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When the carious process advances deep into the
dentin, the pulp reacts by producing an
inflammation that is temporarily limited to the

area close to the caries lesion. With the progression of the
lesion, the inflammatory process spreads throughout the
coronal pulp. When pulpotomy is performed, the complete
coronal pulp is removed. The rationale for pulpotomy is
based on the assumption that the inflammation is limited
to the coronal pulp. As it is difficult, if not impossible, to
determine clinically the histological status of the pulp, the
operator has to rely on somewhat subjective criteria to de-
termine whether the radicular pulp is or is not affected.

Thus, the bleeding time of the radicular stump after the
amputation, color of the blood, and consistency of the tis-
sue are all subjective criteria that might lead to diagnosis
error. A chronically inflamed radicular pulp erroneously
diagnosed as noninflamed and noninfected is one of the
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Abstract
Purpose. The objective of this study was to assess the effect of mineral trioxide aggre-
gate (MTA) as pulp dressing material following pulpotomy in primary molars with carious
pulp exposure and compare them to those of formocresol (FC).
Methods. Of 33 children, primary molars treated via a conventional pulpotomy tech-
nique were randomly assigned to the MTA group (33 teeth) or FC group (29 teeth).
Clinical and radiographic follow-up ranged between 4 and 74 months. The mean fol-
low-up time was 38 months, with no difference between the groups. Twenty-nine teeth
were followed until uneventful shedding (mean=33 months). Failures were detected af-
ter a mean period of 16 months (range=4 to 30).
Results. The success rate of pulpotomy was 97% for MTA (1 failure) and 83% for FC (5
failures). Eight teeth presented internal resorption. In 4 of them (2 of each group), progress
of the resorption process stopped and the pulp tissue was replaced by a radioopaque calci-
fied tissue. Pulp canal obliteration was observed in 58% of the MTA group and in 52%
of the FC group (total=55%).
Conclusions. MTA showed a higher (though not statistically significant) long-term clini-
cal and radiographic success rate than formocresol, and can be recommended as its
replacement as, unlike FC, MTA does not induce undesirable responses. (Pediatr Dent
2005;27:129-136)

KEYWORDS: DENTAL PULP, FORMOCRESOL, PULPOTOMY, MINERAL TRIOXIDE AGGREGATE

Received August 18, 2004     Revision Accepted January 24, 2005

major factors possibly causing pulpotomy failure in primary
molars.1

Formocresol (FC) has been a popular pulpotomy me-
dicament in the primary dentition for the past 60 years,
and is considered the most universally taught and preferred
pulp therapy for primary teeth.2,3 Concerns have been raised
about the toxicity and potential carcinogenicity of FC in
humans,2,4-10 and alternatives have been proposed to main-
tain the radicular pulp’s vitality. These include: (1)
electrosurgery11,12; (2) laser13; (3) glutaraldehyde14-17; (4) fer-
ric sulfate18-20; (5) freeze-dried bone21,22; (6) bone
morphogenetic protein23,24; and (7) osteogenic protein.25

In 1995, Torabinejad et al26 described the physical and
chemical properties of mineral trioxide aggregate (MTA)—
a new root-end filling material. MTA is a powder composed
of tricalcium silicate, bismuth oxide, dicalcium silicate,
tricalcium aluminate, tetracalcium aluminoferrite, and cal-
cium sulfate dihydrate. It sets via hydration to become a
colloidal gel with a pH of 12.5, similar to that of calcium
hydroxide.27 The cement’s setting time is 3 to 4 hours, and
its compressive strength after setting is 70 Mpa—compa-
rable to that of IRM.28
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It has been demonstrated that MTA has the ability to
stimulate cytokine release from bone cells, indicating that
it actively promotes hard tissue formation.29 It has also been
shown that MTA has antimicrobial properties similar to
zinc-oxide eugenol26 and has no cytotoxic effect.30 MTA
has been proposed as a potential medicament for pulpo-
tomy procedures, capping of pulps with reversible pulpitis,
apexification, and root perforation repair.28 The material
is biocompatible and allows bone regeneration and over-
growth of cementum when used as an root-end filling
material.31 Its sealing ability is better than that of amalgam
or zinc oxide-eugenol.32

MTA was tested in monkey teeth as a pulp-capping
agent, and the favorable pulp responses observed in that
experiment were found to be superior to those of calcium
hydroxide.33 Similar results were found when human in-
tact third molars were used to compare the effect of pulp
capping with MTA and calcium hydroxide.34 MTA was
found to maintain pulp integrity after pulp capping and
pulpotomy in animal studies.35,36 It was also found to have
a dentinogenic effect on the pulp, expressed by dentin
bridge formation, where it contacts the pulp tissue.36-38

The objective of this study was to assess, clinically and
radiographically, the effects of MTA as a pulp-dressing ma-
terial following pulpotomy in human primary molars with
carious pulp exposure and compare them to those of FC.

Methods

Study population

The procedure, possible discomfort or risks, as well as pos-
sible benefits were explained fully to parents of the children
involved. The parents’ informed consent, as approved by
the Institutional Review Board of Human Subjects experi-
ments was obtained prior to the investigation.

The study population consisted of exclusively healthy
children attending the Pediatric Dentistry Clinic of the
Hebrew University-Hadassah School of Dental Medicine in
Jerusalem. Primary molars were treated via a conventional
pulpotomy technique. The authors, who also performed the
procedures, assessed the suitability of the teeth for pulpo-
tomy. The authors were previously involved in several
pulpotomy studies and used a standardized technique.

The criteria for selection of teeth to be included in the
study were:

1. symptomless primary molars with a deep carious le-
sion;

2. exposure of a vital pulp by caries;
3. no clinical or radiographic evidence of pulp degenera-

tion, such as excessive bleeding from the root canal,
internal root resorption, inter-radicular and/or peri-
apical bone destruction, swelling, or sinus tract;

4. the possibility of proper restoration of the teeth.
A total of 64 primary molars were pulpotomized in 35

children (22 boys and 13 girls). Their age at time of treat-
ment ranged between:

1. 4 years, 6 months and 10 years, with a mean age of 6
years, 7 months in the MTA group;

2. 4 years, 3 months and 12 years, with a mean age of 6
year 5 months in the FC group.

Technique
The teeth were randomly assigned via coin toss to either
the MTA or FC group. In case a child had 2 molars need-
ing pulpotomy, the second tooth was assigned to the
alternative group.

If a child had a third tooth needing a pulpotomy, the
dressing material was selected again by coin toss. All mo-
lars were treated with rubber dam isolation. After caries
removal, coronal access was obtained with a no. 330 high-
speed bur with water spray to expose the pulp chamber.

Following removal of the coronal pulp with a round bur
and hemostasis, the pulp stumps in the experimental group
were covered with an MTA paste, obtained by mixing
MTA powder with sterile saline at a 3:1 powder/saline ra-
tio followed by a layer of IRM. In the control group, a
cotton pellet moistened with full-strength FC was placed
for 5 minutes on the amputated pulp. The pulp stumps
were then covered by zinc oxide-eugenol (ZOE) (The L.D.
Caulk Division, Dentsply International Inc. Milford, Del)
paste and a layer if IRM (Bayer–Leverkussen, Germany).
ZOE was used directly over the pulp stumps to prevent
possible deleterious effects of the resins in IRM on the
amputated radicular pulp. The crown of all but 8 teeth was
restored with a stainless steel crown. One tooth had a com-
posite restoration, and 7 other teeth were restored with
amalgam that was condensed after the IRM had set to avoid
the MTA from being pushed into the root canals.

Follow-up
The children were asked to return for clinical and radio-
graphic examination every 6 months. When a patient did
not respond or broke an appointment, further attempts
were made to call the parents and a follow-up examination
was rescheduled. The children were then examined clini-
cally by 1 of the 3 authors who were not blind to which
treatment group the assessed tooth belonged. All 3 authors
blindly evaluated the radiographs, however, and a consen-
sus was reached. The follow-up period was defined as the
time elapsed between treatment and one of the following:

1. detection of pulpotomy failure;
2. naturally exfoliated tooth;
3. patient’s last visit for recall examination.

Teeth with less than 12 months follow-up time were
excluded from the study, unless a failure was detected dur-
ing the first postoperative year.

Evaluation
All 3 investigators independently evaluated the radio-
graphs to detect signs of pathology. The authors were
previously involved in several pulpotomy studies and used
a standardized evaluation that regarded the treatment as
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a failure when one or more of the following signs were
present: (1) furcation radiolucency; (2) periapical bone
destruction; and (3) swelling or sinus tract. Internal root
resorption was regarded as a failure only if the process
reached the root’s outer surface, thereby inducing an in-
flammatory process in the periodontal ligament and the
surrounding bone. Arrest of internal resorption with cal-
cific metamorphosis of the pulp was not regarded as a
failure, nor was pulp canal obliteration (PCO).39

The data were analyzed to assess the treatment’s success
rates at the various follow-up periods. The differences were
statistically analyzed using the chi-square test, Fisher exact
test, t test, and Mann-Whitney U test.

Results
Of the 64 pulpotomized teeth, 62 teeth in 33 children (22
boys and 11 girls) were available for analysis of success/fail-
ure rate. Two molars in 2 patients, both of the FC group,
were excluded from the study because the patients never
returned for follow-up examination.

No difference was found between the MTA and FC
groups regarding the children’s age at the time of treatment
(t test and Mann-Whitney U test). The girls’ mean age at
the time of treatment was 6 years, 1 month—8 months less
than that of the boys (6 years, 9 months). The distribution
of the assessed teeth is presented in Table 1. The dressing
material used was MTA
in 33 molars and FC in
the other 29 molars.

Follow-up time
Follow-up time of all
teeth in both the MTA
and FC groups ranged
between 4 and 74
months, with a mean of

38.2 months. Treatment failure was detected in 6 teeth af-
ter a mean period of 16 months (range=4 to 30 months).
One tooth, in which failure was detected after 4 months,
could not be excluded from the study despite the short fol-
low-up, as it would distort the results. Table 2 presents the
failures in a separate column. Twenty-nine teeth with suc-
cessful treatment were followed until uneventful shedding,
with a mean follow-up period of 33 months (range=13 to
59 months). The other 27 successfully treated teeth had a
mean follow-up period of 49 months (range=21 to 74
months), with no difference between the experimental and
control group (Table 2). The differences were statistically
analyzed using the t test and Mann-Whitney U test.

Success rate
The success rate of the pulpotomies of all teeth in this study
was 90%; MTA was successful in 97% (32/33) of the cases,
and FC had an 83% (24/29) success rate, with no statisti-
cal difference between the 2 materials (P>.05). The
follow-up evaluations revealed 6 failures (10%) of pulpo-
tomy: 5 of them in teeth treated with FC and only 1 in
which MTA was used as a dressing material. Four teeth
were first primary molars, and 2 were second molars. All
failures were observed in teeth restored with stainless steel
crowns. Failures were detected after a mean follow-up pe-
riod of 16 months (range=4 to 30 months).

Material Primary 1st molar Primary 2nd molar Total Total

Maxillary Mandibular Maxillary Mandibular Maxillary Mandibular

MTA 4 11 7  11 11 22 33

Formocresol 6 11 5  7 11  18 29

Total 10 22 12 18 22  40 62

Table 1. Distribution of Evaluated Pulpotomized Primary Molars

Longest possible follow-up period (months)

Until uneventful shedding* Until last examination* Until detection of failure* Total

MTA N=14 N=18 N=1 N=33

Range 13-57 21-68 12-68
Mean 31.20 48.14 12 39.84
(±SD) ±14.3 ±11.68 ±15.88

Formocresol N=15 N=9 N=5 N=29

Range 16-59 34-74 4-30 4-74
Mean 34.37 53 16.47 36.28
(±SD) ±14.5 ±13.02 ±10.21 ±17.48

Total N=29 N=27 N=6 N=62

Range 13-59 21-74 4-30 4-74
Mean 32.87 48.94 15.64 38.25
(±SD) ±14.3 ±11.94 ±9.36 ±16.76

Table 2. Distribution of Pulpotomized Teeth and Follow-up Times According to
Longest Possible Follow-up Period

*Not significant (t test and Mann-Whitney U test) P>.05
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Radiographic findings
When comparing the results of the 3 evaluators, a com-
plete accordance was found, as all cases were clear-cut
success or failure with no need to discuss any of the cases
to achieve a consensus. In no case was MTA found to be
pushed into the root canals.

Pulp canal obliteration

The most frequent radiographic finding was pulp canal
obliteration (PCO), which developed in 55% (34/62) of
all teeth. PCO was found in 58% of MTA group teeth (19/
33) and in 52% (15/29) in FC group teeth, with no dif-
ference between the groups (P>.5). PCO was detected after
a mean period of 22 months (range=7 to 46 months). In
the MTA group, it was observed after a mean of 20.5
months (range=7 to 46), and in the FC group the mean
was 24 months (range=10 to 43 months). This difference
was not statistically significant (t test and Mann-Whitney
U test).

Internal root resorption

Internal root resorption was observed in 8 teeth: 6 treated
with FC and 2 with MTA. This finding was detected after
25 to 38 months in the MTA group and after 4 to 25

months in the FC group. In 4 teeth (2 of each group), in-
ternal root resorption was found to be arrested and the pulp
tissue was replaced by calcified tissue (Figures 1 and 2), with
the teeth being clinically asymptomatic. These teeth were
not considered as failures.

In the other 4 teeth (the entire FC group), internal re-
sorption was associated with periapical and/or
inter-radicular radiolucent defects and external inflam-
matory root resorption leading to extraction of the teeth.
At the 12-month recall examination, 2 other teeth (1 of
each group) presented with periapical and inter-radicu-
lar radiolucent defects associated with clinical signs of
an abscess.

Dentin bridge

One mandibular primary second molar presented a den-
tin bridge at the entrance of the mesial root canal just below
the MTA.

Discussion
This report intended to examine the clinical and radio-
graphic success rates of pulpotomies with MTA, a material
with evidence-based success in many endodontic proce-
dures. Several in vitro and in vivo studies have shown that

Table 3. Radiographic Appearance of the Pulp in Pulpotomized Primary Molars

Normal appearance of the pulp (%) Pulp canal obliteration (%) Pathologic finding* (%) Total (%)

MTA 13 (39) 19 (58)† 1 (3) 33 (100)

Formocresol 9 (31) 15 (52) † 5 (17)‡ 29 (100)

Total 22 (34) 34 (55) 6 (11) 62 (100)

*Periapical and inter-radicular radiolucency, pathologic external root resorption, not including arrested internal resorption.
†Chi-square P>.05. Not significant.
‡Chi-square P>.05. Not significant.

Figure 1A. Left bite-wing radiograph of a 5-year, 2-month-old girl.
Primary mandibular first molar with internal resorption in the mesial
root 7 months after performance of pulpotomy with formocresol.

Figure 1B. Twenty-six months later. Notice the calcified tissue
replacing the pulp tissue in the resorption area. As the internal
resorption did not induce an inflammatory process in the periodontal
ligament and the surrounding bone, the treatment was not considered
a failure.
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MTA prevents microleakage, is biocompatible, and pro-
motes regeneration of the original tissues when it is placed
in contact with the dental pulp or periradicular tissues.28

FC was selected as the control group, since it is still con-
sidered the gold standard in primary teeth pulp therapy,
in spite of its reported toxic, mutagenic, and carcinogenic
properties.4,7,10

The high success rate of pulpotomy with MTA (97%) is
impressive, especially considering the long-term follow-up
period. Except for 1 failure detected at the 12-month recall
examination, all molars treated with MTA presented a suc-
cessful outcome. Some of these teeth were retained until
uneventful shedding, and others had a mean follow-up of
more than 4 years. While the success rate of FC decreased
with time as expected,1,40,41 with the last failure being detected
postoperatively at 30 months, MTA’s success rate remained
stable with no new failures observed after 12 months.

Pulpotomy failures in primary teeth with caries expo-
sure can be attributed to misdiagnosis of inflammation in
the radicular pulp prior to treatment1 and/or pulp contami-
nation due to microleakage of large multi-surface amalgam
rather than stainless steel crowns.42 These arguments, how-
ever, cannot explain the difference in success rates between
MTA and FC. As the teeth were randomly assigned to 1
of the groups via coin toss, it is not feasible that more teeth
with undiagnosed, inflamed, radicular pulp were assigned
to the FC group. Additionally, all failures were detected
in teeth restored with stainless steel crowns, ruling out the
possibility of contamination due to poor restoration seal.43

It is, therefore, reasonable to assume that MTA can handle
inflammation better than FC. Salako et al36 radiographi-
cally and histologically compared the effect of several
dressing materials, including MTA and FC, on the radicu-
lar pulp in pulpotomized rat molars. They found that, while
FC showed zones of atrophy, inflammation, and fibrosis,
MTA performed ideally as a pulpotomy agent, causing
dentin bridge formation while simultaneously maintain-
ing normal pulp architecture. Dentin bridges were also
found under the MTA in a study on monkeys.33 Based on

these studies, the authors would expect to find more than
only 1 case of a dentin bridge in the present study.

One of this study’s more interesting radiographic find-
ings was the arrest of the progression of the internal
resorption process with replacement of the radicular pulp
tissue by calcified material. This was reported earlier by
Smith et al39 and Papagiannoulis44 in primary molars
pulpotomized with ferric sulfate.

Previous investigations of ZOE as a pulpotomy agent
or as a base for pulpotomies suggest that ZOE can cause
pulp inflammation,45 with a risk for subsequent internal
resorption. Smith et al39 claimed that internal resorption is
associated with eugenol. When used together with zinc
oxide (as in a sub-base following pulpotomy), eugenol
comes into direct contact with the vital tissue and causes a
moderate to severe inflammatory response, resulting in
chronic inflammation and necrosis. This, however, cannot
explain the internal resorption observed in the present
study. Though ZOE was used to fill the pulp chamber prior
to coronal restoration, it has been placed over the MTA
layer and not directly over the pulp stumps. Because MTA
is an excellent sealer,46 it is more likely that internal resorp-
tion was the result of undiagnosed chronic inflammation
existing in the radicular pulp prior to pulpotomy than the
result of exposure of the radicular pulp to eugenol. Cotes
et al47 claimed that, in pulpotomized rat teeth, if the pulp
tissue is fixed by FC it will not be affected by eugenol. Smith
et al also claimed that the fixed layer, caused by the appli-
cation of FC on the pulp, serves as a barrier to eugenol.39

In the present study, however, internal resorption was found
also in FC-treated teeth.

Internal resorption, as an obvious pathologic process,48

cannot be considered a sign of pulpotomy success as
suggested by Smith et al.39 Conversely, it is not necessarily
an indication of failure, as shown in this study and previ-
ously by Smith et al39 and Papagiannoulis.44 This confusion
leads to the need to re-evaluate the definitions of pulpo-
tomy success and failure. Before doing so, it is imperative
to define the purpose of performing pulpotomy in primary

Figure 2A. Left bite-wing radiograph of an 8-year, 2-month-old girl.
Primary mandibular first molar with internal resorption in the mesial
root 38 months after performance of pulpotomy with MTA.

Figure 2B. Ten months later. Notice the calcified tissue replacing the
pulp tissue in the resorption area. Similarly to Figure 1, internal
resorption did not involve the surrounding tissues and was, therefore,
not considered a failure.
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teeth with carious exposure. The aim of pulpotomy, in the
authors’ opinion, is to retain a symptom-free, functional
primary tooth until it reaches the age of its physiologic
exfoliation. This definition allows the inclusion of any con-
dition and process that is symptom-free and does not
impair (or have the potential to impair) the tooth’s func-
tion. Internal resorption fits this definition, as long as it is
not associated with external inflammatory root resorption.
Internal resorption can, therefore, be left for follow-up,
expecting the arrest of the process and the development of
calcific metamorphosis.

Pulp canal obliteration (PCO) (sometimes termed “cal-
cific metamorphosis”39) was the most common
radiographic finding in both groups. PCO is the result of
extensive activity of odontoblast-like cells, demonstrating
that the tooth has retained some degree of vitality49,50 and,
therefore, was not regarded as failure. PCO is a common
radiographic finding in pulpotomized teeth, and a wide
range of frequencies has been reported in teeth treated with
FC,49 diluted FC,19,39,51 and ferric sulfate.52 PCO was ob-
served in both MTA and FC groups, with no significant
difference (52% and 38%, respectively). This is in contrast
to the findings of Fei et al,19 who reported a finding of 44%
PCO after application of diluted FC in 27 human molars.

Another clinical advantage of MTA over FC is the fact
that less time is needed for the procedure. While FC re-
quires 3 to 5 minutes application before the cotton pellet
is removed, with MTA the pulp chamber is filled with IRM
immediately after application of the dressing material. In
addition, as the moist cotton pellet in FC is usually
squeezed to remove the excess of FC before placement over
the pulp stumps, it sometimes adheres to the clot and bleed-
ing reoccurs when the pellet is removed. This does not
occur with MTA applied directly without a cotton pellet.

MTA is commercially available as Proroot MTA
(Dentsply, Paris), but its price is very high. As the mate-
rial cannot be kept once the envelope is opened, its clinical
use in pediatric dentistry practice becomes almost prohibi-
tive.53 Recently, MTA was found to have a composition
similar to conventional Portland cement used in the pro-
duction of concrete. Holland et al 54 used MTA and
Portland cement to cover the radicular pulp stumps of
pulpotomized teeth in dogs. These authors found no dif-
ference in the healing process of the pulp in teeth treated
with MTA or Portland cement.

The authors hope that these findings will lead to the de-
velopment of a more affordable type of MTA compound.
A recent study55 found that gray MTA appears to be supe-
rior to white MTA and FC as a pulp dressing for
pulpotomized primary teeth. No failures were observed with
the gray MTA after a 12-month follow-up period. In the
preliminary report of the present study,56 the mean follow-
up period was 13 months and 1 failure of a tooth treated
with MTA was observed. It should be emphasized, however,
that this was the only failure of MTA detected in the present
study, with a mean follow-up of more than 38 months.

Conclusions
MTA showed a higher (though not statistically significant)
long-term clinical and radiographic success rate than FC,
and can be recommended as its replacement as, unlike FC,
MTA does not induce undesirable responses.
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Dental caries is the most common chronic childhood disease, as documented by the U.S. Surgeon Gen-
eral in the report Oral Health in America. Recently, laser irradiation has been touted in the prevention of
dental caries in permanent teeth by reducing enamel solubility and dissolution rates. The purpose of this
study was to evaluate topical fluoride and low-fluence argon laser treatment effects on in vitro caries forma-
tion in primary tooth enamel.

Twenty primary molars with caries-free buccal and lingual surfaces were selected and divided into 4 groups.
Group 1 served as the control with no treatment; group 2 had argon laser irradiation only; group 3 had an
acidulated phosphate fluoride treatment (1.23% for 4 minutes) before laser treatment; and group 4 had
laser then fluoride treatment. In all instances of laser treatment, exposure was limited to 10 seconds.

The teeth had an acid-resistant coating applied, leaving buccal and lingual windows exposed, and were
immersed in an artificial caries medium. Following a 10-day exposure to this medium, teeth were sectioned
longitudinally, and the in vitro lesions created were evaluated for depth.

The results showed that argon laser alone or a combination of a laser with fluoride in either order of
application resulted in a significant reduction in lesion depth. The combination of fluoride and laser was
more effective than the laser alone.

Comments: This procedure is relatively simple and noninvasive. Pediatric dentists need to explore and
keep abreast of caries-preventive regimes and innovative techniques. With the incorporation of argon laser
irradiation, a practice can exhibit “cutting-edge” technology and provide a major step toward creating “cav-
ity-free” patients by imparting significant caries resistance to primary teeth.

Address correspondence to Dr. John Hicks, Department of Pathology, MCI-2261, Texas Children’s Hospital,
6621 Fannin Street, Houston, TX 77030-2313.

Westerman GH, Hicks, MJ, Flaitz CM, Ellis RW, Powell, GL. Argon laser irradiation and fluoride
treatment effects on caries-like enamel lesion formation in primary teeth: An in vitro study. Am J Dent
2004;17:241-244.
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