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Introduction 

The vertebral column is specially designed to provide 
support to the body. It is composed of bony vertebral parts, 
the intervertebral discs, and connecting ligaments. Be-
tween two vertebrae, there is an intervertebral disc, which 

links two vertebral bodies and acts as a cushion between 
them. Each vertebra has a symmetric pair of the interver-
tebral foramina (IVFs) through which nerves, blood ves-
sels, and lymphatics pass. Particularly, the nerves from the 
spinal cord occupy about 50% of the IVF [1]; therefore, 
pain occurs even with relatively small changes in joint 
movement [2]. The IVF is formed by the superior and in-
ferior pedicles, two vertebral bodies, an intervertebral disc 
anteriorly, and superior and inferior facet joints posterior-
ly. Specifically, the IVFs in the lumbar vertebral column 
are oval-, auricle-, or eye shaped [3].
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A few previous studies have reported the areas, heights, 
and widths of the IVFs in dry bones of cadavers measured 
using a caliper or imaging studies, such as computed to-
mography (CT) or magnetic resonance imaging (MRI). 
Due to its three dimensional property of dry bone, a sim-
ple planar measurement for the structure revealed several 
limitations. These barriers were common in measurement 
with CT or MRI because computerized images were viewed 
in a sagittal or an axial plane which only showed two di-
mensional plane. Therefore, these previous studies showed 
their limitations for measurement of three dimensional 
structures. Moreover, the results of the lumbar vertebrae 
showed inconsistency, which seemed to arise from differ-
ences in methodologies [4-8].

The author presents a method to measure the areas, 
heights, widths, and perimeters of the IVFs in the lumbar 
region, from L1 to L5, using silicon molds. As silicon can 
be molded as shape of the structure until it is solidified, 
this advantage could be used to mimic the same morphol-
ogy of a complex bony structure to reveal three dimen-
sional properties [9]. After being removed from the bone, 
the silicon can be cut to show its cross section that might 
explain real three dimensional structures. Thus, this meth-
od might provide the three-dimensional parameters of the 
IVFs that are close to the original values in vivo.

Materials and Methods

Cadavers

The author studied 15 male and 6 female cadavers after 
approval of the ethics committee. All cadavers were proved 
to have no identification for each of them to protect hu-
man rights. All cadavers were formalin-fixed in the supine 
position with no distortion, lateral rotation, flexion, or ex-
tension. After preparation of cadavers, three male cadav-
ers damaged by the students were excluded from this study. 
The average age of the cadavers was 58 (58.0±15.5) years 

(range 25~84 years). None had a history of vertebral pa-
thology or physical trauma. Before dissection for the bony 
foramen, the center of the spinal nerve was defined as the 
point through which the nerve exited the vertebral canal 
in the sagittal plane. All centers of the spinal nerves sur-
rounded in situ by fat or connective tissue in the IVF were 
examined to measure their positional levels. The en bloc 
lumbar vertebral columns of 18 cadavers were carefully 
examined from T12-S1. The author defined the foramen 
between the L1-L2 vertebrae as L1. All the blood vessels, 
ligaments, and connective tissues were dissected to expose 
the bony vertebral column. 

Fig. 1. Stamp of silicon molds for measurements. The IVF stamps (red, upper) of the cross sections were edited and recreated as gray scale 
TIFF formats (black, lower). Area, perimeter, height and width of the IVF were measured in the image via the NIH image tool.
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Silicon molding of foraminal space 

To determine the narrowest cross-section of the IVF, 
melted silicon glue (Microfil; Flow Tech Inc., Carver, MA) 
was poured into each foramen and kept until it hardened. 
The hardened mold did not show any contraction or expan-
sion in the foramen. The author defined the narrowest part 
of the foramen when the author measured the smallest value 
of the perimeter of the foramen with three times trials. After 
extraction, the narrowest part of each mold was carefully 
examined visually in various views, marked with a pen, and 
sliced gently using a sharp saw. Each of the narrowest sec-
tion was stamped with ink on a recording paper and scanned 
for the digital imaging process. Some of the scanned images 
showed holes, which were filled in black using Adobe Pho-
toshop CS. The areas, perimeters, and supero-inferior 

(height) and antero-posterior (width) diameters of all the 
digital images were measured using the National Institute of 
Health (NIH) image software (Fig. 1). All the procedures 
were performed bilaterally, although both right and left side 
data were combined for statistical analyses.

Statistical analysis

The author fitted a linear mixed model to the data con-
sidering the repeated measures in the left and right sides. 
In order to test the difference of the means of each levels, 
the author performed a multiple comparison analysis of 
the means of the areas, perimeters, heights, and widths 
measured in the five lumbar foramina (from L1 to L5) us-
ing the Bonferroni’s adjustment respectively. In addition, 
the author performed the linear-by-linear association test 
to reveal any trend or association between the five lum-
bar foramina and the location level of the nerves passing 

through the IVFs. All probability values of under 0.05 
were considered to be statistically significant. The SAS 
software (version 9.4, SAS Institute Inc., Cary, NC, USA) 
was used for all statistical analyses.

Results

�Area and perimeter of the lumbar intervertebral 
foramen

The means of the areas and perimeters of the IVFs 
showed a stable pattern at all the lumbar vertebral levels. 
The means of the areas showed no statistical difference in 

Table 1. Area and perimeter of the intervertebral foramina (unit: 
mm2 for area and mm for perimeter).

Level
Area Perimeter

Left Right Total Left Right Total

L1 N 15 15 30 15 15 30
Mean 9.46 8.73 9.10 48.91 45.29 47.10
S.D. 1.78 1.69 1.74 7.13 5.43 6.49

L2 N 15 16 31 15 16 31
Mean 10.09 9.35 9.71 51.19 47.67 49.37
S.D. 1.79 2.13 1.97 6.43 7.24 6.98

L3 N 15 16 31 15 16 31
Mean 10.55 9.36 9.94 52.92 48.36 50.57
S.D. 2.98 2.83 2.92 6.44 9.48 8.35

L4 N 17 16 33 17 16 33
Mean 9.45 9.04 9.25 48.52 46.33 47.46
S.D. 2.54 3.67 3.09 7.79 13.68 10.93

L5 N 12 16 28 12 16 28
Mean 8.98 9.25 9.14 45.41 45.27 45.33
S.D. 3.09 4.26 3.74 8.85 12.16 10.68

Total N 74 79 153 74 79 153
Mean 9.73 9.15 9.43 49.53 46.60 48.02
S.D. 2.46 3.01 2.77 7.54 9.93 8.95

S.D.: standard deviation

Fig. 2. Height (A) and width (B) patterns of the IVFs. The heights in L1-L5, L2-L5, L3-L5 have different values and show statistical sig-
nificance among them. The width shows similar statistical significance in L1-L5 and L2-L5. Standard errors are shown as whiskers at each 
level.

(A) (B)
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the right and left sides, whereas the means of the perime-
ters showed statistical difference between the right and 
left sides (p = 0.034). The area of the section at the L3 

level (9.94±2.92 mm2) was the largest among the areas of 
all the lumbar vertebral levels. The order of decrease in 
average area was L3>L2>L4>L5>L1, although the 
data showed no statistical significance. The perimeter of 
the section at the L3 level (50.57±8.35 mm) was also the 
largest. The order of decrease in average perimeter was 
L3> L2>L4>L1>L5, with no statistical significance 

(Table 1).

�Height and width of the lumbar intervertebral 
foramen

The means of the heights and widths showed no statis-
tical difference in the right and left sides. The L5 IVF 
was the shortest (13.00±3.04 mm) and widest (8.61±

2.43 mm) (Fig. 2). The means of the heights showed the 
following order: L2>L3>L1>L4>L5. The means of 
the widths showed the following order: L5>L4> 
L3>L1> L2 (Table 2). From L1 to L4, the heights and 
widths of the IVFs showed a stable pattern that was sim-
ilar to the areas and perimeters regarding the statistical 
significance. However, in multiple comparison analysis 
of the IVFs of all the lumbar levels, differences were ob-
served (Table 3). A multiple comparison analysis using 
the Bonferroni’s correction revealed that the height dif-
ferences in L1-L5, L2-L5, and L3-L5 and width differ-
ences in L1-L5, and L2-L5 showed statistical signifi-
cance, while the differences in the lumbar vertebrae (L1 
to L4) showed no statistical significance (Table 4). 

Position Levels of Nerve Exit in the IVFs  

The levels of the spinal nerve pathways through the 
IVFs revealed a pattern similar to the heights of the IVFs. 

Table 2. Height and width of the intervertebral foramina (unit: 
mm). 

Level
Height Width

Left Right Total Left Right Total

L1 N 15 15 30 15 15 30
Mean 16.75 15.68 16.22 7.18 7.07 7.13
S.D. 1.812 2.18 2.04 0.94 0.94 0.93

L2 N 15 16 31 15 16 31
Mean 18.29 16.88 17.56 6.99 7.01 7.00
S.D. 1.95 2.95 2.58 0.72 0.72 0.71

L3 N 15 16 31 15 16 31
Mean 17.68 16.15 16.89 7.55 7.29 7.41
S.D. 2.99 3.92 3.53 1.27 0.83 1.05

L4 N 17 16 33 17 16 33
Mean 15.33 14.69 15.02 7.87 7.68 7.78
S.D. 3.36 4.84 4.09 1.19 1.27 1.21

L5 N 12 16 28 12 16 28
Mean 13.08 12.94 13.00 8.56 8.66 8.61
S.D. 2.76 3.32 3.04 2.06 2.74 2.43

Total N 74 79 153 74 79 153
Mean 16.33 15.26 15.78 7.60 7.55 7.57
S.D. 3.14 3.74 3.50 1.35 1.59 1.47

S.D.: standard deviation

Table 3. Results of linear mixed models for height and width and 
of testing for equality of effects in each model.

Variable
Test of Effects

Effect Num DF Den DF F value Probability>F

Height Side 1 67 4.71 0.0335*
Level 4 79 6.08 0.0003*

Width Side 1 67 0.00 0.9733
Level 4 79 3.71 0.0081*

Num DF: degrees of freedom for the numerator
Den DF: degrees of freedom for the denominator

Table 4. Results of least square means (denoted by estimate) and multiple comparisons.

Vertebral Level
Height Weight

Multiple comparisons for the five vertebral levels Multiple comparisons for the five vertebral levels

Level Level Estimate Standard Error Adjusted P-value Estimate Standard Error Adjusted P-value
L1 L2 -0.140 0.101 1.000 0.017 0.044 1.000
L1 L3 -0.060 0.101 1.000 -0.260 0.044 1.000
L1 L4 0.112 0.101 1.000 -0.620 0.044 1.000
L1 L5 0.314 0.102 0.029* -0.135 0.045 0.034*
L2 L3 0.080 0.100 1.000 -0.043 0.044 1.000
L2 L4 0.252 0.099 0.134 -0.079 0.043 0.730
L2 L5 0.454 0.101 0.000* -0.152 0.044 0.009*
L3 L4 0.172 0.099 0.886 -0.036 0.043 1.000
L3 L5 0.374 0.101 0.004* -0.109 0.044 0.157
L4 L5 0.202 0.100 0.475 -0.073 0.044 1.000
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A linear-by-linear association test revealed that the loca-
tion levels of the nerve pathways had an association with 
the lumbar levels (p<0.0001). Only in the L1, the spinal 
nerves were located above the intervertebral disc (four 
cases), whereas at the other lumbar levels this was not ob-
served. The ratio of the upper and middle levels of the in-
tervertebral disc at L1 was about two-thirds. The middle 
and lower levels formed a majority in L2, and a similar 
pattern was observed in L3 and L4. However, in L5, two-
thirds of the nerves were located below the intervertebral 
disc (Table 5, Fig. 3).

Discussion 

The means of the areas and perimeters of the IVFs show- 
ed no statistical differences at all the lumbar levels, al-
though the heights and widths of the IVFs changed. From 
L1 to L4, there were no statistically significant differences 
in the heights; however, a decreasing tendency of the height 
was observed from L2 to L5. As L5 was the shortest, a 
multiple comparison analysis at the lumbar levels, L1-L5, 
L2-L5, and L3-L5, showed height differences. In contrast 
to the result of the height, the widths of the IVFs tended to 
increase from L2 to L5, and L5 was the widest. The lum-
bar differences, at L1-L5 and L2-L5, showed statistical dif-
ferences, but with no differences from L1 to L4. Although 
the values of IVF at L4-L5 showed no statistical signifi-
cance, it seemed to exhibit a transitional state to L5 regard-
ing the height and width. These results may indicate that 
the heights and widths of the IVFs changed at each lumbar 
levels, whereas, the areas and perimeters of the IVFs re-
mained constant. As the lumbar vertebrae support the up-
per body, it might explain consistence of morphology or 
volumes of the bone. These might show a similar pattern 
of the IVFs from L1 to L4. However, as it goes to the L5 
and the sacrum level, function of body supporting could 
be changed, which might show that the height and width 
of IVF at the L5 differed from those of other levels. The 
spinal nerves revealed a pattern similar to the heights, and 
were observed from a higher to lower position in the IVF 
along the L1-L5 lumbar vertebrae. The spinal nerves tend-
ed to have a high position at a high lumbar level (L1) and 
a low position at a low lumbar level (L5). This pattern 
seemed to indicate that the L5 spinal nerve was specifical-
ly lower because the L5 IVF height was shorter than the 
IVF heights at other lumbar levels.

Although previous studies were performed with calipers 
because of their practical limitation in measurement of the 
IVFs, this study provided a three-dimensional method to 
measure the parameters of the IVFs. Because an IVF has 
a complex morphology, which is difficult to measure due 
to its three-dimensional characteristics [10], the author 
made silicon molds fitting the IVFs. When silicon model 
is solidified, it shows hardness but has flexibility like a rub-
ber. Thus, silicon model remembers and returns to its shape 
after torsion, twist, or other changes. Moreover, before sil-
icon is solidified, it could be melted to fit a shape to mold. 
With this flexible property, the author filled the lumbar 

Fig. 3. Nerve location levels in the IVFs. From L1 to L5, lower 
lumbar level tends to have lower position of nerve pathways. The 
L5 has many nerve pathways running below the intervertebral disc 
level (U = upper, M = middle, and L = Lower 1/3 of the interverte-
bral disc).

Table 5. Nerve location levels in the intervertebral foramina.

L1 L2 L3 L4 L5

Above disc 4 0 0 0 0
U 1/3 11 5 2 4 0
M 1/3 14 13 14 12 5
L 1/3 7 15 15 17 6
Below disc 0 3 5 3 24
Total Number 36 36 36 36 35

U = upper, M = middle, and L = Lower 1/3 of the intervertebral disc, no 
nerves were described as zero



156     Soonwook Kwon

IVFs with silicon. The silicon molds of the IVFs were not 
grossly different from the spaces of the IVFs. The author 
measured the smallest area and perimeter of the silicon 
mold when it was examined because the author under-
stood the importance of a narrowing foramen which might 
cause compression of nerves or blood vessels. Therefore, 
several times trials were adapted before cutting the mold 
to measure the smallest perimeter as a definition of the nar-
rowest values of the IVFs. Using scanned molds, comput-
erized analyses were applied to measure the areas, perim-
eters, heights, and widths of the IVFs. Previous reports 
regarding IVFs have shown that the average range of IVF 
height was 11~19 mm and the average width was about 7 

mm in cadavers or dry bones measured using calipers [11]. 
Recent in vivo study that used 3D CT also revealed that 

foraminal height was between 15.9 mm and 18.0 mm and 
foraminal width was between 5.0 and 7.2 mm. Moreover, 
the height order reported in this study (L2>L1>L3> 
L4>L5) was very similar to my result (L2>L3>L1> 
L4>L5) with a slight difference [10]. Previous reports 
have shown varied results because the IVFs were of vari-
ous shapes and sizes [4-8]. Other imaging studies using 
CT or MRI have shown different measurements methods; 
however, they only studied the two-dimensional aspect 
because of their sectional plane [5,7,12]. The author se-
lected and cut the smallest area of the molds by careful vi-
sual inspection of the sagittal plane; therefore, the results 
of this three-dimensional analysis using silicon molds re-
sembling the IVFs could provide precise results of IVF 
characteristics. 

The overall areas and perimeters of the IVFs showed no 
statistical difference from L1 to L5. This result was differ-
ent from former results that observed that the areas of the 
sections were different at each vertebral levels. Using 
MRI, various studies have revealed that the average sizes 
of L1-L2-L3-L4 were similar; however, L5 was the small-
est in both men and women of all ages [4,5,12]. Unlike 
some results showing that the area of the section increased 
from the L1 to L5 level, another result revealed that the 
area of L5-S1 was smaller than that of L3-4 or L4-5 and 
similar to that of L2-L3 [13]. Other studies have shown 
that the average cross-sectional area decreases in the fol-
lowing order: L5-S1>L3-L4>L2-L3>L4-L5>L1-L2 

[14]. A comparison of CT and MRI results revealed that 
the height of the IVF was the tallest at L1 or L2 and short-
est at L5, thus showing a decreased tendency from L1 to 

L5, similar to my results [7,12]. Moreover, an MRI study 
showed that the average height of the IVFs was 20.90±

1.70 mm and revealed a dependent lumbar level pattern in 
men aged 20 to 50 years old [11]. Although this study did 
not perform a multiple comparison analysis among the 
lumbar levels, its results of the decreasing tendency and 
the L5 height were similar to my results. In a Japanese 
study that evaluated MRI results, the height range of the 
IVFs was similar to that observed in my results from L1 
to L4, except at L5 (L1-L2, 17.1±2.0 mm; L2-L3, 18.4±
1.7 mm; L3-L4, 18.1±1.5 mm; L4-L5, 17.3±1.8 mm; L5, 
17.1±3.6 mm) [5]. The heights of the IVFs in my study 
were as follows: from L1 to L4, 16.4±3.0 mm; L5, 13±
3.0 mm, which was within the range of 11~19 mm ob-
served in previous studies [11,15]. These correlations might 
reveal the reliability of my method. Magnusson observed 
that the average IVF width was 7 mm, which supported 
my results (7.5 mm) [15]. In contrast to this results show-
ing that L5 IVF was the shortest in height and widest in 
width, some previous studies mentioned that the heights 
and widths of the IVFs were similar at all the vertebral 
levels [5,16]. Moreover, in a dry bone study, conducted in 
Switzerland, regarding the widths of the IVFs revealed 
that the L5 width was narrower than that of L1, showing 
results contrary to my results. These differences among 
the results of IVF studies might be due to differences in 
age, sex, and number of subjects, and differences in de-
mography and the methods used for the studies.

This study had several limitations with regard to age-, 
and sex distribution and the number of cadavers due to 
donation problems. Aging in humans could make the in-
tervertebral disc shrink, thus shortening the heights of the 
IVFs. Moreover, previous studies reported that alteration 
of height of IVFs and disc were related, which might mean 
that the intervertebral disc could also affect all aspects of 
morphology of the IVFs [10,16-18]. Therefore, a further 
research based on a classification according to the ages 
would be effective in analyses. Furthermore, men are gen-
erally larger than women; however, the Switzerland study 
observed that the widths of female IVFs in the lumbar re-
gion were somewhat larger than that of male IVFs [19]. 
Thus, a subsequent study to investigate the relationship of 
sex differences and parameters of the IVFs should be con-
ducted. Additionally, the perimeter only showed a differ-
ence in the right and left sides, which was not found with 
regard to the area, height, and width. This phenomenon 
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should be verified in a future study including a large sam-
ple sizes. Moreover, in a future study, the results should be 
verified using vertebral movements, which could indicate 
dimensional alterations to the IVF and the nerve location 
level in the IVF [2,20].

The lumbar IVFs characteristics were studied using sili-
con molds in this research; the cervical or thoracic verte-
bral columns should be analyzed in future. The author 
hopes that a further study will be conducted using three-di-
mensional analyses of imaging studies with silicon molds 
of cadavers to improve the methodology. The results of 
this study could be used to perform precise surgery on the 
lumbar vertebral fracture or other bone deformities. In ad-
dition, more accurate knowledge on the IVF might be 
used a new development of medical devices or nerve root 
blocks near the IVF. 
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허리의 척수신경위치와 실리콘을 이용한 척추사이구멍에 대한  

형태학적 분석

권순욱

대구가톨릭대학교 의과대학 해부학교실

간추림 : 척추사이구멍은 인접한 두 척추뼈와 그 사이의 척추사이원반으로 구성된다. 이전의 척추사이구멍에 대한 

연구들은 다양한 방법으로 수행이 되었다. 이번 연구에서는 실리콘 주형을 이용해서 척추사이구멍의 특징을 알아보

았다. 시신18구를 해부하여 허리의 척추사이구멍을 해부하였다. 첫째로는 척수신경의 위치를 측정하였다. 둘째로는 

척추사이구멍을 덮고있는 모든 조직을 제거하여 척추사이구멍 단면의 가장 좁은 부위를 측정하였다. 조직이 제거된 

척추사이구멍은 실리콘주형으로 채워졌다. 실리콘주형이 굳어진 다음에는 구멍에서 분리되었다. 단면으로 잘린 실

리콘주형을 종이 위에 도장처럼 찍고, 그것을 컴퓨터에 저장하였다. 척추사이구멍의 주형의 면적, 둘레, 높이, 폭이 

컴퓨터에서 분석되었다. 허리의 다섯 개 척추사이구멍에서 면적과 둘레는 통계학적인 차이를 보이지 않았다. 하지

만 둘째에서 다섯째 허리뼈에 걸쳐서 높이는 낮아지는 경향, 폭은 넓어지는 경향을 보였다. 또한 높이와 폭은 다섯

째 구멍에서 유의미한 차이가 있었다. 높이는 다른 구멍들 중에서 가장 낮았고, 폭은 가장 넓었다. 척수신경은 첫째

에서 넷째허리뼈에서는 척추사이원반 근처를 지나갔고, 다섯째허리뼈에서는 척추사이원반 아래쪽으로 지나갔다. 이
번 연구는 척추사이구멍의 3차원적 입체 구조를 실리콘주형으로 확인하였다. 기존의 평면적 연구에서 관찰되지 않

았던 다른 성질들을 확인할 수 있었다. 즉, 허리척추뼈에서 척추사이구멍의 면적과 둘레는 일정하였으나 높이와 폭

은 전체적으로 변화하는 양상을 보였다.

찾아보기 낱말 : �척추사이구멍, 실리콘 주형, 척수신경, 형태 계측

교신저자 : 권순욱 (대구가톨릭대학교 의과대학 해부학교실)
전자우편 : anatomy3@cu.ac.kr
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