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Maonkey incisor teeth were pulpotomized in groups of 10, After phyvs-
iological hemostasis, the pulps of group [ were covered with isobutyl
cvanoacrylate, and those of groups 1l and Il with calcium hydroxide
for 10 and 60 minutes, respectively, whereafter this compound was
washed away and the wound surfaces covered with Teflon. In group
1V, calcium hydroxide was used as a positive contrel, and Teflon as
a negative control in group V. The animals were killed after 12 weeks
and the teeth removed in tissue blocks. The material was processed
and evaluated histologically with respect 1o location and continuity of
a hard tissue barrier, type of newly formed hard tissue, state of the
pulp, and presence of stainable bacteria in the coronal cavin.

Seven of nine teeth in group I showed a hard tissue barrier. The
corresponding figure for group H was eight out of 10 teeth. All teeth
in groups Hf and IV had a barrier. The incidence of a continuous
barrier increased from group I through group IV, as did the incidence
of its location below the level of the original wound surface. The
condition of the pulp was related to the presence of bacteria and the
continuity of the barrier to the presence of inflammation. There was
no bridging in group V.

The results support the theory that a low-grade irritation is re-
sponsible for the formation of a hard tissue barrier in cxposed pulps.
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Introduction.

In 1971, Schréder and Granath described the effects of calcium
hydroxide on surgically treated human pulps and noted that
the compound caused a multilayered nccrosis, followed by
subjacent mineralization. They postulated that the lowermost
layer, a zone of firm necrosis, generates a low-grade irritation
of the underlying tissue sufficient to produce a matrix that
mincralizes. The mechanism is obscure, but it is unlikely that
calcium ions released from calcium hydroxide would play a
decisive role (for review, sec Granath, 1982, and Schroder,
1985).

Support for this low-grade irritation theory comes from the
claim that isobutyl cyanoacrylate induces hard tissue formation
without an obvious zone of firm necrosis acting as an inducer
(Berkman et @f., 1971). Agreement on this, however, is not
complete. Nixon and Hannah (1972) have reported that n-butyl
cyanoacrylate failed to produce satisfactory dentin barriers,
while, with regard to calcium hydroxide, Holland et af. (1982)
have speculated on whether calcium or other cations are in-
volved.

Because of an incomplete understanding of the mechanism
of barrier formation, we started to look for alternatives to hy-
droxides for pulpal wound dressings, one of which was cy-
anoacrylate. Isobutyl cyanoacrylate, a cyanoacrylic ester
{CH, = C(C=N)COOC4Ho}, is an odorless, colorless, or pale
yellow liquid with a boiling point of 82°C at 6 mm Hg addi-
tional pressure and a density of 0.990 (The Merck Index, 1576),
[t polymerizes in the presence of water and is not soluble in
water, but is degradable in a biological environment. Thera-
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peutically, it is used in surgery as a tissue adhesive.

The literature offers no explanation as to why pulp tissue
might respond with formation of hard tissue to cyanoacrylate
that tacks both calcium and hydroxyl ions. However, the fol-
lowing hypothesis has been suggested (Granath, 1982); “‘The
material is apparently biocompatible as such. On degradation
in contact with the pulp tissue, some substance(s) is released
that cither causes a low-grade degeneration in the nearest cel-
lular layer or alters the physical state in the tissue layer which
in turn changes the chemical equilibrium locally. In both in-
stances calcium is attracted. Mineralization of newly formed
collagenous substance is initiated from the calcified foci.”

In this connection, it is interesting to note that hard tissue
formation has been found directly against some calcivm-hy-
droxide-containing hard-setting cements in experimentally ex-
posed monkey pulps, i.e., without a visible zone of necrosis
in the light microscope (Tronstad, 1974; Heys er al., 1980,
1981; Cox er al., 1982), The mechanism can be assumed to
be the same as with pure calcium hydroxide, while a lower
pH and a varying release of hydroxyl ions might explain the
lack of visible necrosis.

One way to elucidate the mechanism of hard tissue induc-
tion following application of calcium hydroxide would be to
remove the compound from the surgically treated pulp tissue
once an initial caustic effect has been established. This occurs
soon after exposure to calcium hydroxide (Schroder and Gran-
ath, 1971). Such a treatment would minimize the effect of
ionized calcium and would thus be a useful comparison with
calcium-free cyanoacrylate.

The aim of this study, therefore, was to elucidate further
the morphological appearance of a hard tissue barrier in pul-
potomized teeth with calcium hydroxide and cyanoacrylate as
wound dressings. Teflon was used as a control substance be-
cause it is biologically inert.

Materials and methods.

Operative technigue. — Fifty-two mature permanent incisor
teeth from 14 monkeys (Cercopithecus aethiops pygerythrus)
were used for the experiments. The animals were first tran-
quilized with Ketamine hydrochloride (Ketalar, Parke-Davis
Laboeratories, Ltd., Johannesburg) and then anesthetized with
pentobarbitone sodium {Sagatal, Maybaker, Ltd., Johannes-
burg). A rubber dam was used to isolate the maxillary teeth,
while the mandibular teeth were isolated with cotton rolls. The
teeth were mechanically cleaned with a rubber cup containing
water-mixed pumice and thereafter washed, together with the
rubber dam or the surrounding mucosa, with 0.5% chlorhex-
idine in 70% ecthanol.

The operative procedure was performed with diamond in-
struments according to the technique of Granath and Hagman
(1971). In order to facilitate cavity preparation and cooling
during pulpotomy, we removed incisal enamel for about one-
third of the crown length. Subsequently, a round and then a
cylindrical diamond instrument were used to cut a hole through
dentin but without perforating the roof of the pulp chamber.
The final cut was made with a cylindrical instrument with
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TABLE 1
HARD TISSUE BARRIER FORMATION IN 49 PULPOTOMIZED MONKEY INCISORS CAPPED WITH ISOBUTYL CYANOACRYLATE OR
CALCIUM HYDROXIDE FOR DIFFERENT TIME PERIODS OR LEFT WITHOUT AN ACTIVE WOUND DRESSING, IN RELATION TO STATE
OF PULP AND PRESENCE OF BACTERIA; OBSERVATIONS AFTER 12 WEEKS

State of Pulp**

Wound Dressing Hard Tissue Barrier*

Group No. Material Time lws bws sl m se ne Bacteria®#*
1 9 cyano- 12 weeks 7 4(4) 5
acrylate
I 10 calcium 10 min 4 4 5(3) (1) 4
hydroxide
111 10 calcium 60 min 2 8 1 3(3) 3
hydroxide
v 10 calcium 12 weeks 10 4
hydroxide
\Y 10 no 4(4) 2(2) 6
dressing

*d = discontinuous barrier, characterized by a layer of bone-like and a subsequent layer of dentin-like tissue; ¢ = continuous barrier, otherwise as in
d; Ilws = at level and bws = below level of original wound surface.

*#5] = slight (scattered inflammatory cells), m = moderate and se = severc inflammation (accumulation of inflammatory cells, abscess); ne =
necrosis; number of cases with stainable bacteria within parenthesis.

***Presence of stainable bacteria in coronal activity or in dentin walls forming the cavity.

smooth sides and diamond particles only on its base and of a
diameter that just exceeded the radius of the access cavity. The
rotating instrument was gradually lowered into the tooth with
circular movements until pulp tissue, surrounded by dentin, GmbH, Nordestedt, W. Germany) was placed over
was removed to about the level of the largest cross-section of the pulps. Thereafter, two or more sterilized Teflon
the pulp. discs, 2 mm in diameter and previously punched from
During all steps of the operative procedure, the tooth and a 0.08-mm-thick Teflon tape (USA standard BS 4375,
cutting instruments were irrigated with physiological saline so- 1978), were placed over the cyanoacrylate and molded
lution. A high-speed handpiece running at about 100,000 rpm against the surrounding dentin shelf with gentle pres-
was used, and the cutting was performed intermittently in order sure, by means of a small round instrument placed
to keep the dentin moist and to avoid overheating the pulp. toward the cavity corner.
After completing the pulpotomy, we irrigated the wound sur- [I-11I. Calcium hydroxide paste (Calasept, Scania Dental
face continuously with saline until bleeding ceased. Thereafter, AB, Knivsta, Sweden) was placed over the pulps and

cach of the following procedures was performed in groups of
10 teeth, selected according to a randomized system:
I. Isobutyl cyanoacrylate (Ethicon Bucrylat, Ethicon

Fig. | — (A) Cyanoacrylate. Discontinuous barrier; inflamed pulp tissue (p); “‘tunnel™ (t) between irritation (secondary) dentin (sd) and true barrier
(b); hard tissue deposited on dentinal shelf (arrow).
(B) Layers of bone-like (b) and dentin-like (d) tissue.
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Fig. 2 — (A) Cyanoacrylate. Discontinuous barrier; inflamed tissue (p) in upper right corner adjacent to a resorption area magnified in (B); deposition
of bone-like tissue on dentinal shelf and coronal surface of barrier (arrows).

(B) Resorption of dentinal cavity wall.

(C) Deposition of bone-like (b) and osteoid-like (o) tissue on dentinal shelf.

(D) Another section of the same tooth; more extensive apposition of bone-like tissue on dentinal shelf.

molded with light pressure by means of dry cotton
pellets for either 10 or 60 minutes. Subsequently, the
calcium hydroxide was washed away with a stream
of physiological saline, and the pulps were covered
with Teflon discs as described above.
IV. As a positive control, calcium hydroxide paste was
placed over the pulps and molded with light pressure
by means of dry cotton pellets in such a way that a
layer of compressed calcium hydroxide, approxi-
mately 2 mm in thickness, remained over the pulps.
No Teflon was placed in these specimens.
V. As a negative control, only Teflon discs were placed
over the exposed pulps.
The remaining part of the cavity in each crown of all teeth
was filled with a fortified zinc-oxide/eugenol cement (IRM,

L.D. Caulk, Milford, DE). Finally, two teeth were used as a
control for determining the effects of the operative procedures.
These were extracted immediately after pulpotomy and pre-
pared histologically.

After 12 weeks, the monkeys were killed with an overdose
of pentobarbitone sodium (Euthanaze, Centaur Laboratories,
Ltd., Johannesburg) and the head and neck retrogradely per-
fused with physiological saline, followed by 10% neutral bufi-
ered formalin (Retief and Austin, 1973). The teeth were removed
in tissue blocks, decalcified in 10% EDTA at pH 6.8, and
embedded in celloidin-paraffin. The blocks were serially sec-
tioned at 5 wm. Every tenth section was stained with hema-
toxylin and eosin and every ninth or eleventh section with a
modified Gram stain according to the method of Brown and
Brenn (1931).
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Fig. 3— (A) Cyanoacrylate. Discontinuous barrier; inflamed pulp tissue
(p): bone-like (b) and dentin-like (d) tissue.

(B) Unidentified foreign material, possibly trapped remnants of capping
material (arrows).

(C) Deposition of bone-like tissue on the left-hand wall of coronal cavity
(arTows).

The remaining 60 incisor teeth of the 14 monkeys were used
for study of the effects of other pulp-capping materials not
reported here.

Histological assessment: Hard tissue barrier. — Hard tissue
barriers were classified as continuous or discontinuous. The
criteria used to assess barrier formation were derived from the
typical appearance of a barrier induced through the effect of
calcium hydroxide. Characteristically, such a barrier consists
of a layer of bone-like tissue and a subsequent layer of dentin-
like tissue (Schroder and Granath, 1971) located at a certain
distance (about | mm) from the original level of the wound
surface. When the barrier was continuous through all sections
and no vital tissue was seen above, it was classified as contin-
uous; the barrier was termed discontinuous if these criteria
were not met.

Condition of the pulp. — Pathologic changes in the pulp
were denoted as slight (scattered inflammatory cells), moderate
or severe (accumulation of cells, abscess) inflammation, or
necrosis. The condition recorded was that seen in the section

with the most advanced degree of inflammation. The changes
were noted separately for the pulp proper and for the tissue
that had proliferated from the pulp into the coronal cavity.

Bacteria. — Specimens were examined for the presence or
absence of stainable bacteria either in the coronal cavity or in
the dentin forming this cavity.

Results.

The results are listed in Table 1. Seven of the nine teeth
capped with cyanoacrylate (group I: one tooth in this group
was lost during preparation) showed formation of a hard tissue
barrier (Figs. 1-3). The corresponding numbers for calcium
hydroxide applied for 10 minutes (group II) were eight out of
10 teeth (Figs. 4 and 5), for 60 minutes (group I11) 10 of 10
(Figs. 6 and 7), and for 12 weeks (group IV) 10 of 10. The
incidence of continuous barrier formation increased from group
I through group IV, as did the incidence of barrier formation
below the original wound surface.



1170 CVEK et al.

Fig. 4 — (A) Calcium hydroxide applied for 10 minutes. Discontinuous
barrier located at the level of the original wound surface; Teflon (a); pulp
tissue (p); diffusely calcified tissue (c); bone-like (b) and dentin-like (d)
tissue.

(B) **Tunnel’* (t) between bone-like tissue (b) and irritation dentin (sd).

A characteristic finding in group V (no dressing) was the
apposition of hard tissue on the pulpal walls adjacent to den-
tinal tubules from the dentinal shelf of the coronal access cavity
(Fig. 8). This was also seen in the two teeth from group II in
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which formation of a true barrier was not seen. The amount
was proportional to the size of the dentinal shelf and consisted
mostly of two layers. One layer resembled bone, the other
layer resembled dentin (Fig. 9). The pulpal surface in these
teeth consisted of a dense, collagen-rich connective tissue with
cells arranged longitudinally against the surface of the Teflon
discs (Figs. 8 and 9).

In the teeth of groups I-III, with a barrier formed at the level
of pulpal amputation, the barrier seemed, in most instances,
to be a combination of hard tissue induced by the medicament
and apposition of hard tissue on dentinal walls (Figs. 1,2.4,
and 6). Discontinuities in the form of so-called ‘‘tunnels’’ (Cox
et al., 1985) were often found between the two types of hard
tissue (Figs. 1,2, and 4). These tunnels contained pulp tissue
with numerous fibroblast-like cells, probably original tissue
that had proliferated into the space between the coronal surface
of the barrier and the Teflon discs. In five teeth capped with
cyanoacrylate, hard tissue was also deposited on the dentinal
shelf and the vertical walls of the coronal cavity. In three of
these teeth, hard tissue was deposited on the coronal surface
of the barrier as well. This hard tissue on the shelf consisted
primarily of a bone-like layer and a layer of osteoid-like tissue,
surrounded by proliferated pulp tissue (Figs. 1-3). Further-
more, in two of these teeth, there was resorption of cavity
walls adjacent to the proliferated and inflamed tissue (Fig. 2).
None of the teeth with a barrier located at the level of pulpal
amputation contained necrotic tissue between the barrier and
the Teflon discs.

The proliferation of pulp tissue into the coronal cavity above
the level of the original wound surface was also seen in most
of the teeth in which the pulp was covered with Teflon alone
(group V). In two of these teeth, hard tissue was deposited to
a limited extent on the dentinal shelf (Fig. 8).

In teeth from groups II-IV, in which there was a barrier
below the level of the original wound surface, none of the
barriers included hard tissue deposited on the dentinal wall in
the manner described above (Figs. 5 and 7). In two teeth from
group I, such hard tissue was deposited on the dentinal walls
below and separate from the barrier. It was found adjacent to
the dentinal tubules which, at the site of the dentinal shelf of
the coronal cavity, were covered with an amorphous, necrotic-
like tissue (Fig. 5).

No dressing material was seen above the hard tissue barrier
in any of the teeth. In some sections of one tooth in which the
pulp had been capped with cyanoacrylate, however, the cor-
onal, bone-like layer of the hard tissue included spaces that
contained unidentified foreign material, possibly remnants of
the capping material (Fig. 3).

The association between the presence of stainable bacteria
and the status of the pulps is demonstrated in Table 1. In
practically all teeth with necrosis or moderate-to-severe pulpal
inflammation, bacteria were demonstrated. In Table 2, the re-
lationship between the state of the pulp and presence of a hard
tissue barrier is presented for groups I-IV. It can be seen that
the pulps of all teeth without a barrier were inflamed. In teeth
without inflammation, the proportion of those with a contin-
uous barrier increased from group I through group IV,

The pulps of the two teeth extracted immediately after pul-
potomy and hemostasis showed no signs of mechanical trauma
or overheating.

Discussion.

The pulps in the present study responded to all five exper-
imental procedures with formation of hard tissue, though the
medicaments and/or irritants used were different.

Thus, in teeth treated with cyanoacrylate and in six teeth
treated with calcium hydroxide for 10 or 60 minutes, barriers
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Fig. 5 — (A) Calcium hydroxide applied for 10 minutes. A continuous
barrier (b), located about 1.5 mm below the level of the original wound
surface; Teflon (a); necrotic tissue (n).

(B) Deposition of irritation dentin (sd) below and separate from the
barrier; bone-like (b) and dentin-like (d) tissue.

(C) Necrotic tissue (arrows) on dentinal shelf, covering tubules corre-
sponding to secondary dentin formation.

were formed at the surface of the original pulpal wound. These
barriers consisted of hard tissue that formed in response to the
medicament that was placed on the surface of the pulp. In
addition, hard tissue deposited on the dentinal walls appeared
to have been induced by the irritation from the dentinal shelf
of the pulpotomy access cavity. Both types of tissue seem to
have been formed simultaneously. In some cases, they were
in contact with each other, and in others they were separated
by *‘tunnels’’ containing soft tissue. With respect to the teeth
treated with calcium hydroxide, presumably the caustic effect
of the medicament was responsible for the formation of the
hard tissue barrier at the level of the pulpal wound. It was not
strong enough to destroy pulp tissue completely but was a
stimulant sufficient to induce hard tissue formation.
Apposition of hard tissue to dentinal walls was a character-
istic finding in teeth in which the pulps were covered only with
Teflon. The source of irritation may have been the operational
trauma together with debris and/or necrotic tissue, which was

seen covering the dentinal shelf in some cases. In these teeth,
the pulp had formed a layer of dense, collagen-rich tissue that
was in contact with the Teflon. This ability of the pulp to form
a fibrous barrier in response to a foreign, biologically inert
substance has been demonstrated previously by Granath and
Hagman (1971). In two teeth treated with calcium hydroxide
for 10 minutes, apposition of hard tissue to dentinal walls was
seen below and separate from a continuous barrier. It could
have been due to the wide dentinal shelf which was connected
with deeper parts of the pulp and eventually the presence of
bacteria in the coronal cavity.

The present findings concerning the ability of cyanoacrylate
to induce hard tissue corroborate the results reported by Berk-
man et al. (1971). The barriers induced in this study were,
however, discontinuous and permitted proliferation of pulp tis-
sue into the coronal cavity. This clearly indicates that cyanoac-
rylates cannot be regarded as an adequate therapeutic alternative
to calcium hydroxide.
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Fig. 6 — (A) Calcium hydroxide applied for 60 minutes. Discontinuous
barrier, located at the level of the original wound surface; Teflon (a);
irritation dentin (sd); bone-like (b) and dentin-like (d) tissue.

{B) Demarcation line (arrows) between bone-like tissue (b) and irritation
dentin (sd).

In a number of cases, proliferation of pulp tissue was fol-
lowed by the apposition of bone-like tissue on the walls of the
coronal cavity. This finding is interesting from the standpoint
of hard tissue induction. It has been shown that dentin, treated

J Dent Res June 1987

Fig. 7 — Calcium hydroxide applied for 60 minutes. Continuous bar-
rier, located below the level of the original wound surface; layers of
necrotic (n), bone-like (b) and dentin-like (d) tissue: inflammation-free
pulp (p). This section is also typical of teeth with pulps covered with
calcium hydroxide for 12 weeks.

in different ways. possesses a capacity to induce formation of
ectopic bone (Urist er al., 1968; Bang, 1973). Therefore, one
may speculate that when in contact with vital tissue, non-vital
dentin may induce the differentiation of odontoprogenitor cells
which results in apposition of bone-like tissue on the dentinal
cavity walls. A parallel can be drawn with apposition of hard
tissue on the walls of the pulp chamber in re-implanted teeth,
after the necrotic pulp has been replaced by ingrowing mes-
enchymal tissuc (Ohman, 1965; Kling et al., 1986).

After treatment with calcium hydroxide, the pulps responded
with formation of a hard tissue barrier in all but two teeth,
regardless of the treatment duration, i.e., after 10 or 60 min-
utes, or after 12 weeks of pulpal contact. Most of the barriers
were formed below the level of the original wound surface and
were typical, with respect to hard tissue layers (Schroder and
Granath. 1971). These results show, first, that a short treat-
ment with calcium hydroxide is enough to induce formation
of hard tissue, and second, that it is not necessary to place the
compound over a pulpal wound for a longer interval in order
to induce the formation of a complete hard tissue barrier. This
observation supports the finding of Pisanti and Sciaky (1964)
that calcium, which is needed for mineralization, is derived
from tissue fluid. It is also probable that the beneficial effect
of calcium hydroxide, which is left over the exposure site for
a longer time, is due to its antibacterial property.

Although a particular inductive effect of calcium ions cannot
be excluded, the short treatment experiments. together with
those using cyanoacrylate as a wound dressing, support the
theory that a low-grade irritation is responsible for the for-
mation of the hard tissue barrier. Such a view is also supported
by recent findings that the effects of calcium hydroxide are
non-specific and highly pH-dependent (Gordon et al., 1985).
Moreover, our results support the concept that any low-grade
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Fig. 8 — (A) Surgical wound covered only with Teflon (a); deposition
of irritation dentin (sd); proliferation of collagen-rich pulp tissue (p).
(B) Deposition of bone-like tissue (arrows) on dentinal shelf.

irritation should stimulate the pulp to form hard tissue (Schroder,
1985). Results with calcium hydroxide as an ectopic bone in-
ducer have not been convincing (Rénning and Koski, 1966;
Rasmussen and Mjor, 1971). As far as we know, cyanoacry-
lates do not induce ectopic bone when used as adhesives. This
may imply that, in the absence of epithelium, the response to
different, non-specific irritants — namely, formation of hard
tissue — should be considered to be an inherent, defensive,
and probably stereotypic reaction of the pulp. Veis (1985) pro-
posed that a necrotic layer such as that produced by calcium
hydroxide presents a surface to which the pulp cells attach,
polarize, and then begin to express their odontoblastic poten-
tial. Schroder and Granath (1971) observed new collagen after
only four days. With regard to mineralization, it is interesting
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Fig. 9 — (A) Calcium hydroxide applied for 10 minutes, peripheral
section; no formation of a true barrier; note the relation between size of
dentinal shelf and amount of irritation dentin, extensive to the left with
bone-like (b) and dentin-like (d) tissue, and minimal to the right (c).

(B) Detail of the right side showing bone-like (b) and dentin-like (d)
tissue; dense connective tissue at pulpal surface (arrows).

to note that Schroder and Sundstrém (1974) found matrix ves-
icles in the area of new collagen one week after application of
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TABLE 2
CROSS-TABULATION OF HARD TISSUE BARRIER FORMATION
AND PULP STATE IN 39 PULPOTOMIZED MONKEY INCISORS
CAPPED WITH ISOBUTYL CYANOACRYLATE OR CALCIUM
HYDROXIDE FOR DIFFERENT PERIODS OF TIME:
OBSERVATIONS AFTER 12 WEEKS

Hard Tissue Barrier

Group 1 Groups I1 = I Group IV
Pulpal n=19 n =20 n =10
Inflammation none  d ¢ none d [ none d ¢
none 4 1 6 i g
s
m 1
se 2 2 |

#5ix cases, *Fone case. and **¥Fwo cases with no stainable bacteria.
For definitions sec Table 1.

calcium hydroxide on the exposed pulp. Such vesicles are
thought to play a role in the initial calcification process of
dentin and other mineralizing tissues {Ten Cate and Torneck,
1982). The type of tissue to be formed may depend on the
degree of irritation and on the genetic make-up of progenitor
cells rather than on the irritant itself. Hence, Cvek and Sund-
strom (1974) found the apical closure of immature roots of
non-vital permanent incisors treated with calcium hydroxide to
consist of a bone-like layer followed by cementum-like tissue.

in the present study, inflammatory changes in pulps were
clearly related to the presence of bacteria in the coronal cavity,
and the continuity of the barriers was in turn related to the
condition of the pulp. This emphasizes the importance of bac-
teria in puipal (Cox er al., 1985) as well as periapical (Fabri-
cius et al.. 1982) inflammatory reactions. The role in
inflammatory pulp disease is currently receiving a great deal
of attention in the dental literature.
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