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bstract
his study examined the ability of a collagen solution to
id revascularization of necrotic-infected root canals in

mmature dog teeth. Sixty immature teeth from 6 dogs
ere infected, disinfected, and randomized into experi-
ental groups: 1: no further treatment; 2: blood in canal;

: collagen solution in canal, 4: collagen solution � blood,
nd 5: negative controls (left for natural development).
ncorrected chi-square analysis of radiographic results
howed no statistical differences (p � 0.05) between
xperimental groups regarding healing of radiolucen-
ies but a borderline statistical difference (p � 0.058)
or group 1 versus group 4 for radicular thickening.
roup 2 showed significantly more apical closure than
roup 1 (p � 0.03) and a borderline statistical differ-
nce (p � 0.051) for group 3 versus group 1. Uncor-
ected chi-square analysis revealed that there were no
tatistical differences between experimental groups for
istological results. However, some roots in each of
roups 1 to 4 (previously infected) showed positive
istologic outcomes (thickened walls in 43.9%, apical
losure in 54.9%, and new luminal tissue in 29.3%).
evascularization of disinfected immature dog root ca-
al systems is possible. (J Endod 2007;33:680–689)
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ulp necrosis of an immature permanent tooth from caries or trauma arrests further
development and leaves the tooth with thin, weak walls that are prone to fracture

1–3). Endodontic treatment of such a tooth is difficult because the thin walls do not
orgive much mechanical instrumentation (4), and the open apex is difficult or impos-
ible to seal with conventional methods of lateral condensation or thermoplasticized
echniques (5). The traditional treatment for these teeth is long-term calcium hydroxide
pplication to induce apexification (an apical hard tissue barrier) (6, 7). More recent
reatments have used an artificial barrier of mineral trioxide aggregate (MTA) (8, 9).
oth of these techniques are followed by a traditional root filling, but they do not

ncrease the fracture resistance of the walls (2, 3). In fact, one in vitro study has raised
he question that long-term calcium hydroxide therapy for apexification may leave the
hin walls even more prone to fracture (10). Root-wall–strengthening methods with
omposite resin have been advocated (11), but they may limit the possibility of root
anal retreatment if the need arises in the future (11).

Human avulsion case series (12) and controlled animal studies (13, 14) have
hown radiographic and histological evidence of successful revascularization of imma-
ure permanent teeth after replantation. In this situation, the necrotic uninfected pulp
cts as a scaffold for the in-growth of new tissue from the periapical area. The absence
f bacteria is important for successful revascularization because the new tissue will stop
t the level it meets bacteria in the canal space (13, 15). Studies to test the ability of
opical antibiotics to improve revascularization outcomes in experimental avulsions
13, 14, 16) have shown that topical doxycycline and minocycline can improve radio-
raphic and histological evidence of revascularization in immature avulsed permanent
eeth.

Extrapolating from this information, it is hypothesized that disinfection of a ne-
rotic-infected immature permanent tooth with apical periodontitis may render it to the
ame starting point as a necrotic uninfected avulsed immature permanent tooth (ne-
rotic due to severance of the vascular supply but uninfected by oral bacteria). If
isinfection is achieved, then revascularization should be possible for the disinfected
anals, just as it is for the uninfected canals in the avulsion scenario (12, 14).

Research with topical antibiotics has shown that a combination of metronidazole,
inocycline, and ciprofloxacin is effective in vitro (17) at killing common endodontic

athogens from necrotic-infected root canals. This antibiotic combination is also an
ffective disinfectant in vivo (18).

An empty canal space will not support in-growth of new tissue from the periapical
rea on its own (19, 20). Early studies on attempted revascularization used blood or
lood substitutes to act as a scaffold to aid the in-growth of new tissue into the empty
anal space. Most of these studies used vital teeth with complete pulpectomies followed
y partial root-filling procedures (21–23) but did not show a significant benefit of

nclusion of a blood clot to improve revascularization. Other studies using necrotic-
nfected teeth failed at attempted revascularization, primarily because of inadequate
isinfection before inducing bleeding into the canal space (15).

Revascularization research has also studied collagen solutions as artificial scaf-
olds in the canal space. A series of studies (24 –28) using bovine collagen with crystals
f calcium and phosphate, as nucleation centers for hydroxyapatite formation, achieved
ome revascularization success; however, most of this work used teeth with vital pulps.
esults with necrotic pulps disinfected with calcium hydroxide showed lower success,

ossibly because of calcium hydroxide-induced limited necrosis of the progenitor cells
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n the periapical area that would have been instrumental in repopulating
he empty canal space (29 –31).

Radiographic evidence of successful revascularization of imma-
ure permanent human teeth with apical periodontitis has been de-
cribed in the literature (32–34). In these cases, some form of topical
ntibiotics was used to disinfect the canal space before filling it with a
caffold.

The purpose of this study was to examine the ability of a collagen
olution to aid revascularization of necrotic-infected immature dog root
anals with apical periodontitis after disinfection with the triple antibi-
tic combination of metronidazole, minocycline, and ciprofloxacin.

Materials and Methods
Approval for this study was obtained from the Institutional Animal

are and Use Committee of the University of North Carolina at Chapel
ill. Sixty double-rooted premolar teeth in six purpose-bred mixed
reed canine model dogs aged approximately 6 months were randomly
ivided into 5 treatment and control groups of 12 teeth each. Before any
nterventions, the involved teeth were radiographed using custom bite
egistrations (Regisil; Dentsply Caulk, Milford, DE) and radiograph
aralleling devices (Dentsply Rinn, Elgin, IL). These radiographic aids
ere used for all subsequent radiographs to improve the alignment and
osition of the films and x-ray beam for direct comparison of the radio-
raphs with minimal distortion or magnification.

The teeth were randomly divided into 48 experimental and 12
ontrol teeth. Under general anesthesia (induction by Pentothal [Abbott
aboratories, North Chicago, IL] 13.5 mg/kg intravenously and intuba-
ion and maintenance with isoflurane [Halocarbon Laboratories, River
dge, NJ]) supplemented with local anesthesia (bupivacaine plain
.5%, Abbott Laboratories); the pulps of all experimental teeth were
echanically exposed with a #2 round carbide bur (Brassler USA, Sa-

annah, GA) in a high-speed hand piece (Midwest, Mondovi, WI) under
onaseptic conditions. A sterile #30 stainless steel endodontic hand file
Dentsply Maillefer, Johnson City, TN) was used to disrupt the pulp
issue in the canal spaces, without removing it from the canals. Suprag-
ngival plaque scaled from the dogs’ teeth was mixed with sterile saline
0.9% sodium chloride; Hospira Inc., Lake Forest, IL). Sterile sponges
Dentsply Maillefer, Johnson City, TN) soaked in the plaque suspension
ere sealed temporarily in the pulp chambers of the teeth with IRM
Intermediate Restorative Material, Dentsply Caulk). The animals were
iven analgesics (Torbugesic 0.2 mg/kg; Butorphanol Tartrate, Fort
odge Animal Health, Fort Dodge, IA) postoperatively following this and
ll operative procedures and were monitored by staff of the Department
f Laboratory and Animal Medicine in the postoperative period.

The teeth were monitored radiographically by using the original
ustom bite registrations and paralleling devices until there was radio-
raphic evidence of apical periodontitis (approximately 3 weeks).

All previously infected teeth were re-entered under aseptic condi-
ions of rubber dam isolation with retractors and surface disinfection
ith 0.12% chlorhexidine (Alpharma USPD, Baltimore, MD) and tinc-

ure of iodine (Humco, Texarcana, TX) with the animals under general
nd local anesthesia. After removal of the IRM and sponge, the canals
ere irrigated with 10 mL of 1.25% NaOCl (sodium hypochlorite; Clo-

ox, Oakland, CA) per tooth. No mechanical instrumentation was per-
ormed in the canals. Canals were dried with sterile paper points
Dentsply Maillefer, Tulsa, OK) and disinfected with a mixture of equal
arts of metronidazole, ciprofloxacin, and minocycline (Professional
ompounding Centers of America, Houston, TX) mixed with sterile sa-
ine (0.9% sodium chloride, Hospira Inc). The paste was applied to the
anal spaces with a sterile lentulo spiral (Dentsply Maillefer, Johnson

ity, TN) in a slow speed handpiece (Midwest). The 12 teeth (24 roots)

OE — Volume 33, Number 6, June 2007
hat were randomly assigned to group 1 were closed permanently at that
ppointment with a double coronal seal consisting of white MTA
Dentsply Tulsa Dental, Johnson City, TN) and silver amalgam
Sybraloy; Kerr Corporation, Orange, CA). The other 36 experimental
eeth were closed temporarily with a sterile sponge (Dentsply Maillefer)
nd IRM (Dentsply Caulk) for 4 weeks to allow disinfection of the canal
paces.

After 4 weeks, under the same conditions of asepsis and general
nd local anesthesia, the temporary restorations and sponges were re-
oved under rubber dam isolation from the remaining 36 experimental

eeth. The antibiotic mixture was irrigated from the canals with 10 mL of
.25% NaOCl (Clorox) and 10 mL of sterile saline (0.9% sodium chlo-
ide, Hospira Inc) per tooth. In the 24 roots randomly assigned to group
, a sterile #30 stainless steel endodontic hand file (Dentsply Maillefer)
as inserted past the canal terminus into the periapical tissues to induce
leeding to fill the canal spaces as much as possible. A type I collagen
olution (rat tail type I collagen; BD Biosciences, Bedford, MA,
.33 mg/mL in 2� phosphate-buffered saline) was placed in the 24
oots randomly assigned to group 3. The 24 roots randomly assigned to
roup 4 had the collagen solution placed in the canals before induction
f bleeding from the periapical tissues into the canal space. All of these

eeth were then closed with a double coronal seal of white MTA
Dentsply Tulsa Dental, Johnson City, TN) and silver amalgam
Sybraloy). The 12 teeth randomly assigned to group 5 were negative
ontrols. These teeth were never operated but were left untouched to
evelop naturally for comparison with the experimental teeth. All of the

eeth were monitored radiographically on a monthly basis for 3 months
efore the animals were sacrificed, and tissues were harvested for his-

ological examination.
The animals were sacrificed under general anesthesia provided by

ocumb (pentobarbital; Butler Company, Columbus, OH) at 30 mg/kg
ntravenously. The carotid arteries were exposed and canulated. The
nimals were euthanized with additional pentobarbital (Socumb, Butler
ompany) at a dose of 90 mg/kg intravenously. The animals were per-

used with 10% buffered formalin (Fisher Scientific, Fair Lawn, NJ). The
aws with the involved teeth were resected and placed in formaldehyde
Fisher Scientific).

After removal of all soft tissue and excess hard tissue from the
pecimens, they were next placed in Formical (Decal Chemical Corpo-
ation, Congers, NY) for decalcification for 6 days, including one change
f the solution. The specimens were subsequently decalcified in Immu-
ocal (Decal Chemical Corporation, Tallman, NY) for 2 months, under-
oing four changes of the solution over that time. On removal from the
ecalcification solution, the specimens were placed under a running tap
ater wash for 20 minutes followed by immersion in 70% ethyl alcohol.
he specimens were then dehydrated through ascending gradations of
thanol and processed on a Leica TP 1020 dip n’ dunk processor
Leica, Wetzlar, Germany) at 45 minutes per station in the following
anner: one cycle of 70% ethanol, two cycles of 80% ethanol, two

ycles of 95% ethanol, two cycles of 100% ethanol, two cycles of xylene,
nd two cycles of Paraplast paraffin (Kendall, Mansfield, MA) at 58°C.
he tissues were then removed from the storage cassettes and embed-
ed in paraffin and were sectioned on a Leica Jung RM 2045 microtome.
ections were made longitudinally every 5 �m through the apical fora-
en of the roots and placed on probe on plus slides. Tissues were

tained with hematoxylin and eosin and evaluated under light micros-
opy at up to 10� magnification for the presence or absence of healthy,
ital tissue, and revascularization pattern, if any.

ummary of Treatment and Control Groups
The groups were as follows:

Group 1: 12 teeth: infected ¡ disinfected (Figs. 1 and 2)

Pulp Revascularization 681
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Group 2: 12 teeth: infected ¡ disinfected ¡ blood clot (Fig. 3)
Group 3: 12 teeth: infected ¡ disinfected ¡ collagen
Group 4: 12 teeth: infected ¡ disinfected ¡ collagen � blood clot
Group 5: 12 teeth: negative control. Untouched teeth left to develop

aturally for comparison (Fig. 4)
Each individual root was taken as the unit of measure. Two

xaminers subjectively evaluated the radiographs independently of
ne another. Digital radiographs were saved to a computer in jpg

ormat. After a training session explaining the gold standard of the
hree evaluation parameters, each examiner separately viewed the
mage exposed preoperatively on the day that the roots were disin-

igure 1. Tooth from group 1 (disinfected only) showing thickened root walls,
ected with an image exposed postmortem. Each examiner graded e

82 Thibodeau et al.
ach root for the following three parameters: (1) diminished size or
bsence of a periapical radiolucency, (2) presence or absence of con-
inued thickening of radicular walls, and (3) presence or absence of
pical closure. The kappa statistic values comparing the two evaluators
ere as follows: 0.64 for evaluation of periapical radiolucencies, 0.60

or evaluation of thickness of radicular walls, and 0.60 for evaluation of
pical closure, all indicating good agreement between the two evalua-
ors. When there was not agreement between both evaluators, a discus-
ion was undertaken until a consensus was reached. The data were
nalyzed with chi-square tests, with the level of significance set at p �
.05, to determine if there were any significant differences between the

development, and healing of apical periodontitis (original magnification 2�).
xperimental groups.

JOE — Volume 33, Number 6, June 2007
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Each individual root was taken as a unit of measurement/assess-
ent for the histological evaluations. After a training session explaining

he gold standard of the different evaluation parameters, three evalua-
ors examined the histological slides of the roots and graded them for
he following three parameters: (1) presence or absence of new hard
issue on the internal root dentinal walls, (2) presence or absence of
ontinued apical closure, and (3) presence or absence of vital tissue
ithin the canal space. All three evaluators examined the same slide

ndependently at the same time under identical lighting and magni-
ication conditions by using a multiheaded microscope. When the
esults of evaluation of a parameter were not unanimous among all
hree evaluators, a consensus was reached through discussion. The
ata were analyzed with chi-square tests, with the level of signifi-

igure 2. Tooth from group 1 (disinfected only) showing persistence of a
agnification 2�).
ance set at p � 0.05, to determine if there were any significant t

OE — Volume 33, Number 6, June 2007
ifferences between the experimental groups with respect to the
istological criteria.

Results
No animal showed any established signs of undue distress (35, 36)

rom the treatment procedures. However, one animal lost six experi-
ental teeth during the course of the study, whereas another animal lost

ne experimental tooth. The loss of these teeth did not cause the animals
ny change in behavior or eating habits, which are recognized animal
usbandry parameters for assessment of animal health and well-being
35, 36). The loss of these teeth was not because of any specific
xperimental treatment but was because of the initial infection pro-
edure as gross mobility occurred after the infection procedure in

periodontitis, thin root walls, and lack of development of apex (original
pical
hose teeth that were lost.

Pulp Revascularization 683
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adiographic Results
Radiographic evidence of continued apical closure, thickened

oot canal walls, and healed or healing periapical radiolucencies was
een in roots from all four experimental groups.

adiographic Thickening of Root Canal Walls
Chi-square evaluation of all five groups for continued radiographic

hickening of radicular walls showed a significant difference between
he groups (p � 0.01) (Fig. 5). When the individual experimental
roups (groups 1– 4) were compared with each other using chi-square

igure 3. Tooth from group 2 (blood clot) showing thickened root walls,
�).
ests in 2 � 2 tables with 1 degree of freedom for thickening of radicular f

84 Thibodeau et al.
entin walls, there was a borderline difference (p � 0.058) between
roup 4 (infected ¡ disinfected ¡ collagen � blood clot) and group
(infected ¡ disinfected); group 4 (infected ¡ disinfected ¡ colla-

en � blood clot) showed more thickening of radicular walls radio-
raphically than group 1 (infected ¡ disinfected). There were no other
ignificant differences between the experimental groups with respect to
hickening of radicular dentin walls (p � 0.26).

There were 48.8% of the roots from the four experimental groups
ith radiographic evidence of continued thickening of radicular dentin
alls. In groups 2 (infected ¡ disinfected ¡ blood clot) and 4 (in-

development, and healing of apical periodontitis (original magnification
apical
ected ¡ disinfected ¡ collagen � blood clot), those including use of

JOE — Volume 33, Number 6, June 2007
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blood clot, over 50% of the roots showed radiographic evidence of
ontinued radicular wall development. Group 1 (infected ¡ disin-
ected) had 30%, and group 3 (infected ¡ disinfected ¡ collagen)
ad 50% of the roots with continued thickening of radicular dentin walls
udged radiographically.

adiographic Apical Closure
Chi-square evaluation of all five groups for radiographic apical

igure 4. Tooth from group 5 (negative control) showing continued apical and
losure showed a significant difference between the groups (p � 0.01) i

OE — Volume 33, Number 6, June 2007
Fig. 6). When the individual experimental groups (groups 1-4) were
ompared with each other using chi-square tests in 2 � 2 tables with 1
egree of freedom for radiographic apical closure, a significant differ-
nce (p � 0.03) was noted between group 1 (infected ¡ disinfected)
nd group 2 (infected ¡ disinfected ¡ blood clot), with group 2
infected ¡ disinfected ¡ blood clot) showing significantly more
pical closure than group 1 (infected ¡ disinfected). There was also a
orderline difference (p � 0.051) between group 3 (infected ¡ dis-

ular development with normal pulp tissue (original magnification 2�).
nfected ¡ collagen) and group 1 (infected ¡ disinfected), with

Pulp Revascularization 685
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roup 3 (infected ¡ disinfected ¡ collagen) showing more apical
losure than group 1 (infected ¡ disinfected). There were no other
ignificant differences between the experimental groups with respect to
pical closure (p � 0.11).

Overall, 54.9% of the roots of the four experimental groups
howed radiographic evidence of apical closure, including more than
8% of the roots in group 2 (infected ¡ disinfected ¡ blood clot) and
ore than 66% of the roots in group 3 (infected ¡ disinfected ¡

ollagen).

adiographic Healing of Periapical Radiolucencies
Chi-square evaluation of all five groups for the presence or ab-

ence/improvement of periapical radiolucencies showed a significant
ifference between the groups (p � 0.02) (Fig. 7). However, a chi-
quare test of the four experimental groups (groups 1– 4), not includ-
ng the negative control group (group 5), did not show any significant
ifferences with respect to presence or absence/improvement of peri-
pical radiolucencies (p � 0.91).

After disinfection, 64.6% of the roots from the four experimental
roups had no radiographic evidence of periapical radiolucencies or
howed improvement/healing of previous periapical radiolucencies.

istologic Results
Histologic evidence of hard-tissue deposition on internal root ca-

al walls, apical closure, and new vital tissue within the canal spaces was
een in roots from all four experimental groups.

istological Hard-Tissue Deposition on Radicular Dentin
alls

Chi-square evaluation of all five groups for histological evidence of
ard-tissue deposition on internal root dentin walls showed a significant
ifference between the groups (p � 0.01) (Fig. 8). However, a chi-
quare test comparing the four experimental groups (groups 1– 4), not
ncluding the negative control group (group 5), did not show any sig-
ificant differences (p � 0.22).
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igure 5. Percentage of roots in experimental groups with and without presence
f thickened radicular walls assessed radiographically.
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igure 6. Percentage of roots in experimental groups with and without further

pical closure assessed radiographically. t

86 Thibodeau et al.
In the four experimental groups, 43.9% of the roots showed his-
ological evidence of hard-tissue deposition on internal root dentin
alls. In groups 2 (infected ¡ disinfected ¡ blood clot) and 4 (in-

ected ¡ disinfected ¡ collagen � blood clot), those including the
se of a blood clot, more than 54% of the roots showed histological
vidence of hard tissue deposition on internal dentin walls. Groups 1
infected ¡ disinfected) and 3 (infected ¡ disinfected ¡ collagen)
ad approximately 30% of the roots with histological evidence of hard

issue deposited on the internal radicular dentin walls.

istological Apical Closure
Chi-square evaluation of all five groups for histological evidence of

pical closure showed a significant difference between the groups (p �
.01) (Fig. 9). A chi-square test for evaluation of the four experimental
roups (groups 1–4), not including the negative control group (group 5),
id not show any significant differences between the four experimental
roups for histological apical closure (p � 0.88).

In the four experimental groups, 54.9% of the roots showed his-
ological evidence of apical closure. In groups 2 (infected ¡ disin-
ected ¡ blood clot) and 4 (infected ¡ disinfected ¡ collagen �
lood clot), those including the use of a blood clot, more than 59% of

he roots showed apical closure histologically. Half of the roots (50%)
n groups 1 (infected ¡ disinfected) and 3 (infected ¡ disinfected ¡
ollagen) showed histological apical closure.

istological Vital Tissue Within Canal Spaces
Chi-square evaluation of all five groups for histological evidence of

ital tissue within the canal space showed a significant difference be-
ween the groups (p � 0.01). However, a chi-square test for evaluation
f the four experimental groups (groups 1– 4), not including the neg-
tive control group (group 5), did not show any significant differences
etween the groups (p � 0.51) (Fig. 10 In the four experimental
roups, 29.3% of the roots showed histological evidence of vital tissue
ithin the canal space. In groups 2 (infected ¡ disinfected ¡ blood

% of roots with and without improvement in PAR
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igure 7. Percentage of roots in experimental groups with and without improve-
ent of periapical radiolucencies assessed radiographically.
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lot) and 4 (infected ¡ disinfected ¡ collagen � blood clot), those
ncluding the use of a blood clot, more than 36% of the roots showed
ew vital tissue within the canal spaces histologically. Approximately
0% of the roots in groups 1 (infected ¡ disinfected) and 3 (infected

disinfected ¡ collagen) had new vital tissue in the canal spaces.

Discussion
adiographic Thickening of Root Canal Walls

Although there were no statistical differences between the four
xperimental groups for thickening of radicular dentin walls, there was
borderline difference between group 1 (infected ¡ disinfected) and
roup 4 (infected ¡ disinfected ¡ collagen � blood clot), (p �
.058) with group 4 (infected ¡ disinfected ¡ collagen � blood clot)
howing more radiographic thickening of root canal walls than group 1
infected ¡ disinfected). In addition, there was radiographic evidence
f continued root-wall thickening among all of the experimental groups
hat were disinfected with the triple antibiotic paste. Roots that are
nfected and not disinfected or treated further would not have continued
hickening of radicular dentin walls (37, 38). In this study, 48.8% of the
oots in groups 1 to 4 (previously infected canals) showed some con-
inued thickening of root walls judged radiographically after disinfec-
ion with the triple antibiotic paste. This was because of in-growth of
rogenitor cells from the periapical area (39) because the pulps in
hese teeth were all necrotic and infected before disinfection. This was
aken as a surrogate outcome measure representing successful revas-
ularization because the new hard tissue was produced by cells that
rew in to repopulate the canal space.

adiographic Apical Closure
There was a statistical difference for radiographic apical closure

etween groups 1 and 2 (p � 0.03), with group 2 (infected ¡ disin-
ected ¡ blood clot) showing statistically more apical closure than
roup 1 (infected ¡ disinfected). There was also a tendency whereby
roup 3 (infected ¡ disinfected ¡ collagen) showed more apical
losure (p � 0.051) than group 1 (infected ¡ disinfected). There was
lso radiographic evidence of apical closure among roots of all of the
xperimentally infected groups (groups 1– 4) that were disinfected with
he triple antibiotic paste. Roots that were infected and not disinfected
r treated further would not have had continued apical closure
37, 38).

adiographic Healing of Periapical Radiolucencies
There were no statistical differences between the four experimen-

al groups for healing/improvement of apical periodontitis judged ra-
iographically, but there was radiographic evidence of healing apical
eriodontitis among all of the experimental groups that were disinfected
ith the triple antibiotic paste. This supports the findings of Windley et
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igure 9. Percentage of roots in experimental groups with and without apical
losure assessed histologically.
l. (18) that the triple antibiotic paste significantly reduces the bacteria v
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n experimentally infected canals of immature dog teeth. Roots that were
nfected and not disinfected or treated further would have remained
nfected with persistent lack of improvement of periapical radiolucen-
ies (37, 38). The time frame of this study may not have been long
nough for complete radiographic healing of periapical radiolucencies.
t may take up to 4 years for complete healing of apical periodontitis
esions, before which failure should not be assessed (40). In this study,
4.6% of the infected roots in groups 1 to 4 (previously infected canals)
howed healing/improvement of existing periapical radiolucencies after
reatment with the triple antibiotic paste, with near equal outcomes in
ach group. This medicament can be relied on to consistently render
nfected canals effectively free of bacteria. From these results, no radio-
raphic evidence supporting the promotion of revascularization by a
ollagen solution scaffold was found.

istological Hard-Tissue Deposition on Radicular Dentin Walls
Although there were no statistical differences between the four

xperimental groups for new hard tissue deposition on internal root
alls, there was histological evidence of hard tissue deposition on in-

ernal root dentin walls among all of the experimental groups that were
isinfected with the triple antibiotic paste. Roots that are infected and
ot disinfected or treated further would not have hard tissue deposition
n radicular dentin walls (37, 38). In this study, 43.9% of the roots in
roups 1 to 4 (previously infected canals) had new hard tissue depos-
ted on the internal root walls. Although some canals only showed thick-
ned root walls and a lack of new vital tissue in the canal space, some
easure of successful revascularization was achieved in these cases.
ard-tissue deposition in the absence of new vital tissue in the canal

umen may be because of the limited space available in some canals
hen the coronal restoration was placed too far apically in the canal

pace. The physical presence of the coronal restoration too far apically
ay have precluded the formation of extensive deposits of new hard

issue on the internal canal walls and any significant amounts of new
issue in the canal lumen proper.

New hard tissue deposited on the internal root canal walls is the
istologic measure that corresponds to the radiographic measure of

hickening of root walls. Comparing the percentage of roots in the four
xperimental groups (groups 1– 4) that exhibited radiographic evi-
ence of continued root wall thickening (48.8%) with the correspond-

ng percentage of roots seen histologically to have hard tissue deposited
n the internal canal walls (43.9%) by using the �2 test showed there
as no significant difference (p � 0.48) between the two methods of
easurement of continued root wall thickening. This indicates that the

adiographic measure of thickened canal walls (normally the only mea-
urable indication of successful revascularization available to the clini-
ian) is representative of the actual histological outcome.

There was a trend showing that the roots treated with a blood clot
groups 2 and 4) after disinfection had better outcomes than those that
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id not include a blood clot in the canal space (groups 1 and 3).
lthough the histological outcomes did not show statistical differences
etween the groups for continued root wall thickening, they may rep-
esent clinical significance because any measure of revascularization
epresents an improvement over the clinical situation of persistent thin,
eak root walls. Inclusion of the blood clot with its constituent growth
nd differentiation factors (39, 41, 42) may be important for successful
evascularization after disinfection.

istological Apical Closure
Despite the lack of statistical differences between the four exper-

mental groups for histological apical closure, apical closure was seen
n all of the experimental groups (groups 1– 4) that were disinfected
ith the triple antibiotic paste. Roots that were infected but not disin-

ected or treated further would not have had apical closure (37, 38). In
he experimental groups (groups 1– 4), 54.9% of the roots showed
istological apical closure.

Although group 2 (infected ¡ disinfected ¡ blood clot) and
roup 4 (infected ¡ disinfected ¡ collagen � blood clot) showed
arginally better outcomes for histological apical closure than group 1

infected ¡ disinfected) and group 3 (infected ¡ disinfected ¡
ollagen), the four experimental groups (groups 1– 4) had similar
utcomes. This is because disinfection with the triple antibiotic paste
as applied uniformly to all of the roots in the four experimental
roups. Apical closure was not because of subsequent treatment after
isinfection (blood clot and/or collagen solution application to the
anal spaces) but was because of the antibiotic disinfection itself.

istological Vital Tissue Within Canal Spaces
No statistical differences were seen between the four experimental

roups (groups 1– 4) for new vital tissue within the canal spaces; how-
ver, there was histological evidence of new vital tissue within the canal
paces among all groups that were disinfected with the triple antibiotic
aste. Roots that were infected but not disinfected or treated further
ould not have new vital tissue within their canal spaces (37, 38). After
isinfection with the triple antibiotics, 29.3% of the previously necrotic-
nfected roots (groups 1– 4) had new healthy tissue within the canal
paces. Success was higher after disinfection than without disinfection,
egardless of the presence or absence of a blood clot or collagen scaf-
old in the lumen. This is a very significant outcome. It highlights that this
rotocol rendered previously infected canals effectively bacteria free
18) and allowed in-growth of new vital tissue into the canal spaces.
raditional treatment techniques for an immature tooth with a necrotic-
nfected pulp space do not involve any attempts at further physiologic
evelopment of the tooth. With this protocol, induction of pulp space
evascularization with new vital tissue is possible. Although the tissue
ay not be pulp tissue proper (23, 43), it is vital tissue that can remain

n the canal space indefinitely and can provide thickening and conse-
uent strengthening of root canal walls. In addition, this new tissue
llows physiologic development of the apices so that if future endodon-
ic treatment does ever become necessary, a more successful outcome
an be expected (7).

There was a trend toward more vital tissue within the canal lumen
or roots from group 2 (infected ¡ disinfected ¡ blood clot) and
roup 4 (infected ¡ disinfected ¡ collagen � blood clot) compared
ith group 1 (infected ¡ disinfected) and group 3 (infected ¡ disin-

ected ¡ collagen). This suggests the importance of inclusion of a
lood clot to improve the chances of revascularization in previously
nfected canals that are disinfected with the triple antibiotic paste; how-
ver, this was not a statistically significant association and highlights the

eed for further research in this area.

88 Thibodeau et al.
From these results, no statistically significant evidence supporting
he promotion of revascularization by a collagen solution scaffold was
ound. However, inclusion of a blood clot in the canal space tended to
mprove the revascularization outcome in necrotic-infected immature
og root canal systems that had been disinfected with the triple antibi-
tic paste of metronidazole, minocycline, and ciprofloxacin. Most im-
ortantly, this research showed that revascularization of previously ne-
rotic-infected canals is possible provided they can be effectively
isinfected.
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