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Evaluation of a Low- Temperature Calcium
Phosphate Particulate Implant Material:

Physical-Chemical Properties and In Vivo Bone Response
JOHN L. RICCI, PHD,* NORMAN C. BLUMENTHAL, PHD,t

J.M. SPIVAK, MD,:f: AND H. ALEXANDER, PHD§

A study was conducted to evaluate the osteoconductive ability of a particulate,
low-temperature hydroxylapatite (HALT)material (OsteoGen; Impladent, Hollis-
wood, NY). An implantablechamber model was used to determine the ability of
this material to encourage bone ingrowth into channels lined with either rough-
surfaced titanium or rough-surfaced plasma-sprayedhydroxylapatite. The HALT
material increased bone ingrowth into the titanium-lined channels comparable
with that in plasma-sprayedhydroxylapatite-coatedchannels.It was incorporated
into ingrowingbonewithout interveningsoft tissue,with the bonebondingdirectly
to the material surface in much the same fashion as it bonds at the plasma-
sprayedhydroxylapatitesurface.Mechanicaltesting of the ingrown bone showed
no weakness because particles were incorporated. At 12 weeks, the particles
began to show signs of dissolution. It was concluded that the HALTmaterial is a
biocompatible, osteoconductive material that conducts bone ingrowth in much
the same way as high-temperature particulate hydroxylapatite ceramics. This
material has the additional desirableproperty of being slowly resorbable,a ben-
eficial characteristic for many bone-fillingapplications.

Calcium phosphate materials such as hydroxylapa-
tite (HA) have served as the basis for a variety of dental,
maxillofacial, and orthopaedic implants. Hydroxyl-
apatite, CalO(P04)6(OHh, the major mineral compo-
nent of bone, is in fact the idealized, "prototype" com-
pound of biological apatites. As such, it readily accepts
substitutional and compositional defects of consider-
able magnitude that have profound effects on apatite
solubility and reactivity. For example, bone mineral
consists of a calcium-deficient, microcrystalline, non-
stoichiometric HA in which C03 is substituted for P04
(4% to 6%).1
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Of particular importance as implant materials are
the calcium phosphates with calcium/phosphorous ra-
tios of 1.5to 1.67. Tricalcium phosphate and HA form
the lower and upper boundaries, respectively, of this
compositional range. Ceramics made from tricalcium
phosphates are, in general, rapidly resorbing materials,
whereas HA ceramics are more stable.2 In general, HA
ceramics that are formed at high temperatures are more
stable than those formed at lower temperatures, a phe-
nomenon related to the effect of temperature on the
size of the crystals being formed and, in turn, on the
effect of crystal size on solubility.3 Although it may be
questioned whether high-temperature ceramics are
technically HA at all (since high-temperature treatment
results in a severely hydroxyl-deficient material), nat-
ural and ceramic HA are nevertheless sufficiently sim-
ilar that the synthetic varieties have proven to be ex-
tremely biocompatible.

Interaction of HA With Bone

In a review, larch04 observed that the majority of
histologic studies ofbone-HA interaction report direct
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bony contact between HA and host bone, with appar-
ently little tendency to form soft-tissue encapsulation
of the material. Other investigations suggest that a di-
rect bonding exists between HA and host bone.5,6
Walker and Katz7 and Denissen et al8 hypothesized
the formation of a chemical bond in the interaction
between the organic components and HA of bone on
the one hand, and the synthetic HA on the other. The
work ofHench9 on glassesthat leach calcium phosphate
ions supports this concept of direct bonding. Recent
work in the authors' laboratory has shown the existence
of a direct chemical bond between bone and HA 10and
suggests that this bond is the result of a combination
of cellular production of extracellular matrix compo-
nents and direct physical-chemical deposition of new
HA at the tissue-ceramic interface. I1,12

Nevertheless, HA is not truly osteogenic; nor is it
osteoinductive. (Osteogenesis is the formation of min-
eralized tissue by osteoblasts; osteoinduction is the
phenotypic conversion of soft tissue cells to osseous
tissue cells, eg, demineralized bone matrix 13or bone
morphogenic protein 14,by appropriate stimulation.)
Autogenous bone graft is osteogenic; it causes the
translocation of bone-forming osteoblasts and preos-
teoblasts to sites where they may synthesize new bone.

Hydroxylapatite, however, is both osteophilic and
osteoconductive in much the same way as is devitalized
autogenous graft or banked bone. Synthetic HA acts
as a trellis for the ingrowth and subsequent deposition
of new bone. ISWith devitalized graft or banked bone,
the process of replacement with living bone can be ex-
tremely slow, as the dead bone must first be resorbed
by osteoclastic activity and replaced by "creeping sub-
stitution." Most HAs, on the other hand, are not re-
sorbed, but act simply as osteoconductive agents that
are integrated into the new osseous tissue.

Stability of HA

Whereas permanence is desirable in some HA ap-
plications (eg, to retain bone attachment in implant
surface coatings), in other applications (eg, maxillo-
facial and dental reconstruction) a slowlyresorbing HA,
one that encourages bone ingrowth and then slowly
resorbs, is preferable. Although it is now generally ac-
cepted that very dense HA is nonresorbable, some
forms, such as plasma-sprayed HA coatings, are capable
of being partially resorbed. 12,16Microporous and mac-
roporous HA materials have been reported to degrade.
However, perhaps the most definitive work in this re-
g2.rd,by Klein et al,2 suggests that all dense synthetic
HAs are essentially inert. Jenei et al,16 studying the
resorbability of six commercially available synthetic
HAs in buffered lactate, found that all samples released
phosphorous and calcium at a relatively high rate for
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the first 24 to 72 hours (approximately 1 mg/g sample
in both cases); over longer time periods, the release
rate dropped by more than 90%.

Orthopaedic, Dental, and Maxillofacial
Implant Use of HA Ceramics

Plasma-sprayed HA materials are currently used
clinically to coat portions of total hip replacements
and have been shown to directly bond to human
bone.17-20Mechanical testing has shown a marked in-
fluence of HA coatings on the rate of bone ingrowth
and the strength of the interfacial bond.IO,12,20These
results are of particular clinical interest in that post-
operative weight bearing might be allowed earlier, re-
ducing the recuperation period. Another orthopaedic
application of HA involves the use of blocks of mac-
roporous material. Many animal experiments have
been performed with either sintered blocks21,22or cor-
alline material hydrothermally converted from the cal-
cium carbonate exoskeleton of coral.23-27Although
these implant materials have been found to be osteo-
conductive and capable of filling to varying degrees
with ingrown bone, they are weaker than cancellous
bone and depend on bone ingrowth to obtain com-
parable strengths,25thus compromising their suitability,
in their basic form, for weight-bearing applications.

Porous HA blocks, which must be shaped before
implantation, have been used for craniofacial recon-
struction.28Results have been favorable; bony ingrowth
seems to be rapid, and implant retention is not a
problem.

Solid, dense forms of HA have been used to repair
bone defects in animals29 and as tooth root implants
following extraction.3O-33These forms ofHA, however,
allow no bone ingrowth and are difficult to shape at
the time of surgery.

The use of several forms of particulate HA in dental
applications has also been reported in the literature.
These materials consist of irregular and/or porous par-
ticles with irregular packing properties and, in some
cases, are mechanically weak. Particulate forms of HA
have been used primarily in oral surgical procedures
to augment the alveolar ridge34,35and in periodontal
repair.36They have also been used experimentally to
successfully filltooth extraction sites in dogs and mon-
keys.33,37

Testing System

The suitability of testing bone response to implant
materials using implantable chambers has been estab-
lished by several studies.38-43Whereas chamber con-
struction most commonly involves commercially pure
titanium (CP Ti), the present study used ultrahigh-mo-
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lecular-weight polyethylene (UHMW PE). Although
titanium has found favor because of its proven bio-
compatibility and apparent osteointegration with sur-
rounding bone,44-5oits effects (if any) on the processes
of bone growth and repair under examination are not
fully known. Moreover, the poisoning ofHA formation
by various ionic metal species, including Ti, has been
demonstrated through in vitro testing.51

In this study, channels in the implantable chambers
were lined with two surface-roughened materials, CP
Ti and plasma-HA-coated CP Ti, the former repre-
senting a biocompatible but nonosteoconductive sur-
face, the latter an osteoconductive surface. Half the
channels of each type were packed with the HALTma-
terial prior to implantation and half were left empty.
This permitted testing of the osteoconductive potential
of this material for the conduction of bone ingrowth
into channels lined with two different materials.

Materials and Methods

The response of intramedullary bone to OsteoGen
(Impladent, Holliswood, NY) HALTwas examined us-
ing an implantable chamber model with multiple in-
growth channels. The HALTconsists of angular particles
and particle aggregates (Fig 1);individual units have a
maximum length of 600 J1m. This material is made
using a relatively low-temperature proprietary process
and is not sintered like high-temperature HA ceramics.

Infrared (IR) spectra of HALTand comparable ma-
terials used either in this study (plasma-sprayed high-
temperature HA coating) or as reference materials (de-
proteinated ox bone and room-temperature HA) were
performed on a Perkin-Elmer model 1430 ratio re-
cording spectrophotometer. Samples were prepared by

FIGURE 1. Scanning electron micrograph of the HALTmaterial
showing clusters of the particles (bar = 100 ~m).
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FIGURE 2. Schematic drawings of the assembled implant chamber

(front or "open-end" view, with the ingrowth channel openings vis-

ible), the coupon-tissue-coupon specimen "sandwich," and the me-

chanical testing setup used to test intact specimen sandwiches in
tension.

grinding with KBr at a 0.5 wt% concentration and then
pressed at 10-ton force in a 13-mm-diameter circular
disc to yield clear pellets. The IR scans were 200 to
4,000 cm-I, with a slow scan speed for good resolution.

Rectangular implant chambers measuring 8 mm
wide X 25 mm long X 10 mm deep, and containing a
central open area 5 X 18 mm, were machined from
medical-grade UHMW polyethylene. Coupons of CP
Ti and HA-coated CP, each measuring 7 X 8 X 0.4-
mm thick, were washed in an organic solvent and air-
passivated. Twenty such test coupons (10 of each, with
pairs of one type lining each channel) were placed
widthwise along slots cut into the top and bottom of
the central space in the polyethylene chamber, thus
constituting the primary surfaces lining the 10ingrowth
channels created (Fig 2). Each channel measured 1 X
5 mm at the openings, 8 mm from end to end. A 2-
mm lip was present on the outer surface of the UHMW
PE implant to seal off the medullary space from po-
tential ingrowth of periosteal new bone. Also, the row
of ingrowth channels was offset 2 mm from the outer
lip of the implant, so that after implantation they were
wholly within the intramedullary canal and not adja-
cent to any transcortical bone surface. The assembled
chambers were gas-sterilized with ethylene oxide and
implanted through a longitudinal cortical defect in the
lateral metaphysis of the distal femur. After implan-
tation, the ingrowth channels were oriented perpen-
dicular to the long axis of the femur; the channel open-
ings faced the endosteal surface of the intact anterior
and posterior cortices (Fig 3).

All operations were performed by a single surgeon,
and operative technique was identical for each dog.
The supracondylar region of the femur was approached
by a direct lateral skin incision extending distally along
the lateral border of the patella tendon to the tibial
tubercle. After incision of the fascia lata and lateral
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FIGURE 3. Lateral radiograph showing the intramedullary position
of the ingrowth channels in situ, 6 weeks postchamber implantation

in the lateral distal femur, with the channel openings adjacent to the
intact anterior and posterior cortices.

patellar retinaculum, the lateral cortex of the distal fe-
mur was reached through the avascular and interner-
vous plane between the vastus lateralis and the lateral
hamstrings. The patella was dislocated medially to fa-
cilitate the exposure. The lateral periosteum was incised
longitudinally, and both anterior and posterior flaps
were carefully elevated. A drill template was fixed to
the lateral metaphysis using Kirshner wires, and a rect-
angle measuring 8 X 25 mm was marked by serial dril-
lholes made with a Ti-coated drillbit. The template
was always positioned to allow the most distal place-
ment of the implants in the femoral metaphysis, equi-
distant between the anterior and posterior cortices. The
drillholes were connected with an osteotome, and the
lateral cortical window was removed. An osteotome
was then used to remove a 10-mm-deep rectangle of
cancellous metaphyseal bone flush with the sides of the
defect. The sides were carefully enlarged as needed to
allow for the snug insertion of a metal trial implant.
The blood filling the intramedullary defect was used
to fill the channels in the implant so that no air was
left in the channels, and the implant was carefully in-
serted. Unicortical 2.7-mm titanium bone screws
(Synthes, Paoli, PA) were used to fix the implant both
proximally and distally, preventing any implant mo-
tion. Closure was done using interrupted resorbable
sutures to repair the fascia lata and patellar retinaculum
and to reapproximate the subcutaneous tissue, and in-
terrupted 3-0 stainless steel sutures were used for the
skin. Bilateral procedures were done on all animals,
which were allowed full postoperative weight bearing.
All were given intramuscular antibiotics (penicillin-G
procaine) preoperatively and for the first 5 postoper-
ative days.

The study group consisted of four skeletally mature
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hounds whose implants contained channels lined by
either surface-roughenedCP Ii or surface-roughened
plasma-HA-coated CP Ti. The HA coating consisted
of a 50- to 75-,um layer of plasma-sprayed HA (Im-
pladent). In each chamber the 10 channels were lined
with the two materials in an alternating fashion. Scan-
ning electron micrographic (SEM) analysis of both
coated and uncoated Ti coupons showed a similar sur-
face roughness and general architecture. In each dog,
one chamber was implanted "as is," with the intra-
medullary blood used to fill the channels prior to their
insertion as previously described. In the other chamber,
all 10 channels were hand-packed intraoperatively with
a slurry made by mixing 5 mL of intramedullary blood
with 3 g of a sterile HALTjust prior to implantation
into the femur. Thus in each dog the two chambers
held a total of 20 channels, four sets of five channels
in each of the following configurations: Ti-lined and
left empty, HA-lined and left empty, Ti-lined and filled
with HALT,and HA-lined and filled with HALT.

Two dogs each were killed 6 and 12 weeks postop-
eratively. The femurs were removed intact and kept
on ice. A diamond wire saw was then used to isolate
each implant from the surrounding bone. Most of the
implants were then carefully disassembled, and the
contents of the individual channels, consisting of fi-
brous tissue and newly developed bone that had grown
in from the adjacent medullary space, were removed.
Representative undecalcified specimens were then fixed
in 10%formalin for light microscopy and microradio-
graphic examination. A special effort was made to pre-
serve the two tissue-test coupon interfaces intact for
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FIGURE 4. Infrared spectra of KBr pellets (0.5%) of ox bone (de-

proteinated by hydrazine) and HA prepared at room temperature.

Note the general similarity of the spectra in C03 content (1,450 cm -I),

and lack ofOH bands (630 and 3,570 cm-').
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FIGURE 5. Infrared spectra of KBr pellets (0.5%) of HALTand
plasma-sprayed HA. Note the OH bands, as shoulders, at 630 and
3,570 cm-I in the HALTpattern and the low C03 content (1,450
em-I). By contrast, the spectrum of the plasma-sprayed HA displays
an anomalous broadening of the P-O stretching band at 1,000 to
1,100 em-I, with no C03 bands (1,450 em-I).

each ingrowth channel. All specimens were maintained
on ice and moistened with normal saline as needed.
When it was determined that the entire coupon-tissue-
coupon "sandwich" had maintained its integrity at all
interfaces, it was carefully placed into a custom holding
jig (Fig 2) and mechanically tested to failure in tension
using an Instron servohydraulic testing system at a rate
of 2.5% displacement per second. The failure surfaces
of representative specimens were examined by SEM
following mechanical testing. Following fixation in
phosphate-buffered glutaraldehyde, the specimens were
critical-poi nt-dried, sputter-coated with a 200-A-thick
layer of gold, and examined using a JEOL JSM T-300
scanning electron microscope.

Some undisturbed specimens (with adjacent coupons
intact) were fixed in 10% formalin and embedded in
methyl methacrylate. Undecalcified sections of these
specimens were examined by microradiography and
by light microscopy following staining with hematox-
ylin and eosin or by the Masson trichrome or von Kossa
techniques.

Results

INFRARED ANALYSIS

The infrared spectrum of bone mineral (deprotein-
ated ox bone; Fig 4) clearly shows CO) bands in the
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neighborhood of 1,450 cm-1. This substitution of CO)
for P04 is typical of biological apatites. Similar CO)
bands are seen in the spectra of a precipitated HA made
at room temperature under ambient CO) conditions
(Fig 4). The spectra of these two apatites are similar to
the extent of the CO) substitution in both. The spec-
trum of HALTshows very little CO) absorption at 1,450
cm-I (Fig 5). In addition, at 630 and 3,570 cm-1 the
HALTclearly shows the presence of the OH absorption
bands that are not visible in the spectrum of the bone
and precipitated HA. Otherwise, the spectra of HALT
resembles that of precipitated HA. By contrast, the
spectrum of plasma-sprayed HA shows an anomalous
broadening of the P04 stretching mode not present in
the spectra of the other three materials. The CO) bands
at 1,450 cm-1 are essentially absent in this spectrum
(Fig 5).

GENERAL PATTERN OF BONE INGROWTH

Bone and soft tissue ingrowth occurred from the two
open ends of each channel. The new bone was the result
of primary formation, with no evidence of intermediate
cartilage formation. This bone originated from, and
was continuous with, the intramedullary bone adjacent
to the chamber. It began as the formation of thin tra-
beculae consisting primarily of immature woven bone
that grew into the open ends of the channels and pro-
gressedinto the thin connective tissue that initially filled
the channel. Marrow elements were present in the in-
tertrabecular spaces. Both the bone and soft tissue ex-
hibited more mature characteristics at 12 weeks than
at 6 weeks. By 12 weeks the trabeculae had progressed

FIGURE 6. Microradiograph of bone ingrowth into an HALT-filled,
Ti-lined channel at 6 weeks, showing small amounts of bone contact

along the upper border (where the Ti plate was removed), and ex-

tensive incorporation of HALT particles into the ingrowing bone
(original magnification X 212).
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further into the channels and had thickened and ex-

hibited lamellar remodeling. In some areas the bone
had thickened to form structures similar to osteons.
By 12 weeks the remaining connective tissue had also
matured, becoming less cellular and more organized.
Whereas this general pattern of bone and soft tissue
ingrowth was apparent in all channels, there were dif-
ferences in the amounts of bone ingrowth and the in-
teraction of the bone with the channel walls and con-
tents.

EFFECTS OF HALT PACKING AND WALL

COMPOSITION ON BONE INGROWTH

At 6 weeks postimplantation, all the empty HA-
plasma-coated channels contained larger amounts of
radiographically visible ingrown bone than those
channels lined with uncoated CP Ti, regardless of the
anatomic position of the channel within the implant
chamber. The presence of the HALTgrouting within
the channel seemed significantly to enhance the in-
growth of bone in the CP-Ti-lined channels. In the
plasma-HA coated channels, the presence of HALTdid
not significantly enhance or block the increased bone
ingrowth seen at 6 weeks. Histologically, a 50- to 100-
~m layer of fibrous tissue was seen at the coupon sur-
face in the 6-week CP Ti specimens. The ingrown bone
was shown to incorporate the HALTgrouting and form
direct attachment to the particles (Figs 6, 7). The in-
grown bone consisted of thin trabeculae vascular woven
bone, surrounded on most of their surfaces by osteoid
tissue and numerous osteoblasts. The plasma-HA-
coated channels showed direct bone attachment to the
HA coating at the light microscopic level (Fig 7). His-
tological examination of bone interaction with both
the HA coating and the HALTmaterials showed bone

AGURE 7. Microradiograph of bone ingrowth into an HALT-filled,
HA-lined channel at 6 weeks showing extenstve bone attachment to

both the HA lining and the HALT particles (original magnification

X212).
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FIGURE 8. Microradiograph of bone ingrowth into an unfilled
HA-lined channel at 12weeks showing extensive ingrowth and con-
sistent bone attachment to the HA coating (original magnification
X33).

directly surrounding and attaching to these materials
without any visible interposing tissue.

At 12 weeks, radiographic examination of the
chambers showed a complete bridge of bone within the
HA-coated channels with or without the HALTmate-
rial, regardless of the anatomic position of the channel
(Fig 8). The CP titanium channels showed greater bone
ingrowth than in the 6-week dogs (Fig 9), but displayed
complete bridging by new bone in less than half of the
channels. The presence of the HALTgrouting within
the channels significantly enhanced bone ingrowth in
the CP Ti channels, promoting complete filling of all
channels with new bone (Fig 9). Microradiographic and
histological examination confirmed the 6-week obser-
vation of ingrown bone directly attaching to the HA
coating as well as to the HALTmaterial (Fig 10). In the
CP Ti chambers, the thick fibrous tissue separating the
ingrown bone from the coupon surface at 6 weeks was
not found, and in many areas no intervening tissue
was visible at the edges of the samples examined. In
most areas, however, the ingrown bone was separated
from the channel wall by a thin layer.of loose connec-
tive tissue, at most only a few cell layers thick.

At 12 weeks, the central connective tissue seemed
mature and well-oriented and was intimately associated
with and oriented to the ingrown bone. Osteoid was
seen on less of the trabecular surfaces than in earlier
time periods, and larger areas of mature lamellar bone
with fewer marrow spaces were found.

Scanning electron micrographic analysis of fractured
specimens at 12 weeks showed evidence of direct bone
trabeculae attachment to the plasma-sprayed HA coat-
ing and to the HALTparticles. These fractured samples
showed HALTparticles embedded or encased in bone
trabeculae (Fig 11). Some particles showed coatings of
cells and extracellular matrix (Figs 11, 12). Many par-
ticles also showed surface pitting and rounded corners
indicative of slow dissolution (Fig 13).

Twenty-five plasma-HA-coated channel specimens
(13 containing HALT)and 6 CP Ti channel specimens
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FIGURE 9. Microradiograph (for comparison with Fig 8) of bone
ingrowth into CP-titanium-lined channels at 12 weeks, with (below)

and without (above) the presence of HALT grouting. By 12 weeks,

much more ingrowth is noted in the HALT-filled channel (original
magnification X33).

(5 containing HALT)were mechanically tested in ten-
sion to determine the adhesion strength between the
chamber walls and the ingrown tissue. The plasma-
HA-coated specimens included 1) 10 samples at 6
weeks, 5 of which included HALTgrouting within the
channels; and 2) 15 samples at 12 weeks, 8 including
grouting. All six CP Ti samples tested were 12-week,
and all but one included grouting. The reason only six
CP Ti channels could be tested was that at least one
of the coupon-bone interfaces of most of these samples
(including all of the 6-week samples) became disrupted
by the minimal manipulation necessary to remove the
intact specimens from the polyethylene chambers. This
indicated that the adhesion strengths in these samples
was closeto zero. One 12-weekCP Ti sample was tested
and failed at 3.66 N, and the 5 CP Ti specimens with
HALTgrouting failed at an average of8.88 N (standard
deviation :!:6.4).The five 6-week unfilled plasma-HA-
coated samples failed at 15.29N (:t3.03), and the seven
12-week samples failed at 44.81 N (:!:15.54). Of the
plasma-HA-coated channels with HALT grouting
tested, the five 6-week samples failed at 23.00 N
(:!:16.32), and the eight 12-week samples failed at an
average of 35.56 N (:!:18.99).

Statistical analysis using unpaired {-testsshowed no
significant difference in failure strengths according to
presence or absence of the HALT grouting in the
plasma-HA-coated specimens at both 6 and 12 weeks.
A significant increase (P < .01) was found in failure
strengths of the plasma-HA-coated specimens at 12
weeks compared with the 6-week samples.

Discussion

The spectrum of ox bone mineral shows a typical
pattern of mammalian bone, with significant C03 con-
tent and a low splitting of the P04 antisymmetric
bending mode at 550 to 600 cm-I caused by the dis-
tortion in the apatite lattice induced by the substitution
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of CO) for P04' The organic collagen bands werenot
visible because the sample was hydrazine-deprotein-
ated. The absence of the OH bands at 630 and 3,570
cm-I is because of small crystal size and the C03 con-
tent and not to the near-total absence of structural OH.I
The spectrum of a control HA precipitated under am-
bient conditions is quite similar to that of bone, with
roughly the same C03 content. The OH bands are ab-
sent from the spectrum for similar reasons. I The spec-
trum of the HALTmaterial indicates an apatite prepared
at somewhat above body temperature (perhaps 60° to
80°C), when it is precipitated from aqueous solution.
This is evident from the greater splitting of the P04
bending at 550 to 600 cm-I and the absence of C03
bands at 1,450cm-I. At 630 and 3,570 cm-I, OH bands
can be seen, which is consistent with a higher prepa-
ration temperature. Overall, HALTis a somewhat bet-
ter-crystalized apatite than bone mineral, but is not
drastically different in structure. In addition, a powder
x-ray diffraction study of the HALTmaterial confirmed
the infrared analysis and indicated that no phases other
than crystalline HA were present.

By contrast, the spectrum of the high-temperature
plasma-sprayed HA is notably different from those of
the other three apatites. The splitting of the P04 bend-
ing mode at 550 to 600 cm -1 is considerably less than
that of the other apatites despite the lack of any C03
bands at 1,450 cm-I. With the greatly broadened P04
stretching mode at around 1,050 cm-I, one sees the
most striking differences between this high-temperature
plasma-sprayed HA and the other apatites precipitated

FIGURE 10. Photomicrograph showing an HALT particle (clear

rectangular space) surrounded by bone without any intervening soft-
tissue layer. Dark-staining osteoid (to right and below particle) is also
shown adjacent to the HALT particle. Although the brittle HA was

fragmented by the microtome during the slide preparation, the frag-
ments adjacent to surrounding bone, seen at the periphery of the
space left by the particles, remain attached. This reflects the strength

of the bond between HALT and bone (Masson stain, original mag-
nification X529).
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FIGURE II. Scanning electron micrograph of a 12-week sample

fractured from mechanical testing showing HALT particle incorpo-
ration into the bone as well as tissue and cellular elements coating

some particles (bar = 100 Jim).

from aqueous medium, whether in vitro or in vivo.
The cause of this anomalous broadening, although not
completely understood, probably involves some sig-
nificant specific structural distortion in the lattice not
present in low-temperature precipitated apatites. Also,
no OH bands are present, which is not surprising given
the high temperature (above I,OOO°C)and high vac-
uum conditions of preparation. The properties of this
material are very different from those of biological and
precipitated apatites.

The use of the implantable chamber model for test-
ing bone response to synthetic materials is justified on
the basis that this experimental model permits mea-
surement of differences in the affinity of bone for var-
ious test materials by evaluating the speed, amount,
and quality of bone ingrowth. This model also allows
for a detailed analysis of the bone-implant interface. It
was designed to emulate the in vivo location of ortho-
paedic implants more closely than other models cur-
rently used to study bone ingrowth, eg, the transcortical
plug mode1.52-61In the latter, cylinders oftest materials
are placed through drillholes in the diaphysis of long
bones. Specimens are analyzed both histologically, to
examine the extent of bone ingrowth in porous spec-
imens and to viewthe bone-implant interface, and me-
chanically, by pushout testing of the shear strength and
stiffness of the bone-implant interface. Because the re-
sponse in the transcortical plug model is primarily one
of cortical bone, it cannot realistically simulate bone
response to implants that are primarily in contact with
trabecular bone. That a truly intramedullary bone re-
sponse was observed in the present study is indicated
by the fact that bone ingrowth into the channels was
found to be symmetrical across the channel openings,
with equal amounts of bone ingrowth into the most
superficial and the deepest edges of the channels.

EVALUATION OF CALCIUM PHOSPHATE PARTICULATE

In the present model, only the openings of the in-
growth channels are placed adjacent to the intramed-
ullary endosteal bone; the bulk of the test material sur-
faces is initially at a distance from bone. In contrast,
in the transcortical plug model the entire implant sur-
face is initially in direct contact with bone. The in-
growth channels in the present model first fill with
blood, which is rapidly organized to a loose connective
tissue at the same time that bone begins to grow in
from the channel openings. A competition for the im-
plant surface between bone and fibrous tissue ensues,
and material properties and surface properties of the
channel walls combine to favor one cell type over the
other.

In the present experiment, both HALT and the
plasma-sprayed HA material decisively encouraged
bone ingrowth, exhibiting clear osteoconductive prop-
erties singly as well as in combination. The presence
of the HALTmaterial within the ingrowth channel, even
in the absence of a bone-enhancing coating on the
metal, was associated with a large increase in bone in-
growth versus unfilled channels having identical Ti
lining coupons. The mechanical testing of these spec-
imens indicated that the HALTmaterial was firmly in-
corporated into the bone and that it did not act as a
weak point for fracture initiation. In addition, the 12-
week specimens showed signs of mild dissolution of
the HALTmaterial. These results underscore certain
characteristics of the HALTmaterial:

1. It is clearly an osteoconductive material that pro-
motes bone ingrowth into defects through bone
attachment and conduction from particle to par-
ticle in similar fashion to other reported HA par-
ticulates.

2. It does not seem to act as a stress riser in me-
chanically tested specimens, indicating that the

FIGURE 12. Scanning electron micrograph showing an HALT par-

ticle from a 12-week mechanical-tested specimen. Note the thin ex-

tracellular matrix coating with attached cells (bar = 10 Jim).
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FIGURE 13. Scanning electron micrograph showing an HALT par-

ticle from a 12-week mechanical-tested specimen. The surface pitting
and the smoothing of the corner of the particle indicate dissolution

(bar = 10 Jim).

particles have adequate mechanical strength and
that their attachment to surrounding bone is
strong.

3. It shows signs of slow dissolution. This is in sig-
nificant contrast with other particulate HA ma-
terials, most of which are high-temperature ma-
terials, relatively stable, and thus considered
permanent in nature.

Conclusion

Both HALT (OsteoGen) and plasma-sprayed HA
coatings promote increased bone in-growth at both 6
and 12weeks in this model. In contrast with the rough-
ened-surface Ti test material, which was well tolerated
but not osteoconductive, both HA materials were os-
teoconductive. The HALTmaterial is directly incor-
porated into ingrown bone, shows no indication of
mechanical weakness, and shows signs of slow disso-
lution at 12weeks. Because it is biologically osteocon-
ductive and, by virtue of its physical-chemical char-
acteristics, similar to bone mineral in its potential
ability to dissolve over time and be replaced by bone,
this material is an attractive bone substitute material.
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