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RESONANCE OF THE HUMAN TIBIA 
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Driving point impedance technique was used for in vivo determination of the lowest 
frequency of resonance (Fa) in the human tibia. Optimum conditions for measure- 
ment were investigated. The precision of the method was 4.7 per cent and the 
greatest source of variation was the positioning of the leg and muscular tension. 
Fa was investigated during transection of the human tibia post-mortem and was 
found to decrease as stiffness was reduced by the transection. Accordingly Fa was 
decreased in four patients with crural fractures. The experiments indicate that the 
method can be used for the determination of fracture healing. 
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Determination of the mechanical properties of 
bone in vivo has in most cases been based upon 
invasive techniques (Jernberger 1970, Jmgensen 
1975), but during the past decade vibrational 
methods have been introduced which could prove 
to be of great importance for the non-invasive 
evaluation of fracture healing and the detection 
of osteoporosis. Wave propagation tests by ul- 
trasound or sound transmission have not yet 
gained clinical application probably due to the 
difficulty in obtaining the necessary contract be- 
tween the two transducers and the bone, but 
Jurist (1970) presented a two-point impedance 
testing technique for the detection of 
osteoporosis, and Campbell & Jurist (1971) later 
introduced the driving point impedance 
technique for in vitro testing of femoral neck 
fractures. 

We have studied the in vivo reproducibility of 
the point impedance technique on the human 
tibia, using lowest frequency of resonance (Fa) 
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and mobility at Fa as parameters. Optimum con- 
ditions for measurement were investigated. 

Accurate assessment of fracture healing is fre- 
quently difficult and evaluation based on the ex- 
pected healing time, callus formation as revealed 
by radiography, and manual testing for stability 
and pain in the fractured area, may be inconclu- 
sive. 

To illustrate to what extent the frequency of 
lowest resonance (Fa) reflects changes in stiffness 
in the healing fracture, Fa was measured during 
gradual transection of the human tibia post- 
mortem. In addition preliminary determinations 
were performed on patients with crural fractures. 

SUBJECTS AND METHODS 
The apparatus which was employed is shown in Figure 
1. From the sine generator the signal is transmitted 
through the power amplifier to the shaker on which an 
impedance head is mounted. Dynamic force (LF) and 
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Figure 1 .  The signal from the sine generator is transmitted through the power amplifier to the impedance head. The 
force signal L, from the impedance head is fed to the compressor loop keeping the force constant. The accelerometer 
signal LA is integrated and recorded (as mobility) on the level recorder as the frequency is scanned. 

acceleration (LA) are measured and the force signal is 
used in the compressor loop of the sine generator to 
maintain a constant dynamic force as the frequency is 
scanned. The signal from the accelerometer is integ- 
rated in the preamplifier and the velocity signal (mo- 
bility) is recorded on the level recorder. 

The investigations were performed on healthy hu- 
mans with no previous history of fracture or bone dis- 
ease. The person lies supine, with the limb on a Braun 
splint as shown in Figure 2. The splint is made of a steel 
frame covered with cloth; thus the leg is supported con- 
tinuously from the knee to the heel on a stretched cloth. 
The impedance head is placed on the anterior tibial 

Figure 2. The leg is placed on a Braun splint, and the 
shaker with the impedance head is placed on the anterior 
tibial margin in the sagittal plane 2 cm below the tibial 
tuberosity. The static preload is set to 8 N by the adjusta- 
ble counterweight. 

margin 2 cm below the tuberosity in the sagittal plane 
and the frequency is scanned from 30-1000 Hz. The 
frequency of lowest resonance is determined by tuning 
the oscillator to the maximum velocity response. Triple 
determinations are used in the tests. 

A cadaver with no history of metabolic bone disease 
or tibial fracture was used in the transection study. At 
the time of measurement no rigor mortis was present. 
After initial measurement the fibula was transected. 
The admittance and lowest frequency of resonance (Fa) 
were measured during gradual transection through the 
middle of the tibia, parallel to its posterior surface. The 
same procedure was performed on the other leg after 
initial removal of soft tissues to evaluate the effect of 
damping. 

Four patients with crural shaft fractures were tested 
by making a small window in the plaster cast over the 
tibial tuberosity for the positioning of the impedance 
head. The values were compared to those of the other 
leg. The effect of the plaster cast on the lowest fre- 
quency of resonance was studied by measuring before 
and after removal of the cast. 

RESULTS 

Positioning of the transducer 

The transducer was placed on the anterior tibial 
margin at various distances from the knee joint 
and the lowest frequency of resonance (Fa) and 
mobility at Fa were measured. Figure 3 shows 
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Figure 3. Resonance frequency versus distance from 
knee joint. Triple determinations. 
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Figure 4. Mobility at resonance frequency versus dis- 
tance from knee joint. 

that Fa was independent of the positioning. In 
Figure 4 the lowest mobility at resonance was 
found to be at 12.5 cm and 25 cm from the knee 
joint, corresponding to the nodes for the lowest 
mode of transverse vibration. These points 
should be avoided in measurements, because of 
the small amplitudes. Based on these results the 
transducer was placed 2 cm below the tibial 
tuberosity. 

Angle of application 

With the transducer placed 2 cm below the tibial 
tuberosity, transverse to the axis of the tibia, the 
inclination to the sagittal plane was varied. Figure 
5 shows that medial angulation in particular in- 
creased the variation in the results. The sagittal 
olane was chosen for the investigation. 

Range of  frequency 

Above lkHz no resonances were measured due 
to damping; below 30Hz instability in the system 
made it impossible to keep the transducer in 
position. N o  well-defined resonances below this 
value were measured, but mobility was signific- 
antly higher, probably because of the resonance 
of the spring-suspended shaker and of the whole 
limb supported on the Braun splint. The fre- 
quency range chosen was from 30 to 1000Hz. 

Dynamic force ( L p }  

Signals below 1 N r.m.s. (root mean square) were 
insufficient to maintain a stable compressor loop 
and above 4 N r.m.s. (Figure 6) the apparatus was 
no longer able to maintain constant force through 
the frequency range. Dynamic forces from 2 to 4 
N r.m.s. caused no significant changes in the mo- 

Sagittal plane 
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Cross section of crus 2cm below 
the tibial tuberosity. 

Figure 5. Frequency of resonance (Fa ? SO) versus angie 
of positioning the impedance head. Triple determina- 

CI tions. 
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Figure 7. Static preload versm frequency of lowest reso- 
nance (FJ. Triple determinations. 
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Figure 6. Dynamic force versus mobility and lowest fre- 
quency of resonance Fa. 

bility or the frequency of lowest resonance; 3 N 
r.m.s. was chosen as a standard procedure. 

Static preload 

The influence of static preload on the impedance 
head was investigated (Figure 7). With a dynamic 

force of 3 N r.m.s. a minimum static force of 4 N 
was necessary for appropriate bone contact. 
Above 20 N the pressure caused pain. Mobility 
decreased with higher preload, but resonance 
showed no changes from 5 to 20 N. A static load 
of 8 N was chosen because it gave good bone 
contact and was tolerated for a longer period 
without discomfort. 

Muscular tension 

The influence of muscular tension by flexion-ex- 
tension in the ankle and knee joints is presented 
in Table 1. Muscular tension, especially extension 
of the knee joint, increased Fa, indicating that the 
muscles must be relaxed during the determina- 
tions. 
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Table I .  Muscular tension versus resonance frequency 
(2 2S.D.) 

Ankle joint Knee joint 

Flexion 115k8.4 115.6k4.7 
Extension 112.6+10.9 159.0k2.4 

(Relaxed 95.3k4.7) 

Table 2 .  Precision of method in standard position (Tri- 
ple determinations) 

~ 

Source of Resonance Admittance 
variation frequency 

S.D. C.V. S.D. C.V. 

Apparatus 1.9 1.6 per cent 4.3 3.7 per cent 
Change of 
position 5.4 4.7 per cent 9.2 8.5 per cent 

Figure 8. Frequency of resonance (FJ with sofr tissue 
damping versus fracture of the fibula and increasing 
transection of the tibia. 
56 
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Figure 9. Frequency of resonance (FJ after removal of 
soft tissues and the fibula versus increasing transection of 
the tibia. 

Precision of the method in a standard position 

The precision of the method was measured both 
with the subject and the transducer in unchanged 
positions, and with the position of the subject and 
of the transducer altered between the tests. Table 
2 shows that repositioning the leg and the trans- 
ducer increased the variation both in Fa and the 
mobility at resonance, indicating that the triple 
determinations in the clinic should be performed 
with repositioning of the leg. 

Figure 8 shows the mobility of the tibia during 
gradual transection. No difference is found after 
transection of the fibula. Fa decreases as the 
transection proceeds. The higher resonance F, 
from the proximal fragment with the shorter 
dynamic length occurs when the tibia is half 
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transected. After removal of soft tissues the 
curves become more detailed (Figure 9), showing 
higher resonances. The frequency of the lowest 
resonance was then 18 per cent higher but 
showed the same decrease during transection as 
in the first series. 

Figure 10 shows the frequency of resonance 
(Fa) versus the depth of intact bone during the 
transection. 

In the clinical test shown in Figure 11 the Fa 
was decreased on the fractured side. No changes 
were found in the Fa before or after the removal 
of the high circular femur cast. 
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DISCUSSION 

This study demonstrates that Fa of the human 
tibia can be determined by the point impedance 
technique, with the same degree of precision as 
that found by Jurist (1970) in his study of the 
ulna, using a two-point impedance technique. 
The point impedance technique is, however, 
more convenient in the determination of fracture 
healing, since it requires only a single subcutane- 
ous point for the measurements. 

We found that the positioning of the transducer 
along the anterior tibia1 margin caused no change 
in Fa, but did lead to considerable change in mo- 
bility at resonance. Determinations will not be 
sensitive to minor deviations from the sagittal 
plane. Jurist (1970) found a 22 per cent increase 
in Fa of the ulna as the angulation varied 20-30 
degrees dorsally from the standard position. 

A static preload between 5 and 20 N did not 
change Fa. This is in accordance with Jurist, who 
reported that changes in the preload only altered 
Fa by 10 per cent. Thompson et al. (1976) 
showed that mechanical impedance changed with 
varied static preload, but the graphs show no 
variation in Fa. 

Muscular tension was obviously an important 
factor. We found a much greater increase in Fa 
during muscular tension than that demonstrated 
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by Jurist on the ulna. This was probably due to 
the larger muscular mass of the leg. 

Muscular tension could have been the cause of 
the reduced precision-when repositioning the leg, 
but as the subjects were well relaxed the changes 
were probably caused by altered boundary con- 
ditions as the leg was replaced on the Braun 
splint. This theory is supported by Doherty 
(1971), who showed that the measured resonance 
will depend upon the supporting conditions of the 
limb and claimed that rigid body motion could 
predominate over deforming modes of vibration. 
Spiegl & Jurist (1975) presented four models of 
the vibrating ulna, where the fourth was the rigid 
body vibrating on a spring. This model failed to 
predict the vibrational behaviour of bones in 
most of the clinical tests, so this mode of vibration 
was considered less important. Thompson et al. 
(1976) presented an improved mathematical 
model for the vibrational behaviour of the tibia, 
and showed a high correlation with the clinical 
results found by driving point impedance tests. 
Hight et al. (1978) presented a computer model 
for the prediction of natural frequencies of the 
tibia and found that boundary conditions were 
clearly the most important factor. 

The precision of the results shows that bound- 
ary conditions are reproducible to a certain de- 
gree, indicating that the method could be a val- 
uable tool in determining tibial resonance fre- 
quency during fracture healing. 

The results of the study of the tibial transection 
illustrate the changes in resonance frequency that 
one could expect in the healing fracture. In the 
fractured bone the dynamic length is reduced, 
which initially would raise the lowest frequency 
of resonance. As healing proceeds a lower fre- 
quency of resonance will emerge when the two 
fragments exert transverse vibrations, with the 
fibrous tissue in the fractured area serving as a 
joint for the motion. This lower frequency of re- 
sonance will gradually approach the normal val- 
ues of the non-fractured bone as the stiffness in 
the fractured area increases with callus forma- 
tion. 

As bone stiffness shows a high correlation with 
breaking strength (Jurist & Foltz 1977), stiffness 
evaluated by resonance frequency could be a 
measure of the breaking strength in the healing 
56' 

fracture, thus improving the detection of delayed 
healing or allowing early plaster removal and 
mobilization of the fractured limb. 

The results in this study indicate that fractures 
can be detected and that increasing stiffness in 
the fracture gap can be monitored by resonance 
frequency. 

The plaster cast caused no variation in the low- 
est frequency of resonance, probably because 
only the posterior part of the leg was in contact 
with the cast, creating conditions similar to the 
leg on the Braun splint. 

Damping by soft tissues makes it more difficult 
to determine the value of Fa. Removing the soft 
tissues raised Fa by approximately 18 per cent, 
which suggests that oedema might change the 
resonance. Further investigations will show 
whether changes in Fa can be used to determine 
the exact amount of time taken for a fracture to 
heal. 
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