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Abstract

Several attempts have been made to measure the segmental range of motion in the lumbar spine
during flexion-extension with the purpose of gathering additional data for the diagnosis of
instability. The previous studies were performed /n vitro or in vivo during active motion. The aim
of this study was to obtain normal values of passively performed segmental motions. Forty-one
healthy adults were examined by means of functional radiographs during flexion-extension and
lateral bending. A graphic construction method and a computer-assisted method were used to
measure rotations. Comparing with recent /n vivo studies, the values obtained for normal angles of
rotation were predominately larger. This might be due to the passive examination used in the
study. The graphic construction method and computer-assisted method techniques are equally
reliable, but the computer-assisted method method yields other important kinematic data, such as
translations. It is proposed that passive motion be applied during functional examination of
patients with suspected instabilities. However, the large variation of rotational values between
individuals in the normal population may limit the clinical usefulness of functional lumbar
analysis using this parameter. Future studies should explore the clinical relevance of determining
altered segmental mobility in low-back pain patients.
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Since the first rigorous /n vitro studies of motion of the lumbar spine by Rolander?4 and
Yamamoto et al,29 there have been several attempts to quantify the in vivo motion of the
lumbar spine radiographically. To measure the degree of rotation, a kind of graphic
construction was used by Allbrook,! Begg and Falconer,2 Penning,22 Penning et al 23 and
Hanley et al.10 Froning and Frohman® used the graphic technique to measure patients and
normals in passive motion. Dimnet et al®6 used a computer formulation to compare complex
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statistical biomechanical motion parameters among normals and patients. Pearcy et al19-21
used another computer routine to measure sagittal plane and three-dimensional motions in a
small group of normals. Hayes et al'! used a graphic method described by DuPuis et al” to
measure the motion of a group of normals in active flexion-extension. In general, the
computer techniques are more time consuming than the graphic methods. However, besides
the usual rotatory motions, they offer an exact way to calculate other more sophisticated
kinematic parameters, such as translations and centers of rotation. The center of rotation is a
concise method of quantifying the kinematics of a plane joint motion but is prone to
significant errors.1417 Both these parameters have been suggested as possible indicators of
spinal instability.912.13.28

The study by Dvorak et al* of functional radiographic diagnosis of the cervical spine has
shown that there is a significant difference between actively and passively performed
flexion-extension in normals and patients.

For the purposes of diagnosis and therapeutic management of segmental instability of the
lumbar spine, knowledge of the passively performed, normal motions, including the
translation with its individual variation, is necessary.

AIMS OF THE STUDY

. To obtain normal values as a basis for future clinical studies of passively
performed segmental rotational motions of flexion—extension and lateral bending
in the lumbar spine.

. To analyze segmental translations.

. To compare the graphic and computer techniques of measurement.

METHODS

Population Examined.

Forty-one healthy adults were included in the study: 18 women (range, 22—-45 years; mean,
36 years) and 23 men (range, 29-50 years; mean, 39 years). All adults included in the study
were asymptomatic at the time of examination and had no history of low-back pain.

Technique of Roentgenographic Examination.

All subjects underwent passive flexion—extension and lateral bending motions; radiographs
were taken from a lateral view in the former and in the anteroposterior view in the latter.

Flexion-Extension.

The subjects stood in an upright position with the left side of the body closer to the film. The
standing position was chosen because, in normal subjects during sitting and forward
bending, the upper body reaches the legs without flexing the lumbar spine to the end of
range of mation. The distance between the film and the radiographic tube was 150 cm. The
symphysis and sacrum were stabilized with two fixing pellets to prevent flexion—extension
of the hip joints. The subjects were asked to bend the upper body forward as much as
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possible, and then the examiner applied a flexing force until the subject reported discomfort
(Figure 1A). The extending load was applied in a similar manner, but the force was applied
over the shoulders until the subject felt discomfort (Figure 1B). In each end position, a
lateral radiograph was taken.

A study of the midposition was avoided to minimize radiation exposure and because the
smaller ranges of motion would have contained proportionally larger errors.14:23

Side Bending.

The subjects stood in the upright position with the back closer to the film. The iliac crests
were stabilized with two fixing pellets to prevent side bending in the hip joints. A radiograph
in the anteroposterior view in neutral position was taken. The subjects were asked to perform
side bending without turning away from the film, and upon reaching their bending limit,
they were given a 3-kg weight to hold (Figure 2A,B). Thirty seconds were allowed to pass
before the radiograph was taken so that the soft tissues could adapt to the load. The
procedure was repeated for right side bending. The weights were chosen for lateral bending
because discomfort was not reported by the subjects by manual bending maneuver; for
flexion—extension movement, the application of weights was less practicable because the
majority of subjects were able to touch the floor with their fingers.

Basic Principles of Measurement.

To determine relative motion of Vertebra A with respect to Vertebra B below it by the use of
radiographs taken with the spine in two positions, eg, flexion and extension, the images of
Vertebra B in the two positions were superimposed. The remaining displacement between
the two images of Vertebra A represented the needed relative motion. This approach was
executed with graphic construction and a computer to solve the mathematical formulation.
For the sake of discussion in this article, the first approach is called the graphic construction
method (GCM) and the second the computer-assisted method (CAM).

Graphic Construction Method.

The sacrum on the extension radiographic film was superimposed by the sacrum of the
flexion film. A line has been drawn on the extension film along the edge of the flexion film.
The L5 vertebral images were then superimposed and a new line drawn along the edge of the
flexion film. The angle between the two lines represents the segmental range of mation of
L5 to sacrum, or the rotation about the x-axis (£Rx) of a three-dimensional coordinate
system.14 The range of motion for the higher levels was measured in a similar manner. For
the lateral bending radiographs, the procedure was similar, ie, the films of left and right
bending were superimposed. A fine pencil and a precision goniometer (Rotring, Hamburg,
Germany) with a resolution of .5° were used. Dark films had to be lightened to perform
satisfactory and accurate superposition. Images were measured by two independent
observers.

Computer-Assisted Method (CAM).

The procedure used in this study attempted to incorporate the advantages of superpositioning
in the GCM method (reliability, ease, and the complete use of all the information available

Spine (Phila Pa 1976). Author manuscript; available in PMC 2021 March 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DVORAK et al.

RESULTS

Page 4

from the radiographic image) with the advantages of the CAM (precision and number-
crunching ability for sophisticated analyses).

The radiographic films were marked with a ruler and fine pencil, as described below. The
films were digitized with a Scriptel SPD-1218 graphics tablet (Scriptel Corporation,
Columbus, Ohio) with a resolution of 0.1 mm, and the data was analyzed with a computer
program, which calculated translations, angles of rotations, and centers of rotations in the
manner described by Panjabi et al.1* Laying down the markings on a pair of films took about
20 minutes, and digitizing took another 10 minutes.

Four lines were drawn tangential to each face of a single vertebra. Their intersections
provided four comer points. This procedure was repeated for each vertebra until the spinal
column was completely contoured (Figure 3). Each vertebra on the unmarked view was then
superimposed above its image on the marked view, and the comer points were copied from
one to the other. This preserved the assumption of the vertebra as a nondeformable rigid
body (Figure 4). Each comer point on both views was digitized four times, and the average
was recorded by the computer program. For the purpose of determining the intervertebral
translations, four points, A, B, C, and D, were identified (Figure 5). Points A and B were
used for the flexion—extension motion; Points C and D served for the lateral bending. The
specially designed computer program gave results for five motion parameters for flexion—
extension motion (Figures 5-7): Rx, TzA, TyA, TzB, and TyB. Similar parameters, Rz, TxC,
TyC, TxD, TyD, were obtained for the side bending. The nomenclature for these parameters
is explained below.

R = rotation

T = translation

X, Y, z = coordinate axis direction

A, B, C, D = points on the vertebral body

The above refer to a coordinate system with the positive x-axis directed toward the left,
positive y-axis in the superior direction, and positive z-axis in the anterior direction (Figure
5). A translation along the positive axis is considered positive while in the opposite direction
it is negative. Similarly, a clockwise rotation, seen from the origin toward the positive axis,
is considered positive, whereas a counterclockwise rotation is considered negative. Thus,
flexion (Rx), left rotation (Ry), and right bending (Rz) are positive rotations. Details of the
CAM and its error analysis are provided elsewhere.16

A healthy population of 41 adults (18 women and 23 men) was examined. The segmental
rotations were measured by the GCM and CAM; translations were calculated by CAM only.
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Flexion—Extension

Measurements of Rotations.—The angles of rotation given by the two methods for any
one individual differed, on the average, by 1.5°. Because the mean values were not
significantly different, the summarized values in Table 1 are the average of the two methods.
The mean segmental rotation (Rx) was higher at the lower segments, but the variation of
these values was also higher. The functional diagram of flexion—extension for the segmental
motion + 2SD is displayed in Figure 8A.

Measurements of Translations.—The translation of a vertebra from extension to
flexion was determined for Point A (posterior inferior comer of the vertebra) and Point B
(posterior superior comer of the vertebra) in the z (anterior) and y (superior) directions. The
average of translation of Point A in the z direction at L1-L5 ranged from 2.6 to 3.1 mm (in
the anterior direction); at the L5-to-sacrum level, paradoxical translation (in the posterior
direction) of —0.9 mm was observed. The superior translation of Point A was consistently
larger at all levels (range, 3.3-5.9 mm). The anterior translations of Point B were two to
three times larger than those of the inferior points (Table 1, Figure 8B).

Lateral Bending

Measurements of Rotations.—The angles of rotation for side bending (Rz) averaged by
the two methods are summarized in Table 2. The range of segmental motion was larger than
for flexion—extension. The CAM was not used to measure the L5 to sacrum on lateral
bending because the radiographic quality at this level was usually so poor that meaningful
kinematic parameters other than the angle of rotation could not be obtained. Therefore,
necessarily, only the GCM was used to calculate the motion. The functional diagram is
displayed in Figure 9A.

Measurements of Translations.—The translation of a vertebra during lateral bending
was determined for Point C (left inferior comer) and Point D (left superior corner) in the x
(right) and y (superior) directions (Table 2). Again, the translations of Point D were two to
three times larger than those of the inferior points. The standard deviations associated with
the translations were 1.3 mm on average for all points. At L4-L5, a paradoxical translation
was observed.

Men vs. Women

Similar to the study by Tanz,26 a mixed group of men and women was examined. No
statistically significant differences in angles of rotation between men and women could be
found at any level with either method of measurement. Table 3 gives results by the GCM
method. At the L5-to-sacrum level, the magnitude of the difference between men and
women in average flexion-extension was highest—a value of 3.1°.

GCM vs. CAM

No significant differences were found between the results of normals obtained by the GCM
and CAM except at the L5-to-sacrum level in flexion-extension (Table 4). Occasionally,
however, there were marked differences between the values obtained by the two methods. Of
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the lateral bending cases, 6% differed by 5-10°. Of the flexion—extension cases, 4% differed
by 5-8°. The average difference between the CAM and GCM methods was 1.7° for flexion—
extension and 1.9° for lateral bending.

Intraobserver vs. Interobserver

The measurements of the the normal population by the two observers compared as follows.
The average difference was 1.6° for flexion—extension and 2.5° for lateral bending. Of the
lateral bending measurements, 13% differed by 5-11°. Of the flexion—extension
measurements, 6% differed by 5-8° (Table 5).

To quantify the interobserver GCM uncertainty of measuring a single radiograph, one
normal was measured a total of six times by two observers. The standard deviation of these
six measurements of four segmental levels was 1.25° on average.1®

DISCUSSION

The functional examination of the lumbar spine during lateral bending and passive flexion
and extension is a valuable method for analysis of segmental rotation and translation.
Compared with the recent /in vivo studies by Hayes et al,11 Pearcy et al, 1920 and Froning and
Frohman,? it can be seen that our values for normal angles of rotation are predominantly
larger (Table 6). In an earlier study, Clayson et al,3 in addition to using a nonstandard
examination procedure and an inferior technique of graphic analysis, studied only young
college-age women. These three factors may explain this study’s higher values compared
with those of its contemporaries. The lower values, compared with ours, which were given
by the more recent studies, are probably due to the method of examination. Passive motion
was performed in our study, whereas active motion was performed in the others. Our use of
passive mation is supported by our previous experience with the range of motion of the
cervical spine,* where we found a similar difference between active and passive motion. We
hypothesize that such a difference also exists in lumbar spine motions. For obvious ethical
reasons, we purposely restricted our lumbar examination of healthy normals to passive
motions, thus avoiding unnecessary exposure of subjects to large doses of radiation.

We believe that, in a clinical environment, a patient with pain will tend not to bend as far his
spine will permit. An active examination therefore will tend not to uncover hypermobile
motion and is less useful as a diagnostic tool. Therefore, we suggest that if a patient is to be
examined by means of functional radiographic studies, passive motion should be performed.
Future studies of patients with low-back pain and suspected instability or segmental
hypermobility of the lumbar spine will explore the clinical validity and importance of this
approach. As Hayes et al' and Penning et al?3 discovered, the range of normal motion may
in itself be so great as to limit the usefulness of lumbar bending films. Conversely, the
analysis of segmental translations may offer additional data for the determination of
pathologic motions, but here also a large range has been observed. Knutssonl2 was the first
to suggest translatory displacement in the anteroposterior direction during flexion—extension
as an indicator of spinal instability. Similar observations have been made by others.%:13.27
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Pearcy et al (1984) found that the translation of an unspecified vertebral point ranged from 0
to 4 mm in flexion—extension, depending on the segmental level. In that study, the radiologic
system was capable of measuring /n vivo translations of a plastic model with a root mean
square error of less than 2 mm. These measured translations, though, were smaller than the
error of the measurement system, thus making them questionable: The translation values
presented in that study are indistinguishable from the system errors. In our study, the
superior body points had three to six times the translation of the inferior body points. The
standard deviations of the superior points were only two times as large as the standard
deviations of the inferior points (Tables 1-2). It is therefore recommended that the
translation of the superior body points be used in the future.

Because of the additional kinematic data that may be obtained from the same two
radiographs, the CAM is to be advocated for future clinical studies, even if it is more time-
consuming. Three-dimensional analyses, while ideal, may not be required. Panjabi and
Whitel® noted that, as long as the accompanying motions in other planes remain smaller
than 5°, no significant effects were seen in the kinematic data obtained on the primary plane.
This is because the radiologic image of the vertebral body, as a whole, is not changed
significantly by such small rotations. The data from Pearcy et all®2! indicate that the
accompanying motions are indeed small enough not to consider. Of course, if the out-of-
plane rotations are too large, the radiographic quality deteriorates and interpretation becomes
more difficult. In our study;, it appeared that radiographic quality was by far the biggest
source of uncertainty in the experiment. Repeated measurements of a typical set of
radiographs yielded angles of rotation to within 1° of the standard deviation, which
correlates well with other experiments.8:19-21.26 However, radiographic quality can
introduce drastic variation. The most difficult levels to interpret (ie, L5 to sacrum in flexion—
extension and L4-L5 in lateral bending), also yielded the highest standard deviations. Poor
radiographic quality at L5 to sacrum is held responsible for the only significant difference (P
= 0.06) found between men and women. Poorer image quality is also blamed for the
relatively larger uncertainties associated with the lateral bending films, compared with those
from the flexion—extension films. It must be emphasized that the films we studied were
taken by trained hospital personnel and were generally of good quality. Even a small drop in
resolution, however, can introduce a significant error in the results.

The CAM and GCM measurement techniques used in this study employed the concept of
superpositioning the radiographic films. This concept is susceptible to an occasionally
marked difference among interobserver measurements. Because the standard deviation in the
interobserver study was 1.25°, it can be said that, in measurements by different people, 95%
of the measurements will fall within 2.5° of some average value. Thus, a difference of up to
5° (four standard deviations) between any two measurements can be expected. In practice, as
illustrated by the results, two reasonably experienced observers can obtain values that are
more often within 2.5° of each other.

At present, we cannot be certain what combination of flexion—extension and lateral bending
radiographs is necessary for the analysis of altered pathologic movements at the lumbar
spine. Future studies of a significant number of patients with low-back pain and clinically
suspected segmental instability should clarify these issues. Stokes and Frymoyer2® gave little
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value to the actively performed flexion—extension radiographs, but it is not known to what
extent passive functional radiographs of the lumbar spine can be integrated into the clinical

as
in

sessment of patients with low-back pain. The results of this ongoing study will be reported
the future. If the functional radiographs of the lumbar spine are found clinically relevant,

age related normal values should be obtained.
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Fig 1.
A, Example of a passive flexion-extension examination. B, Typical flexion-extension
radiographs of the lumbar region.
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Fig 2.
A, Example of a passive lateral examination. B, Typical bending radiographs.
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Fig 3.

A, The extension view is marked first. Each vertebra is enclosed by four lines, which are
each tangential to a vertebral face. B, After superpositioning the radiographs, the markings
on the extension view are copied directly onto the flexion view.
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Fig 4.
Five motion parameters for flexion—extension movement.
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Fig 5.
Intervertebral translations were determined at four points: A, B, C, and D.

Spine (Phila Pa 1976). Author manuscript; available in PMC 2021 March 30.

Page 14



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

DVORAK et al. Page 15

RX =angle of rotation
around the X axis

AY = translation of lower point
A in the Y direction

AZ = translation of lower point
A in the Z direction

BY = translation of upper
point B in the Y direction

BZ = translation of upper
point B in the Z direction

xi@ ®@

-
Z

Fig 6.
Detailed explanation of five motion parameters for flexion—-extension movement.
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Y A

'\ RZ = angle of rotation
around the Z axis

CX = translation of lower point
C in the X direction

CY = translation of lower point
Cin the Y direction

DX = translation of upper
point D in the X direction

DY = translation of upper
point D in the Y direction

-
X

Fig 7.
Detailed explanation of five motion parameters for lateral bending movement.
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Fig 8.

A, Functional diagram for normal flexion—extension rotation and the two standard deviation
confidence intervals. B, Functional diagram for normal flexion—extension translation of
Point B in the z direction, also with two standard deviation confidence intervals.
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Fig 9.

A, Functional diagram for normal lateral bending rotation and the two standard deviation
confidence intervals. B, Functional diagram for normal lateral bending translation of Point D

in the x direction, also with two standard deviation confidence intervals.
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Flexion/Extension (From Extended to Flexed-Position Ranges of Motion) *

Level Avg SD Min Max
Rotations (°) around x-axis

L1-2 119 227 86 179

L2-3 145 229 95 191

L3-4 153 204 119 210

L4-5 182 299 116 256

L5-Sacrum  17.0 4.33 6.3 237

Translations (mm) of Point A in z-direction

L1-2
L2-3
L3-4
L4-5

L5-Sacrum

2.6
3.0
3.1
2.6
-0.9

1.05
1.15
1.19
1.16
1.54

0.3
1.2
0.3
0.3
-3.8

41
7.0
6.7
5.8
1.8

Translations (mm) of Point A in y-direction

L1-2
L2-3
L3-4
L4-5

L5-Sacrum

3.3
45
4.7
5.9
44

1.52
1.33
1.67
1.78
1.62

-0.4
2.7
-0.5
2.4
-0.7

6.8
7.5
8.6
11.6
7.1

Translations (mm) of Point B in z-direction

L1-2
L2-3
L3-4
L4-5

L5-Sacrum

10.7
12.2
123
12.3

6.5

2.14
2.19
2.36
2.66
2.94

6.3
8.4
6.6
7.4
-0.3

15.1
19.5
18.3
21.1
12.4

Translations (mm) of Point B in y-direction

L1-2
L2-3
L3-4
L4-5

L5-Sacrum

2.9
53
6.3
9.0
8.7

1.93
1.80
2.09
221
3.00

-2.0
2.6
1.3
4.2
17

7.0
9.6
10.8
14.9
16.1

Table 1.

Page 19

*
Normal kinematic values of flexion-extension movement. Rx is an average from both the computer assisted method (CAM) and the manual

measurement by graphic construction method (GCM) techniques.

Avg = average; SD = standard deviation; Min = minimum; Max = maximum.
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Lateral Bending (From Right to Left Side Ranges of Motion) ™

Level Avg SD Min Max
Rotations (°) around z-axis

T12-L1 79 278 25 142
L1-2 104 271 44 169
L2-3 12.4 3.38 32 212
L3-4 124 433 03 198
L4-5 95 491 05 176
L5-Sacrum 5.1

Translations (mm) of Point C in x-direction

T12-1 2.0
L1-2 1.4
L2-3 1.4
L3-4 0.8
L4-5 -1.2

1.44
1.20
1.20
1.09
2.59

-1.6
-0.4
-0.9
-2.1

25

4.7
5.9
4.7
-6.6
44

Translations (mm) of Point C in y-direction

T12-1
L1-2
L2-3
L3-4
L4-5

3.8
5.0
6.0
6.4
5.1

1.79
1.50
2.02
2.46
2.45

-0.1
2.2
17
11
0.4

7.4
7.6
11.2
12.1
9.0

Translations (mm) of Point D in x-direction

T12-1
L1-2
L2-3
L3-4
L4-5

6.0
6.8
7.4
7.2
4.0

2.49
2.12
2.55
2.95
3.75

0.6
3.3
1.6
-0.8
-3.7

10.9
105
133
12.9
10.9

Translations (mm) of Point D in y-direction

T12-1
L1-2
L2-3
L3-4
L4-5

3.6
49
5.9
6.1
5.1

2.17
1.61
2.04
2.41
2.45

-0.9
2.0
25
11
0.8

8.2
8.5
111
11.9
8.8

*
Normal kinematic values of lateral bending movement. Rz Is an average from both the CAM and GCM measurements.

Table 2.

Avg = average; SD = standard deviation; Min = minimum; Max = maximum.

Spine (Phila Pa 1976). Author manuscript; available in PMC 2021 March 30.

Page 20



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

DVORAK et al.

Table 3.

Female vs. Males by GCM™

Flexion-Extension Rx

L1-2 [2-3 L34 [4-5 L[58

(Female avg)-(male avg) 15 -0.1 0.0 0.8 3.1
ttest Pvalues 065 099 066 046 0.06

Lateral Bending Rz

T12-1 L[1-2 [2-3 L34 L4-5

(Female avg)-(male avg) 1.8 0.9 0.3 -1.6 -07
ttest Pvalues 0.65 099 066 046 0.06

*
Statistical comparison of the normal female population with the normal male population, as measured by GCM.
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Methods of Measurement: CAM vs. GCM ™

Table 4.

Flexion-Extension Rx

L1-2 L2-3 L34 L4-5 L58a
Average difference 1.6 1.3 14 15 1.6
ttest Pvalues 0.41 006 015 016 0.04

L ateral Bending Rz

T12-1 L1-2 L2-3 L34 L4-5
Average difference 2.4 2.1 2.0 1.4 14
ttest Pvalues 0.24 021 031 007 0.86

Statistical comparison of the normal population as measured by the CAM and by GCM.
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Intraobserver Differences

Table 5.

Flexion-Extension Rx

L1-2 L2-3 L34 L4-5 L58a
Average difference 1.6 1.3 14 1.6 2.1
ttest Pvalues 0.01 0.89 022 036 032

L ateral Bending Rz

T12-1 L1-2 L2-3 L34 L4-5
Average difference 3.0 2.4 2.2 1.8 2.9
ttest Pvalues 0.89 0.81 0.88 0.08 0.0

*
Statistical comparison of the normal population as measured by two different observers using the GCM technique.
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