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ABSTRACT: A multicenter, prospective, randomized, 
double-blind, placebo-controlled clinical trial was con­
ducted to test the efficacy of a specifically programmed, 
low-intensity, non-thermal, pulsed ultrasound medical 
device for shortening the time to radiographic healing 
of dorsally angulated fractures (negative volar angula­
tion) of the distal aspect of the radius that had been 
treated with manipulation and a cast. Sixty patients 
(sixty-one fractures) were enrolled in the study within 
seven days after the fracture. The patients used either 
an active ultrasound device (thirty fractures) or a pla­
cebo device (thirty-one fractures) daily for twenty min­
utes at home for ten weeks. The two types of devices 
were identical except that the placebo devices emit­
ted no ultrasound energy. Clinical examination was per­
formed and radiographs were made at one, two, three, 
four, five, six, eight, ten, twelve, and sixteen weeks after 
the fracture by each site investigator. 

The time to union was significantly shorter for the 
fractures that were treated with ultrasound than it was 
for those that were treated with the placebo (mean 
[and standard error], 61 ± 3 days compared with 98 ± 
5 days; p < 0.0001). Each radiographic stage of healing 
also was significantly accelerated in the group that was 
treated with ultrasound as compared with that treated 
with the placebo. Compared with treatment with the 
placebo, treatment with ultrasound was associated with 
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a significantly smaller loss of reduction (20 ± 6 per cent 
compared with 43 ± 8 per cent; p < 0.01), as determined 
by the degree of volar angulation, as well as with a 
significant decrease in the mean time until the loss of 
reduction ceased (12 ± 4 days compared with 25 ± 4 
days; p < 0.04). We concluded that this specific ultra­
sound signal accelerates the healing of fractures of the 
distal radial metaphysis and decreases the loss of re­
duction during fracture-healing. 

Ultrasound is acoustic radiation at frequencies above 
the limit of human hearing. It is a form of mechanical 
energy that can be transmitted into the body as high-
frequency acoustical pressure waves. The micromechani-
cal strains produced by these pressure waves in body 
tissue can result in biochemical events at the cellular 
level3529 and may promote bone formation in a man­
ner comparable with the bone responses to mechanical 
stress postulated by Wolffs law41. Ultrasound currently 
is used both operatively and therapeutically; it achieves 
its biological results by considerably increasing the tem­
perature of the tissue, with intensities ranging from 0.2 
to 100 watts per square centimeter1 '•24-4(M7. In contrast, safe 
intensities for diagnostic imaging are much lower (0.5 
to fifty milliwatts per square centimeter) and are con­
sidered non-thermal stimuli35. The ultrasound device 
used in the current study applied thirty milliwatts per 
square centimeter, in the range of diagnostic imaging, to 
the skin at the site of the fracture. 

Duarte10 reported an acceleration of healing, as as­
sessed radiographically and histologically, with use of a 
low-intensity ultrasound device, both at the site of a 
controlled fibular osteotomy and in a femoral drill-hole 
defect in a rabbit model. Studies of other animal models 
have demonstrated a bone response to low-intensity 
ultrasound, including the promotion of cartilage-related 
gene expression and increased rates of endochondral 
ossification'9-2526363945'"''. In vitro studies have suggested 
that low-intensity pulsed ultrasound produces signifi­
cant multifunctional effects (p < 0.05) that are directly 
relevant to bone formation and resorption303242. 

VOL. 79-A, NO. 7, JULY 1997 961 

mailto:kgendron@mooseuvm.edu
mailto:jackryaby@compuserve.com


962 T. K. KRISTIANSEN, J. P. RYABY, JOAN McCABE, J. J. FREY, AND L. R. ROE 

Clinical investigations involving low-intensity ultra-
sound621"41-44 have shown successful healing of pseud-
arthroses, delayed unions, and non-unions, including 
non-unions of fractures fixed with metallic implants. 
In a multicenter, prospective, randomized, double-blind, 
placebo-controlled study, Heckman et al." used the 
same device employed in the current study and re­
ported significantly (38 per cent) accelerated healing 
(p = 0.0001) in patients who received active ultrasound 
for the treatment of a tibial diaphyseal fracture. 

The purpose of the current study was to determine 
if the application of a low-intensity ultrasound stimulus 
accelerates the healing of distal radial fractures after 
treatment with closed reduction and application of a 
cast. 

Materials and Methods 

All adult patients who had a fracture of the distal 
aspect of the radius with dorsal angulation treated by 
the site investigator at Community Health Care Plan 
(New Haven, Connecticut), Conway Hospital (Conway, 
South Carolina), Emory University (Atlanta, Georgia), 
Florida Medical Center (Plantation, Florida), Green­
ville Hospital System (Greenville, South Carolina), 
Haifa City Medical Center (Haifa, Israel), Mount Sinai 
Medical Center (New York, N.Y.), St. Luke's Hospital 
(New Bedford, Massachusetts), University of Vermont 
(Burlington, Vermont), or Community Medical Center 
(Scranton, Pennsylvania) between 1987 and 1990 were 
considered for inclusion in the study. Most of the pa­
tients were managed at three investigational sites, and 
one to five patients were managed at each of the re­
maining seven sites. 

The study was prospective, randomized, double-
blind, and placebo-controlled. One of us (T. K. K.) 
served as the principal investigator and assessed all 
radiographs of each patient while blinded with regard 
to the treatment-group status. In addition, an indepen­
dent radiologist (L. R. R.) separately evaluated all 
radiographs of each patient in the same blinded man­
ner. An Investigational Device Exemption, including 
the study protocol, was approved by the United States 
Food and Drug Administration. Approval from the In­
stitutional Review Board was obtained for each in­
vestigational site before the patients were enrolled in 
the study. Written informed consent was obtained from 
each patient before enrollment. Each site investiga­
tor signed an agreement outlining the investigator's 
responsibilities with regard to carrying out the study. 
Standardized forms were used at each investigational 
center for documentation of initial patient and fracture-
related information, such as the medical and medica­
tion history, adherence to the criteria for inclusion, 
scheduled follow-up visits, and adverse reactions or 
complications observed during the study. Such forms 
were also used to record the results of the central ra­
diographic assessment of fracture characteristics and 

fracture-healing performed by both the principal in­
vestigator and the independent radiologist after the 
study. 

Men and non-pregnant women who were at least 
twenty years old and had a closed, dorsally angulated, 
metaphyseal fracture of the distal aspect of the radius 
within four centimeters of the tip of the radial styloid 
process were admitted into the study. Fractures with 
intra-articular involvement of either the radiocarpal or 
the radio-ulnar joint were included, as were distal ra­
dial fractures with a concomitant fracture of the ulnar 
styloid process. To be included in the study, a fracture 
had to have been satisfactorily reduced after closed re­
duction and immobilization in a below-the-elbow cast. 
Satisfactory reduction was determined by the investi­
gator on the basis of the radial height, radial angle, and 
volar angulation as seen on radiographs made after 
the reduction. The protocol specifically excluded frac­
tures that necessitated additional reduction after the 
investigational treatment had begun. No patient needed 
more than one manipulation at the time of the initial 
reduction of the fracture. Patients were excluded if they 
had another type of distal radial fracture, such as a 
chauffeur, Barton, or Smith fracture, or a distal radial 
fracture with an associated fracture of the ulnar shaft; if 
they needed operative intervention; if they were re­
ceiving steroids or anticoagulants; if they had a history 
of thrombophlebitis or vascular insufficiency involving 
the upper extremity; or if they had a nutritional defi­
ciency or an alcohol dependency. 

All patients were managed by the site investiga­
tor and were given the opportunity to participate in 
the study if they met the criteria for inclusion. Patients 
who agreed to participate and provided written in­
formed consent were entered consecutively into the 
study. Active and placebo devices were randomly as­
signed, in groups of four (two active and two placebo), 
to each investigational center, according to a computer-
generated code developed by an independent statistical 
consultant. Prospective patients were not evaluated by 
the principal investigator before enrollment; therefore, 
all decisions with regard to enrollment were the sole 
responsibility of the site investigator. All patients were 
enrolled permanently in the study after they had been 
assigned a device by the site investigator. A history was 
obtained and an examination was performed for each 
enrolled patient. 

Eighty-three patients (eighty-five fractures) were 
enrolled in the study at ten investigational sites. Forty 
fractures in forty patients were randomized to the group 
to be treated with the active ultrasound device, and 
forty-five fractures in forty-five patients, to the group 
to be treated with the placebo device (the control 
group). Two patients had bilateral fracture; in both pa­
tients, one fracture was treated with the active device 
and the other, with the placebo device. Three patients 
(all of whom were managed with the placebo device) 
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withdrew from the study within the first three weeks 
and were lost to follow-up. In addition, twenty-one 
fractures (ten that were treated with the active ultra­
sound device and eleven that were treated with the 
placebo) were excluded from the analyses: four, be­
cause the principal investigator determined that they 
were not dorsally angulated distal radial fractures (two 
were chauffeur fractures, one was a Smith fracture, 
and one was a vertical fracture); eight, because the pa­
tient withdrew from the study (one each during the 
first, second, fourth, and eighth weeks, and two each, 
during the sixth and twelfth weeks); two, because of a 
decision by the site investigator (one patient had open 
reduction and internal fixation during the first week 
because of instability, and the other fell and sustained 
a refracture during the eighth week); two, because the 
patient had used the device improperly (one did not 
use coupling gel, and the other did not operate the de­
vice correctly); three, because the reduction was poor; 
one, because a repeat reduction was performed at two 
weeks; and one, because it had only two evaluable 
cortices and therefore could not be assessed with re­
gard to the time necessary to attain bridging of four 
cortices. Documentation that the fracture had healed 
eventually was obtained for all twenty-one excluded 
fractures. 

The remaining sixty patients (sixty-one fractures) 
made up the core group that adhered to the study pro­
tocol and were the basis for inferences regarding the 
efficacy of the ultrasound device. Thirty fractures were 
treated with an active ultrasound device, and thirty-one 
fractures were treated with a placebo device. The two 
patients who had bilateral fracture were in the core 
group; one was managed with both an active and a pla­
cebo device, and the other was managed with an active 
device only (the contralateral fracture was excluded be­
cause of a poor reduction). 

The low-intensity ultrasound device consisted of 
three components: a plastic retaining and alignment 
fixture; a battery-operated treatment head module, 
which supplied the ultrasound signal to the skin at the 
site of the fracture; and a main operating unit (Sonic 
Accelerated Fracture Healing System [SAFHS 2A]; 
Exogen, Piscataway, New Jersey) operated by 110-volt 
alternating current. The retaining and alignment fix­
ture initially was incorporated into the cast and held 
the treatment head module in place during treatment. 
After the cast had been removed, a Velcro-strap ar­
rangement was used to hold the treatment head module 
on the skin over the site of the fracture. The treatment 
head module and the main operating unit were con­
nected by fiberoptic cables that allowed for commu­
nication of control and sensing signals by means of 
light pulses and, in addition, provided the patient with 
electrical isolation from the electrical line-operated 
main operating unit. The ultrasound acoustic pressure 
wave was not adjustable by either the patient or the 

investigator. The ultrasound pressure-wave signal was 
composed of a pulse burst width of 200 microsec­
onds containing approximately 300 sine-wave pressure 
pulses, each approximately 0.67 nanosecond in dura­
tion (frequency, 1.5 megahertz). The 200-microsecond 
burst of pressure pulses was followed by an off-time 
of 800 microseconds and, therefore, repeated every mil­
lisecond (repetition rate, one kilohertz). The intensity of 
the pressure wave applied to the skin at the site of the 
fracture was thirty milliwatts per square centimeter 
(spatial average-temporal average). The placebo device 
had a disconnected ultrasound transducer and ema­
nated no ultrasound pressure wave; however, it was 
identical to the active unit with regard to all of its 
operations and its visual and audible characteristics. 
Neither the patient nor the investigator could ascertain 
whether ultrasound was being emitted; therefore, both 
were blinded with regard to the treatment-group sta­
tus. In addition, both the principal investigator and the 
independent radiologist were blinded when they per­
formed their separate assessments of all radiographs. 

After adequate reduction had been attained in ac­
cordance with the study protocol, the extremity was 
immobilized in a below-the-elbow cast with the wrist in 
slight volar flexion and ulnar deviation. With use of a 
template and a standardized technique, a cast window 
was created in the dorsal aspect of the cast over the site 
of the fracture, and the retaining and alignment fixture 
was secured in the cast window with plaster. The fixture 
held the treatment head module in place during the 
daily twenty-minute treatment sessions, and the cap of 
the retaining and alignment fixture, used in conjunction 
with a felt plug, then was inserted into the fixture and 
was kept in place for the remainder of the day. This 
system was designed to prevent window edema by pro­
viding even pressure on the skin at the site of the win­
dow; there were no instances of window edema in this 
study. A small portion of the body of the retaining and 
alignment fixture was radiopaque, permitting radio­
graphic confirmation of correct positioning over the 
fracture. The remaining portion of the body was invisi­
ble radiographically so as not to interfere with the ra­
diographic visualization of fracture-healing. 

After the cap and the felt plug had been removed, 
the patient applied approximately one teaspoon (five 
milliliters) of ultrasonic coupling gel to the transducer 
surface of the treatment head module. The treatment 
head module was connected through the fiberoptic ca­
bles to the main operating unit, which contained the cir­
cuitry to control the module and to monitor the proper 
attachment of the module in the retaining and align­
ment fixture. If the device was not operated correctly, 
no ultrasound signal was generated and an audible 
warning signal alerted the patient. The main operat­
ing unit contained an integral timer that monitored the 
duration of treatment and automatically turned off the 
unit after twenty minutes. A visible and audible sig-
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nal alerted the patient that the treatment was complete. 
The patient's compliance with use of the device was 
measured by an elapsed-time recorder inside the main 
operating unit and by a daily logbook maintained by 
the patient. The elapsed-time recorder readings and the 
logbook entries were assessed by the sponsor of the 
study on return of the device after the completion of 
treatment. All patients started ultrasound treatment 
within seven days after having sustained the fracture, 
and they were instructed to use the device for one con­
tinuous twenty-minute period each day until the ten-
week follow-up visit. 

Posteroanterior and lateral radiographs were made 
for all patients at the time of the injury, after the reduc­
tion, and at all follow-up visits. At each follow-up visit, 
clinical assessments were performed by the site in­
vestigator by palpation through the cast window or by 
manual application of stress after removal of the cast. 
Immobilization in the cast was discontinued at the dis­
cretion of the investigator. The protocol specified that 
the first change of the cast was to be at three weeks so 
that radiographs could be made and the fracture site 
could be manually stressed and palpated for indications 
of pain, tenderness, and instability while the extremity 
was out of the cast. 

Difficulties, which had been predicted during the 
development of the protocol, were encountered in the 
subjective evaluation of clinical healing, mainly because 
some investigators were unwilling to change the cast at 
three weeks or at the next two follow-up visits and also 
because of individual patients' intolerance to pain. As a 
result, clinical examinations were performed neither in 
a uniform manner nor at uniform time-points. There­
fore, the data pertaining to clinical healing alone are 
invalid and are not reported. 

The duration of immobilization in the cast was de­
termined by the site investigator and averaged twenty-
six days for the group that was managed with the active 
device and twenty-eight days for the group that was 
managed with the placebo. A removable splint was used 
for thirty-nine (64 per cent) of the sixty-one fractures 
after the cast had been removed: a plastic splint was 
used for thirty-five fractures, and a bivalved cast was 
used for the remaining four. The splint was used for a 
mean of eighteen days in the group that was managed 
with the active device and a mean of twenty-two days 
in the group that was managed with the placebo device. 
Daily ultrasound therapy with a wristband applicator 
was continued after the cast had been removed, until the 
tenth week. The patients were scheduled to return for 
follow-up at one, two, three, four, five, six, eight, ten, 
twelve, and sixteen weeks. 

The treatment groups were comparable with regard 
to the mechanism of the injury: fifty-nine fractures (97 
per cent) -— twenty-nine that were treated with the 
active device and thirty, with the placebo device — had 
been sustained in a low-energy accident. Comorbidity 

factors also were similar between the treatment groups: 
four patients who were managed with the active device 
had comorbidity factors (two had diabetes and two had 
a thyroid condition), compared with five patients (one 
each who had osteoporosis, allergies, Parkinson disease, 
a gastric ulcer, and ischemic heart disease) who were 
managed with the placebo device. The comparability of 
the two treatment groups was assessed with use of sta­
tistical analyses of patient characteristics, such as age 
and gender, and analysis of the following predefined 
fracture characteristics as assessed on radiographs made 
before and after the reduction1-2'314'38. 

Displacement: This was defined as translation with 
or without angulation of the distal fragment relative to 
the proximal fragment on either the posteroanterior 
radiograph (medial or lateral translation) or the lateral 
radiograph (dorsal or volar translation) made before 
the reduction. A fracture with so-called hinged angula­
tion without translation of the fragment was not consid­
ered displaced. 

Fracture of the ulnar styloid process: This was de­
fined as fracture of any section of the ulnar styloid pro­
cess (including a tip avulsion). 

Frykman score'3: The score was used as an index of 
the severity of the injury on the basis of the presence or 
absence of a fracture of the ulnar styloid process and 
whether the fracture line extended through the radio­
ulnar or radiocarpal joint. 

Involvement of the radio-ulnar joint: The radio-ulnar 
joint was considered to be involved when the frac­
ture line at the medial radial cortex was distal to the 
point of convergence of the radial and ulnar cortices, as 
seen on the posteroanterior radiograph made after the 
reduction. 

Involvement of the radiocarpal joint: Such involve­
ment was defined as evidence of fracture along the ar­
ticular surface of the distal aspect of the radius. 

Comminution: The fracture was considered to be 
comminuted when it involved more than two fragments. 

Impaction: This was recorded when the distal radial 
segment was driven into the proximal segment. 

Radial deviation: As seen on posteroanterior radio­
graphs made before and after the reduction, radial 
deviation was defined as the angle of the articular 
surface of the radius in relation to the long axis of 
the radius in the frontal plane (normal range, 16 to 28 
degrees). 

Volar angulation: This was indicated by the angula­
tion of the distal fragment as measured by the inclina­
tion of the articular surface of the radius in relation to 
the long axis of the radius in the sagittal plane on lateral 
radiographs made before and after the reduction. (All 
angulations were designated as volar according to the 
criteria of Altissimi et al.1; a negative value was assigned 
when the angulation was dorsal in relation to the long 
axis, and a positive value, when it was volar [normal 
range, 0 to 18 degrees].) 
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Radio-ulnar index: This was measured, on postero-
anterior radiographs made before and after the reduc­
tion, as the distance between the most proximal point of 
the articular surface of the radius and the ulnar head. 
(A positive value was assigned when the most proximal 
point of the ulna was more distal than that of the radius, 
and a negative value, when it was more proximal [nor­
mal range,-2.5 to 3.1 millimeters].) 

Radial height: Radial height was measured, on pos-
teroanterior radiographs made before and after the 
reduction, as the distance that the radial styloid pro­
cess projected distal to a line drawn perpendicular to 
the center axis of the radius at the level of the ulnar 
head (normal range, eleven to twelve millimeters). 

The patient and fracture characteristics were sum­
marized either by counts and percentages by category 
or by mean and standard error of the mean for each 
non-categorical parameter. A statistical test of the null 
hypothesis of equality of the two treatment groups ver­
sus the two-sided alternative hypothesis of inequality 
was performed, as no directional response was hypoth­
esized in the study protocol. The Fisher exact test12 was 
used for frequencies, and analysis of variance was used 
for means. 

The principal investigator (T. K. K.) and the inde­
pendent radiologist (L. R. R.), who were blinded with 
regard to the treatment group, performed independent, 
central assessments of the radiographic parameters of 
healing on the basis of radiographs made at each follow-
up visit for each fracture and with use of standard eval­
uation forms. The defined end point of the study was 
a healed fracture. The following specific definitions of 
each parameter of healing were developed before the 
assessments. 

Time to a healed, fracture: This was defined as the 
interval, in days, between the occurrence of the fracture 
and the time when it was healed both clinically (so that 
it was solid and not causing tenderness or pain) and 
radiographically (as evidenced by complete bridging of 
the dorsal, volar, radial, and ulnar cortices). All fractures 
were assessed as clinically healed by the site investiga­
tor, during examinations of the limb out of the cast, 
before the date of radiographic healing. 

Time to early trabecular (endosteal) healing: This 
was defined as the interval between the occurrence of 
the fracture and the first radiographically observable 
changes, as evidenced by the gradual appearance of a 
narrow, irregular band of increased radiodensity along 
each side of the primary fracture line37. This increase in 
bone density is due to the addition of new trabeculae 
without the previous removal of existing bone and is 
accompanied and followed by the removal of bone de­
bris from the fracture gap18. These early healing changes 
were the first that were observed at every fracture site 
and were assessed on each follow-up radiograph. The 
changes were defined as none when there was no evi­
dence of increased radiodensity along the fracture line 

compared with the appearance on the radiograph made 
immediately after the reduction; as initial when any area 
of increased radiodensity, except for that due to overlap 
of the fragments, was noted along the fracture line; as 
intermediate when areas of radiodensity had increased 
in size compared with those seen initially; and as com­
plete when the increased radiodensity along the fracture 
line had reached its maximum and the fracture line was 
most visible, usually before bridging was noted across 
the fracture line. 

Time to cortical bridging: This was defined as the 
interval between the occurrence of the fracture and the 
re-establishment of cortical continuity across the inter­
ruption of each cortex. A determination was made, at 
each follow-up evaluation, for the two cortices (medial 
and lateral) that were visible on the posteroanterior 
radiograph and the two (dorsal and volar) that were 
seen on the lateral radiograph. Bridging was catego­
rized as none when there was no change at the cortical 
interruption compared with the appearance on the ra­
diograph made immediately after the reduction, as ini­
tial when the change first was noted at the cortical 
interruption, as intermediate when the change had pro­
gressed compared with the initial appearance, and as 
complete when a bridge was observed across the corti­
cal interruption. 

Percentage of organized, trabecular bridging: The re­
turn to the normal trabecular bone architecture pro­
gresses in the later stage of healing as the irregular 
density or disorganized trabeculae at the fracture line 
are replaced with organized trabeculae extending across 
the former fracture line33. The percentage of the fracture 
line that had been replaced by organized trabecular 
bridging was assessed, on the posteroanterior radio­
graph at each follow-up visit, by measuring (in millime­
ters) the total length of the fracture line and the length 
bridged by the organized trabeculae. 

Loss of reduction: This was assessed only when there 
had been at least 10 degrees of negative volar angula­
tion on the initial assessment of the fracture. The change 
between the pre-reduction and post-reduction values 
for volar angulation was greater than the changes be­
tween those values for radial deviation and radial 
height; therefore, changes in volar angulation could be 
measured with greater accuracy. The total amount of 
reduction, in degrees, was the difference between the 
measured volar angulation on the radiographs made 
before and after the reduction. At every visit, volar an­
gulation was measured, in degrees, and compared with 
the measurement made at the previous visit to deter­
mine the extent of the loss of reduction (the return 
toward the value for volar angulation before the reduc­
tion), in degrees, and to ascertain when the loss of re­
duction stopped. The number of days after the fracture 
until the loss of reduction stopped was recorded, as 
was the final degree of volar angulation. Loss of re­
duction was calculated as the percentage of the initial 

VOL. 79-A, NO. 7, JULY 1997 



966 T. K. KRIST1ANSEN, J. P. RYABY, JOAN McCABE, J. J. FREY, AND L. R. ROE 

reduction lost during healing: ([post-reduction volar an­
gulation - volar angulation at the time when loss of 
reduction ceased]/[post-reduction volar angulation -
pre-reduction volar angulation]) x 100. Loss of reduc­
tion was calculated as a percentage for analysis of the 
data because doing so normalized the variation between 
fractures with regard to the number of degrees of pre­
reduction, post-reduction, and final volar angulation. 

All data were entered into a computer file, and the 
computer printout was proofread against the case-
record forms. A second, independent verification of 
the computer file, by comparison with the case-record 
forms, was performed before any statistical analyses 
were done. All statistical analyses were performed with 
Statistical Analysis System software (SAS Institute, 
Cary, North Carolina). 

The efficacy of the two treatment devices was com­
pared by statistical analysis of the principal investi­
gator's assessments of radiographic healing, and the 
independent radiologist's assessments were used as a 
check. The time to the first occurrence of the defined 
end point for each stage of healing was calculated as the 
number of days after the fracture. As specified in the 
Investigation Device Exemption study protocol ap­
proved by the Food and Drug Administration, which 
hypothesized a priori the directional response of a su­
perior treatment effect for the active device, the null 
hypothesis that the time to response for the active de­
vice was the same as or worse than that for the placebo 
device was tested against the one-sided alternative hy­
pothesis that the time to response was superior for the 
active device, with superior defined as a shorter time to 
attain a specific healing response, such as a healed frac­
ture. Therefore, p values were calculated in order to 
assess the superiority of treatment with the active de­
vice as compared with treatment with the placebo de­
vice. The per cent acceleration (also referred to as the 
per cent accelerated healing or decreased time to heal­
ing) for the two treatment groups was a descriptive 
statistic calculated as: ([mean for placebo device - mean 
for active device]/mean for placebo device) x 100. The 
Fisher exact test'2 was used to compare categorical pa­
rameters (for example, the percentage of fractures that 
healed, according to follow-up week, and the percent­
age that lost no reduction) between the two treatment 
groups. 

For the patients who had complied with the study 
protocol and had had complete follow-up (the core 
group), time to healing was assessed with use of three 
complementary statistical methods to test the stated 
null hypothesis792'-233'': analysis of variance, to compare 
the mean times to healing for the two treatment groups; 
Kruskal-Wallis analysis of variance by ranks, because it 
does not make the statistical assumptions of a Gaussian 
distribution or homogeneity of variances; and log-rank 
life-table analysis (the log-rank statistic was used to test 
the equality of the time to healing response distribution 

between the two treatment groups), because it properly 
analyzes right censored observations with use of days to 
the latest follow-up examination as the time-to-event 
value. 

All fractures that were randomized into the study 
(those in the core group, those that were lost to follow-
up, and those that were excluded from the study) were 
analyzed with regard to the time to healing with use of 
an intention-to-treat log-rank life-table analysis based 
on the number of days to the most recent complete 
follow-up visit for fractures with right censored obser­
vations because they had not healed by the time of the 
latest complete follow-up visit. This analysis was used to 
assess whether the exclusion of patients who were lost 
to follow-up and patients who had not complied with 
the protocol biased the determination of time to heal­
ing for the core group. Five fractures that had been 
treated with the placebo device had not healed at the 
latest (sixteen-week) follow-up visit and, for the analy­
sis of variance and analysis of variance by ranks, right 
censored estimated values were derived by the addition 
of twenty-eight days (the time to the next scheduled 
follow-up visit) to the time of the latest follow-up, 
whereas all fractures that had been treated with the 
active device healed during the sixteen-week follow-up 
period. Because of the unequal enrollment of patients 
at the various investigational sites, the effects of in­
vestigational site and investigational site by treatment 
interaction were analyzed with Cox regression analysis8 

to determine whether these covariates significantly in­
fluenced the time to healing. Analysis of variance was 
used to compare the mean percentage of organized tra­
becular bridging for the two treatment groups according 
to the follow-up interval and the mean percentage of 
the reduction that was lost. 

The time after the fracture at which the loss of re­
duction had stopped was assessed with both analysis 
of variance and log-rank life-table analysis. Analysis 
of variance was used to compare the mean within stra­
tum for the two types of treatment in the core group, 
with use of the least-squares standard error of the 
mean from an analysis-of-variance model that included 
stratum effect, treatment effect, and stratum by treat­
ment interaction effect. The strata consisted of the pa­
tient characteristics of age and gender and the fracture 
characteristics of volar angulation before the reduc­
tion, Frykman score13, involvement of the radio-ulnar 
and radiocarpal joints, displacement before the reduc­
tion, and fracture of the ulnar styloid process. 

Results 

No adverse reactions or complications attributable 
to the device, and no contraindications to use of the 
device, were reported during the study. Sudeck atrophy 
(reflex sympathetic dystrophy) was reported in one pa­
tient in each treatment group; however, the diagnosis 
was probably incorrect as the condition had resolved by 
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TABLE 1 
ASSESSMENT OF TREATMENT-GROUP COMPARABILITY 

Parameter 

Gender (no. of fractures) 
Male 
Female 

Displacement (no. of fractures) 
No 
Yes 

Fracture of ulnar styloid process (no. of fractures) 
No 
Yes 

Involvement of radio-ulnar joint (no. of fractures) 
No 
Yes 

Involvement of radiocarpal joint (no. of fractures) 
No 
Yes 

Comminution (no. of fractures) 
No 
Yes 

Impaction (no. of fractures) 
No 
Yes 

Agef (yrs.) 

Frykman score ,3t (points) 

Radial deviation* (degrees) 
Before reduction 
After reduction 

Volar angulation* (degrees) 
Before reduction 
After reduction 

Radio-ulnar indexf (mm) 
Before reduction 
After reduction 

Radial height* (mm) 
Before reduction 
After reduction 

Interval between fracture and start of treatment* (days) 

Duration of follow-upt (days) 

Active Ultrasound 
(N = 30) 

6 (20%) 
24 (80%) 

18 (60%) 
12 (40%) 

10 (33%) 
20 (67%) 

11 (37%) 
19 (63%) 

15 (50%) 
15 (50%) 

15 (50%) 
15 (50%) 

0 (0%) 
30 (100%) 

54 ± 3 

5.2 ± 0.4 

19 ± 1 
20 ± 1 

16 ± 2 
-0.5 ± 2 

-0.2 ± 0.6 
0.0 ± 0.4 

8 + 0.7 
10 ±0.5 

3 ±0.4 

111 ± 2 

Placebo 
(N = 31) 

4 (13%) 
27 (87%) 

17 (55%) 
14 (45%) 

13 (42%) 
18 (58%) 

14 (45%) 
17 (55%) 

21 (68%) 
10 (32%) 

22 (71%) 
9 (29%) 

3 (10%) 
28 (90%) 

58 ± 2 

4.4 ± 0.5 

18 ±1 
21 ± 1 

18 ± 2 
-1.1 ± 2 

-0.5 ± 0.5 
-0.1 ± 0.5 

8 ±0.7 
10 + 0.6 
3 ±0.4 

111 ± 2 

P Value 

0.51* 

0.80* 

0.60* 

0.61* 

0.20* 

0.12* 

0.24* 

0.41* 

0.23* 

0.56* 
0.414 

0.47* 
0.81 + 

OJT* 
0.79* 

0.57+ 
0.96* 
0.97* 

0.99* 

*As determined with the Fisher exact test. 
fThe values are given as the mean and the standard error of the mean. Not all fractures were evaluated for all parameters. For the category 

of radial deviation before the reduction, twenty-eight fractures treated with ultrasound and twenty-nine treated with the placebo were evaluated; 
for the category of volar angulation before the reduction, twenty-nine fractures treated with ultrasound and thirty treated with the placebo were 
evaluated; for the category of volar angulation after the reduction, twenty-nine fractures treated with ultrasound and twenty-seven treated with 
the placebo were evaluated; for the category of radio-ulnar index before the reduction, twenty-eight fractures in each treatment group were 
evaluated; and for the category of radial height before the reduction, twenty-six fractures treated with ultrasound and twenty-eight treated with 
the placebo were evaluated. 

*As determined with analysis of variance. 

the next follow-up visit, and both patients remained in 
the study until treatment had been completed. Only 
minor mechanical and technical problems with use of 
the device were reported by the patients. 

There was no significant difference between the two 
treatment groups with regard to any of the patient or 
fracture-related parameters; therefore, the randomiza­
tion process produced similar treatment groups for the 
efficacy comparisons (Table I). 

For both treatment groups, the interval from the 
date of the fracture to the start of treatment aver­
aged three days, and the mean duration of follow-up 

after the fracture was 111 days. The mean number of 
treatment sessions, determined by the sponsor of the 
study after the device had been returned, was sixty-
two days (range, twenty-nine to seventy-seven days, 
according to a timer hidden in the device) and sixty-five 
days (range, thirty-nine to seventy-six days, according 
to the log kept by the patient) for the group that had 
been managed with the active device, as compared with 
sixty-four days (range, thirty to eighty-one days) and 
sixty-five days (range, thirty to eighty-four days) for 
the group that had been managed with the placebo de­
vice. Therefore, the mean number of treatment ses-
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FIG. 1 

Bar graph comparing the times to healing in the group treated with active ultrasound and the group treated with the placebo (p < 0.0001; 
analysis of variance, analysis of variance by ranks, and log-rank life-table analysis). SEM = standard error of the mean. 

sions for both groups, as indicated by both the timer and 
the logbook entries, compared favorably with the ten-
week treatment period specified by the protocol. 

Statistical comparison of the assessments of the ra­
diographs by the principal investigator and the in­
dependent radiologist indicated similar means and 
p values for all of the radiographic healing parame­
ters; therefore, except for the time to healing, only the 
results of the principal investigator's assessments are 
reported. 

Compared with the placebo device, the active device 
accelerated healing by thirty-seven days (38 per cent; 
61 ± 3.4 days compared with 98 ± 5.2 days) and forty 
days (36 per cent; 70 ± 3.0 compared with 110 ± 5.3 
days), according to the principal investigator and the 
independent radiologist, respectively (p < 0.0001; anal­

ysis of variance, analysis of variance by ranks, and log-
rank life-table analysis for both assessments) (Fig. 1). 
The cumulative percentage of healed fractures accord­
ing to the number of days after the fracture clearly 
demonstrates accelerated healing with use of active ul­
trasound (p < 0.0001, log-rank life-table analysis) (Fig. 
2). At forty-two days after the fracture, six (20 per cent) 
of the thirty fractures treated with the active device 
had healed compared with only one (3 per cent) of 
the thirty-one fractures treated with the placebo device 
(p < 0.05) (Fig. 2). Similar differences were seen at fifty-
six days, with fifteen (50 per cent) of the thirty fractures 
treated with active ultrasound having healed compared 
with four (13 per cent) of the thirty-one treated with 
the placebo (p < 0.002); at seventy days, with twenty-one 
(70 per cent) of the fractures treated with active ultra-
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Graph comparing the cumulative percentages of fractures that healed in the group treated with active ultrasound and the group treated with 
the placebo. 
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TABLE II 

RESULTS OF SUPPLEMENTARY ASSESSMENTS OF RADIOGRAPHIC HEALING 

Entire series^ 
Time after fracture to: 

Early trabecular healing 
Cortical bridging 

1st cortex 
2nd cortex 
3rd cortex 
4th cortex 

Organized trabecular bridging 
Week 5 
Week 6 
Week 8 
Week 10 
Week 12 
Week 16 

Subset§ 
Loss of reduction 

During healing 
Time to when loss stopped 

Time after fracture to: 
Early trabecular healing 
Corticalbridging (1st cortex) 

Active Ultrasound* 

30 ± 1 days 

39 ± 2 days 
43 ± 2 days 
51 ± 4 days 
61 ± 3 days 

17 ± 5% 
37 ± 5% 
56 ± 6% 
74 ± 6% 
85 ± 4% 
96 + 2% 

20 ± 6% 
12 ± 4 days 

31 ± 2 days 
37 + 3 days 

Placebo* 

39 ± 2 days 

50 ± 3 days 
56 ± 4 days 
77 ± 5 days 
98 + 5 days 

4 ± 2% 
12 + 4% 
20 ± 5 % 
36 ± 7% 
51 ± 6% 
71 ± 5% 

43 ± 8% 
25 ± 4 days 

43 ± 3 days 
52 ± 3 days 

P Value* 

<0.002 

<0.003 
<0.004 
<0.0002 
•cO.0001 

<0.005 
<0.0002 
<0.0001 
<0.0001 
<0.0001 
<0.0001 

<0.01 
<0.04 

<0.003 
<0.001 

Difference between 
Treatment Groupst 

23% 

22% 
23% 
34% 
39% 

325% 
208% 
180% 
106% 
67% 
35% 

53% 
52% 

28% 
29% 

*Values are given as the mean and the standard error of the mean, with the largest numerical p value from the analysis of variance, analysis 
of variance by ranks, or log-rank life-table analysis. 

tPercentage decrease in mean time to healing, increase in mean organized trabecular bridging, and decrease in mean loss of reduction for 
the group treated with active ultrasound compared with the group treated with the placebo. 

IThirty fractures were treated with active ultrasound and thirty-one, with the placebo device. 
§The subset consisted of fifteen fractures treated with active ultrasound and seventeen treated with the placebo device that had had at least 

10 degrees of negative volar angulation at the time of the initial examination. 

sound having healed compared with six (19 per cent) 
of those treated with the placebo (p < 0.0001); and at 
eighty-four days, with twenty-seven (90 per cent) of the 
fractures treated with active ultrasound having healed 
compared with ten (32 per cent) of those treated with 
the placebo (p < 0.0001). The times to early trabecu­
lar healing and to bridging of the first, second, third, and 
fourth bridged cortices were significantly shorter in 
the group treated with active ultrasound (Table II). 
The percentage of organized trabecular healing at five 
through sixteen weeks was significantly greater in the 
group treated with active ultrasound (Table II). Loss of 
reduction was significantly greater in the group treated 
with the placebo (Table II). 

Cox regression analysis8 demonstrated that, with the 
numbers available, variation of patient enrollment by 
investigational site had no significant effect on the 
time to healing, with values of p > 0.93 for the vari­
able investigational site and p > 0.2 for investigational 
site by treatment interaction. Log-rank life-table analy­
sis, used in an intention-to-treat analysis for all ran­
domized fractures, demonstrated that the active device 
was significantly superior to the placebo device with 
regard to fracture-healing at p < 0.0001; this p value 
was the same as those determined with analysis of vari­
ance, analysis of variance by ranks, and log-rank life-
table analysis for the core group of fractures. This 
equivalency of the values in the intention-to-treat and 

core-group analyses established that bias was not intro­
duced in the results of efficacy by the loss of patients 
to follow-up or the exclusion of those who were non-
compliant with the protocol, and it confirmed the va­
lidity of use of the core group of patients who had 
complied with the protocol for the determination of 
statistical inferences. 

The effect of pulsed low-intensity ultrasound in pre­
venting loss of reduction during healing was assessed for 
a subset of thirty-two fractures in the core group (fifteen 
treated with active ultrasound and seventeen, with the 
placebo) that had had at least 10 degrees of negative 
volar angulation at the time of the initial examination. 
The degree of volar angulation before the reduction 
was of similar severity for the two treatment groups 
(mean [and standard error], -25 ± 3 and -24 ± 3 degrees 
for the fractures that were treated with the active and 
the placebo device, respectively; p > 0.76). Radiographs 
made after the reduction showed excellent reduction, 
with the fracture site in 2 ± 3 degrees of volar angula­
tion in both treatment groups (p > 0.99). The weekly 
radiographs were analyzed to determine if reduction 
had been lost during healing, when the loss of reduc­
tion stopped, and the percentage of the original reduc­
tion that had been lost. Seven of the fifteen fractures 
treated with the active device had no loss of reduction 
compared with three of the seventeen treated with the 
placebo device (p < 0.04). The time until the loss of 
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TABLE III 

SUMMARY OF STATISTICAL ANALYSES FOR TIME TO HEALING FOR ASSESSMENT OF THE TREATMENT EFFECT WITHIN STRATA 

Stratum 

Gender 
Female 
Male 

Age 
<49 yrs. 
>50 yrs. 

Volar angulation before reduction 
<-'9 degrees 
>-10 degrees 

Frykman score13 

1 or 2 points 
3-8 points 

Involvement of radio-ulnar joint 
No 
Yes 

Involvement of radiocarpal joint 
No 
Yes 

Displacement before reduction 
No 
Yes 

Fracture of ulnar styloid process 
No 
Yes 

Active 
Time to 
Healing* 

(Days) 

57 ± 3 
76 ±12 

57 ± 5 
62 + 4 

61 ± 3 
60 ± 5 

56 ± 9 
62 ± 4 

54 ± 5 
65 ± 5 

64 ± 6 
57 ± 3 

58 ± 3 
65 ± 7 

61 ± 4 
61 ± 5 

Ultrasound 
No. of 

Fractures 

24 
6 

8 
22 

10 
19 

5 
25 

11 
19 

15 
15 

18 
12 

10 
20 

Placebo 
Time to 
Healing* 

(Days) 

97 ± 5 
106 ± 20 

86 ± 12 
102 ± 6 

89 ±12 
99 ± 5 

92 ± 6 
102 ± 8 

94 ± 5 
101 ± 9 

98 + 6 
98 ±11 

95 ± 8 
101 + 6 

94 ± 9 
101 ± 6 

No. of 
Fractures 

27 
4 

8 
23 

8 
22 

13 
18 

14 
17 

21 
10 

17 
14 

13 
18 

P Valuet 

<0.0001 
<0.03 

<0.009 
<0.0001 

<0.009 
<0.0001 

<0.004 
<0.0001 

<0.0001 
<0.0001 

<0.0001 
<0.0001 

<o.ooo:i 
<0.0002 

<0.001 
<0.0001 

Difference between 
Treatment Groupst 

(Per cent) 

41 
28 

34 
39 

31 
39 

39 
39 

43 
36 

35 
42 

39 
36 

35 
40 

*Values are given as the mean and the standard error of the mean. 
tDetermined with analysis of variance, calculated with the least-squares standard error of the mean, for comparison of the group treated 

with active ultrasound and the group treated with the placebo. 
^Percentage decrease in mean time to healing for the group treated with active ultrasound compared with the group treated with the placebo. 

reduction stopped was significantly (52 per cent) shorter 
for the group treated with the active device compared 
with the group treated with the placebo device (1.2 ± 4 
days compared with 25 ± 4 days; p < 0.02, analysis of 
variance, and p < 0.04, log-rank life-table analysis). The 
fractures treated with active ultrasound lost a mean of 
only 20 ± 6 per cent of the total reduction as compared 
with the fractures treated with the placebo, which lost a 
mean of 43 ± 8 per cent (p < 0.01) (Table II). This 
difference was related to the acceleration of the early 
healing process in the former group, as evidenced by 
the time to early trabecular healing and by the time to 
bridging of the first cortex. There was a significant dif­
ference with regard to the mean time to early trabecu­
lar healing (31 ± 2 days for the fractures treated with 
active ultrasound compared with 43 ± 3 days for those 
treated with the placebo device; p < 0.003). A similar 
difference was observed with respect to the time to 
bridging of the first cortex (37 + 3 days for the frac­
tures treated with active ultrasound compared with 52 ± 
3 days for the fractures treated with the placebo device; 
p < 0.001). 

As mentioned earlier, analysis of variance was used 
to assess treatment effect, with regard to the time to 
healing, within strata according to the patient and frac­
ture characteristics for the core group (Table III). The 

patient characteristics that were analyzed were gen­
der and age (forty-nine years or less and fifty years or 
more). The fracture characteristics that were analyzed 
were the degree of volar angulation before the reduc­
tion (-9 degrees or less and -1.0 degrees or more); the 
Frykman score" (1. or 2 points and 3 to 8 points); and 
whether or not there was involvement of the radio­
ulnar or radiocarpal joint, displacement before the re­
duction, or a fracture of the ulnar styloid process. The 
results of the analyses indicated a consistent, significant 
shortening of the time to fracture-healing for the group 
treated with ultrasound for all strata (p values ranging 
from <0.0001 to <0.03). Similar analyses performed for 
the supplementary radiographic assessments of time to 
early trabecular healing and percentage of reduction 
that was lost also indicated a consistent effect of a 
shorter healing time for the fractures treated with ultra­
sound for all strata. For all of the analyses of treatment 
effect within strata, the results showed an accelerated 
healing effect of low-intensity ultrasound for each stra­
tum for which an extended healing time is expected (for 
example, an older age, articular involvement, more than 
10 degrees of negative volar angulation, and displace­
ment at the time of the injury). 

Linear regression analysis was performed for the 
female patients in order to determine the effect of the 
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device on the time to healing as a consequence of age. 
The linear regression coefficient (slope) for the group 
treated with the placebo (a group essentially equiva­
lent to a population that has normal healing) was 0.8, 
representing a significant (p < 0.04) increase in healing 
time of approximately 0.8 day for each additional year 
of age. In contrast, the linear regression coefficient for 
the group treated with ultrasound was 0.1, representing 
a slope that was essentially flat, with only a 0.1-day 
increase in healing time for each additional year of age; 
this value was not significantly different from zero (p > 
0.57). Analysis of variance to test the hypothesis that the 
regression coefficient for the women managed with ul­
trasound was equal to that for the women managed with 
the placebo revealed that the regression coefficients 
were significantly different (p < 0.03). This regression 
analysis established that low-intensity ultrasound accel­
erates fracture-healing regardless of the age of the pa­
tient and mitigates the extended healing-time effect of 
aging on the healing process. 

A Premarket Approval application for the device 
used in this study was submitted to the Food and Drug 
Administration in early 1990, and the device was ap­
proved for commercial marketing in October 1994. The 
Food and Drug Administration requested that all pa­
tients enrolled in the study be contacted at, a minimum 
of two years after the fracture had healed, to deter­
mine whether the fracture was still healed. Seventy-
seven (93 per cent) of the eighty-three patients who had 
been randomized into the study were located in 1994, 
and healing was verified for each patient at a mean of 
seventy-two months. 

The smoking status of the core group of sixty pa­
tients before and after the study was documented ret­
rospectively in 1995. Ten of the patients had died or 
could not be located. Of the remaining fifty patients, 
nine had smoked and forty-one had not smoked dur­
ing the study. Use of the active ultrasound device sig­
nificantly reduced the time to fracture-healing for the 
patients who had smoked during the study (mean, 48 ± 
5 days for the patients managed with ultrasound and 
98 ± 30 days for those managed with the placebo; p < 
0.003) and for those who had not smoked (mean, 66 + 5 
days for the patients managed with ultrasound and 
100 ± 6 days for those managed with the placebo; p < 
0.0001). In addition, the nine patients who had smoked 
during the study were included with the three who 
had stopped smoking within ten years before enroll­
ment, and the patients who had never smoked were 
included with those who had stopped smoking more 
than ten years before enrollment. Use of the active ul­
trasound device significantly reduced the time to heal­
ing for the combined group of smokers (mean, 51 ± 4 
days for the patients managed with ultrasound and 
109 ± 24 days for those managed with the placebo; p < 
0.0002) and for the combined group of non-smokers 
(mean, 67 ± 5 days for the patients managed with ultra­

sound and 98 ± 5 days for those managed with the 
placebo; p < 0.0001). 

Discussion 

We conducted this study because of several re­
ports indicating that non-thermal, pulsed, low-intensity 
ultrasound stimulates and accelerates the normal frac­
ture-repair process. Dorsally angulated fractures (nega­
tive volar angulation) of the distal aspect of the radius 
were selected as the model for this study for several 
reasons. First, the bone is primarily cancellous, with a 
thin layer of cortical bone; therefore, the effect on the 
healing of both cancellous and cortical bone could be 
assessed. Second, these fractures involve the upper ex­
tremity, and they usually are treated non-operatively; 
therefore, weight-bearing and operative intervention, 
two variables that influence fracture-healing, could be 
eliminated from the study. Third, the investigational 
therapy could easily be incorporated into conventional 
treatment. 

The patient and fracture characteristics in the two 
treatment groups were very similar before treatment, 
as shown with the comparability analysis. The patients 
found the portable treatment unit easy to use, includ­
ing application of the coupling gel to the transducer, 
securing of the treatment head module, and reinser­
tion of the felt plug and the cap when the device was 
not in use. There were no complications or adverse re­
actions attributable to any aspect of the treatment. No 
contraindications to use of the device and only minor 
mechanical and technical problems were encountered 
during the study. 

Comparison of the results for the two treatment 
groups demonstrated a significant acceleration of the 
fracture-healing process, which led to a significant de­
crease in the time needed to achieve each radiographic 
stage of healing as well as a significant decrease in the 
loss of reduction during healing in the group that was 
treated with active, pulsed low-intensity ultrasound. The 
analysis of treatment effect within the patient and 
fracture-characteristics strata indicated consistent, ac­
celerated healing for all strata, including those for which 
extended healing times are expected. 

The specific mechanisms by which ultrasound accel­
erates bone-healing are unknown; however, in terms of 
the physical mechanism, ultrasound provides a mechan­
ical force to the cellular system. Several investigators 
have demonstrated that mechanical force modulates 
bone formation both in vitro and in vivo3-5-27"25. Recent 
research with use of low-intensity ultrasound demon­
strated increased blood flow in an animal fracture 
model15, and real-time in vitro experiments with use 
of fluorescent microscopy suggested that ultrasound 
promotes calcium flux changes within seconds after ap­
plication4. Several investigators have postulated a mul-
tifaceted biological mechanism. Wang et al." suggested 
that the primary effect of low-intensity pulsed ultra-
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sound is on the chondrocyte population in the healing was used in our study. Heckman and Sarasohn-Kahn16 

fracture; they found evidence of increased soft-callus demonstrated substantial cost-savings as a result of 
formation, advanced endochondral ossification of the reduced costs of Workers' Compensation and of fewer 
callus, and increased stiffness and strength of the frac- secondary procedures when low-intensity ultrasound 
ture site. Animal and in vitro studies by Yang et al.45-46, was used in conjunction with non-operative or oper­
and in vitro studies by Ryaby et al.3032 and Wu et al.42, ative treatment of tibial diaphyseal fractures. The cur-
have shown that low-intensity pulsed ultrasound modi- rent multicenter, prospective, randomized, double-blind, 
fies cell processes such as proteoglycan and transform- placebo-controlled study demonstrated that fracture-
ing growth factor-|3 synthesis, type-II collagen content, healing also is accelerated in the distal radial meta-
messenger-RNA aggrecan production, calcium uptake, physis, a primarily cancellous bone model. This modality 
and reduced parathyroid-hormone response. All of may be useful clinically, as its application continues 
these observations are related directly to bone forma- to be explored for other types of fractures and for 
tion or resorption. In uncontrolled in vivo studies, those with characteristics that lead to slow or delayed 
Choffie and Duarte6, Duarte10, Knoch and Klug20, and healing. 
Xavier and Duarte4344 reported an increased rate of 
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