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Figure 3. The vibrational index (VI) of the vibrational response
of a human tibia in vitro as a function of polymethyimethacry-
late (PMMA) curing time. The graph displays the VI which is
computed relative to the vibrational response of the initially
intact bone. The changes in time of the VI associated with the
femur vibrational response correspond to hardening (ie, stiffen-
ing) of the PMMA. The VI begins at time zero at about 0.0001,
increases slowly past 0.001, and then rises rapidly at about 7
minutes to almost 1.0, where it stays for the remainder of the
experiment. ’

ly past 0.001, and then rises rapidly at about 7 min-
utes to almost 1.0, where it stays for the remainder
of the experiment.

In Vitro Animal Data

Uniform unilateral closed tibial fractures were
performed on 20 New Zealand White rabbits. A
Kirschner wire was inserted into the medullary cavi-
ty and a guillotine was dropped on the limb to pro-
duce a fracture.® The limb was placed in a fiberglass
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Figure 2. Schematic diagram of the computerized vibrational analysis system.
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Figure 4. The vibrational index (V1) compared to the ratio of tor-

sional stiffness of the healing fractured bone to contralateral
intact bone (SR) for 20 rabbits. There is a significant linear cor-
relation (r = 0.79, P <0.15) between reiative stiffness (SR) and
the relative vibrational index (VI).

cast and the 20 animals sacrificed between the peri-
od comprising 5 to 28 days post fracture. The left
and right tibiae of each rabbit were dissected, the
rod in the fractured limb removed, and then both
tibia were radiographed and vibrationally tested.
Finally, all tibiae were biomechanically tested to
obtain torsional stiffness, utilizing a biomechanical
testing machine.® The ratio of fractured limb to
contralateral intact limb stiffness, ie, the stiffness
ratio (SR) was recorded and plotted versus VI for
the 20 rabbits (Figure 4). There was a significant
linear correlation (r = 0.79, P <0.15) between SR
and the VI, although there were substantial varia-
tions between the fresh fracture and firm healing
states.
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Figure 5. (A) The vibrational index (Vl) as a function of days
post fracture for 5 fracture patients whose Vi values are monot-
onically increasing as a function of time post fracture. (B) The
vibrational index (V1) as a function of days post fracture for 5
fracture patients whose VI values were either initially high and
remained at that level or exhibited more inconsistent behavior.

Clinical Data

Vibrational measurements were also acquired
from human subjects, both intact controls and frac-
ture patients. Ten healthy controls were analyzed
vibrationally. Measurements from each control sub-
ject consisted of paired data from the left and right
humerus, ulna, and tibia. The data was collected in
both “normal” mode, ie, with the subject normally
relaxed, and in “tension” mode, ie, with the subject
consciously tensing his or her muscles of the limb
being tested.

Ten patients with humerus and clavicle fractures
were also tested vibrationally in a similar manner to
that used for the controls above. Contralateral
intact and fractured limb data were recorded at

time of fracture and at weekly or biweekly intervals
until clinical union occurred. The vibrational
response for each patient at each time point was
recorded for subsequent computation of the VL. In
addition, 3 patients referred because of suspected
nonunion were vibrationally tested.

The mean vibrational indices (standard errors of
the mean) for the 10 control subjects were 0.73
(0.2), 0.82 (0.2), and 1.1 (0.2) for the humerus,
ulna, and tibia, respectively. There was a 25% aver-
age decrease in the mean vibrational index when
the muscles were tensed, relative to when they were
normally uncontracted (P<0.01).

Figure 5 presents the vibrational response data
for the 10 fracture patients. In 5 of the cases
(Figure 5A), the vibrational response begins with a
low value (approximately 0.1) and increases almost
monotonically toward 1.0. The remaining 5 cases
are shown in Figure 5B. In 2 of the cases the vibra-
tional response starts at a relatively high value, and
remains there throughout the monitoring period.
In the last 3 cases, there is a non-monotonic varia-
tion in the VI, although there is an overall increas-
ing trend in VI. The diagnosis of tibial nonunion
was made and bone grafting was recommended in
2 patients whose X-ray demonstrated lucency, ebur-
nation, and hypertrophic changes at the fracture
site. Good conduction was identified with the tap-
ping-stethoscope technique and with the comput-
er-based vibrational testing device (VI = 0.63 and
0.84, respectively), indicating preosseous continuity
across the fracture site. Further immobilization
permitted full healing and surgery was avoided.
One patient demonstrated similar X-ray findings
and poor conduction indicating a fibrous
nonunion (VI=0.13).

DISCUSSION

No reliable quantitative vibrational assessment
method of fracture healing has yet been estab-
lished, although many studies have addressed this
problem.*717 There are several reasons why this is
so. First, analytic results previously reported
demonstrate that the main changes in the vibra-
tional response of a healing fractured bone occur
during the earliest part of fracture consolidation.*
Thus vibrational or auscultatory response can be
relatively sensitive to initial changes occuring in a
healing fractured bone, and in fact are what makes
such techniques so potentially useful. Conversely,
changes occuring later in the healing process may
not be as easy to distinguish.*

The degree of change induced by a fracture rep-
resents only one aspect of the diagnostic capabili-
ties of the vibrational test. The other fundamental
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aspect relates to the relative degree of variability
that may be reliably obtained in such testing. This
was assessed in normal control subjects in several
anatomical locations. We observed a nominal vari-
ability of about +30%. This is due to the random
aspects of the experiment itself, which included
differences in repositioning of the transducers and
vibration shaker, differences in repositioning of the
limb itself, different boundary conditions (eg, how
firmly the transducers are placed on the skin), and
normal electronic noise. Better reproducibilties
have been reported in the literature, for example
by Benirschke et al.'® This difference may be due
to the fact that our results were obtained for a vari-
ety of limbs, whereas other studies have concentrat-
ed mostly on the tibia.!® In addition, we observed a
systematic bias obtained from muscle contractions
of almost 25%. Other bias effects which were not
measured in the controls were effects of soft tissue
edema, degree of comminution, and anatomical
alignment. It can be expected that such effects
would contribute some additional errors.!®

By combining the above observations, that is, the
smaller changes in the vibrational response which
occur subsequent to initial consolidation of the
fracture, the confounding nature associated with
impacted and internally fixed fractures, and soft tis-
sue edema, with the random variations introduced
into the measurement process, it is clear that vibra-
tional assessment techniques must be used with
appropriate care. In particular, vibrational methods
can be used for determining (1) if a fresh fracture
or a nonunion is present; (2) if there is no fracture
present or a fracture has healed or is impacted;
and (3) if the fracture site has begun to consolidate
between freshly fractured and completely healed.
Attempts to infer the quantitative degree of
mechanical strength of a healing fracture may be
subject to error. Benirschke et al,'® by use of a simi-
lar computerized vibrational system, has been able
to obtain a relatively high correlation between
vibrational response and time to healing (R?* =
0.58), although healing time was defined based on
the vibrational response itself.

CONCLUSION
This report is presented as a challenge to clinical
orthopedists unfamiliar with the art of auscultatory
percussion, to explore this simple, noninvasive,
inexpensive method as a guide in evaluating the

process of healing of noninternally fixed fractures.
Classical auscultatory percussion utilizing a finger
tap and stethoscope has proven to be a useful clini-
cal tool for identifying the presence of fresh,
ununited and healed fractures, as well as gross
assessment of changes that are occurring during
the healing process. Similarly, computerized vibra-
tional analysis can be used to more objectively dis-
tinguish the state of a healing fracture. The poten-
tial for errors in such techniques is still significant,
making careful interpretations important. Future
studies may improve the accuracy of vibrational
techniques, for example by identifying and control-
ling for edema, placement of the transducers, and
other factors. For the present, however, vibrational
techniques, whether manual or computerized, can
provide significant information on the state of an
injured limb in the context of the limitations and
capabilities described.
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