with caution when operating on non-Asian patients, and 

proper adjustments may be needed. 
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V. CONCLUSION 

 

 3D models are being reconstructed and utilized in many anatomical and 

biomechanical studies using CT or MR images. Unlike past cadaveric studies, these 

studies have the advantage of indirectly reconstructing in-vivo physiologic structures 

and especially has the merit of reconstructing 3D structures of complicated skeletal, 

cartilage, ligament and vascular structures to assist in visual understanding. In our study, 

through production of 3D models of distal femur, proximal tibia, popliteal artery we 

were able to elucidate the relationship of osteotomy to the popliteal artery during high 

tibial osteotomy.  

 On average, the popliteal artery moved posteriorly during knee flexion based on 

reference points as locations of the popliteal artery in extension in all osteotomy planes. 

However, the distance between the posterior cortex of the tibia and anterior margin of 

the popliteal artery significantly increased toward lower level osteotomy planes and the 

significant increment of the mean value during knee flexion was noted in the BP-

MOHTO group only. In the frontal plane, the location of the popliteal artery was about 

37% from the most lateral cortex of the tibia, and 45 ~ 49 % from most medial cortex 

of the tibia along each osteotomy plane. Saw angle from the frontal plane should not 

exceed 45° in LCHTO and 35 ~ 40° in MOHTO.
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ABSTRACT (IN KOREAN) 

 

근위경골절골술에서 슬관절 굴곡에 따른 슬와동맥의 위치 변화와 절

골면상의 수평 안전각 분석:자기공명영상을 이용한 3차원 모델 연구 

 

<지도교수 최 종 혁> 

 

연세대학교 대학원 의학과 

김 성 환 

 

 근위경골절골술 시행 시 슬와부 혈관손상은 각별히 주의를 요하는 부분이

다. 이를 줄이기 위하여 다양한 연구들이 절골술 시 슬와혈관의 움직임을 

분석한 바 있으니 그 연구방법이 통일되지 않았고 그 결과 또한 다양하게 

보고하였다. 게다가, 대부분의 연구는 2차원 상에서 분석을 시행하였고 실

제 절골면 상에서의 분석은 없었다. 따라서 해당 연구의 목적은 다음과 같

다; (1) 슬관절의 뼈와 슬와동맥의 움직임을 평가하기 위해 유효성이 확립

된 자기공명영상 기반의 3차원 슬관절 굴곡 모델을 구축하고 (2) 가상의 

절골술 (외측 폐쇄성 근위경골절골술(LCHTO), 단평면 내측 개방성 근위경

골절골술(UP-MOHTO), 이중평면 내측 개방성 근위경골절골술(BP-MOHTO))을 

시행 후 수술방법 및 슬관절 굴곡 여부에 따른 슬와동맥의 움직임을 3차원 

직교좌표계에서 분석하며 (3) 관상면과 절골면 상에서 슬와동맥의 위치관

게를 밝히고자 한다. 

 본 기관에서 신전 및 90도 굴곡 자기공명영상을 촬영한 바 있는 환자 중 

16명을 분석하였다. 슬와동맥을 포함한 3차원 슬관절 굴곡모델을 형성하고 

3가지의 가상 절골술을 시행하였다. Materialise사의 Mimics 17.0 프로그
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램을 이용하여 시뮬레이션 및 분석이 시행되었다. 슬관절 굴곡 시 슬와동

맥의 움직임은 직교좌표계에서 X-축을 따라 측정된 dX, Y축을 따라 측정된 

dY 로 측정되었고 d-PCA는 Y-축에 평행한 슬와동맥과 후방경골피질골 사이

의 거리로 정의하였다. 또한 ∆d-PCA는 굴곡시 d-PCA와 신전 시의 차이 값

으로 정의하였다. 관상면상 슬와동맥위치(FPSP)와 절골면상의 최대 후방안

전각(MASA)를 측정하였다. 해당 측정값은 각 절골면 상에서 슬관절의 굴곡 

및 신전이 비교되었고 또한 굴곡, 신전 각각의 상태에서 세가지의 절골술

에 따라 비교되었다.  

 슬관절 굴곡시 슬와동맥의 움직임은 다음과 같았다. LCHTO 군에서 평균 

dY, dX, ∆d-PCA 는 각각 1.9 ± 1.3 mm, 0.0 ± 5.7 mm, 1.3 ± 2.3 mm (p 

= 0.170) 이였다. UP-MOHTO 군에서 평균 dY, dX, ∆d-PCA 는 1.7 ± 1.7 mm, 

-0.1 ± 5.6 mm, 1.3 ± 1.8 mm (p = 0.050) 이었다. BP-MOHTO 군에서 평

균 dY, dX, ∆d-PCA 는 각각 1.8 ± 1.8 mm, -0.5 ± 5.7 mm, 1.7 ± 2.0 mm 

(p = 0.015) 으로 ∆d-PCA는 BP-MPHTO군 에서만 의미있게 증가하였다. 그러

나 굴곡시 d-PCA가 오히려 감소한 예가 LCHTO 군 6례(37.5%), UP-MOHTO 군 

5례(31.3%), BP-MPHTO 군 3례(18.8%)가 각각 있었다. 같은 굴곡 정도에서 

d-PCA는 절골면이 하위로 갈수록 의미있게 증가하였다. LCHTO 군, UP-

MOHTO 군, BP-MOHTO 군 각각에서 신전시 FPSP는 37.6 ± 5.9 %, 49.2 ± 

6.0 %, 45.1 ± 8.1 %, MASA는 45.8 ± 4.4°, 35.2 ± 5.9°, 38.9 ± 

6.5°이었으며 모든 절골술에서 굴곡 시 약간 증가하였으나 의미있는 차이

는 없었다. 

 신전 또는 굴곡 모두에서 절골면이 하위에 위치할수록 슬와동맥과 

후방피질골 사이 간격은 의미있게 넓어졌다. 또한 슬관절 굴곡시 

평균적으로 슬와동맥은 모든 절골면상 신전시 위치에서 후방이동하는 

경향을 보인다. 그러나 실제 후방피질골과의 거리는 BP-MOHTO 군에서만 

평균 1.7 mm 정도 의미있게 증가하였으며 이는 임상적인 안정성을 
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부여한다고 판단하긴 힘들다. 관상면상에서 절골선을 따라 LCHTO의 경우 

약 37%, MOHTO의 경우 45 ~ 49% 정도에 슬와동맥이 위치하며 절골면상 

최대 후방안전각은 LCHTO의 경우 약 45도, MOHTO의 경우 약 35 ~ 40도이다.  
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핵심되는 말: 슬관절, 슬와 동맥, 근위경골절골술, 3차원분석 


