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Abstract – Aim: To investigate the effect of MTA root canal fillings on
the resistance to vertical root fracture (VRF) over different time inter-
vals. Material and methods: Freshly extracted anterior human teeth with
single canals and minimal curvatures were decoronated, instrumented to
size 50/.05 ProTaper file, irrigated with 1%NaOCl and randomly allocated
to one of three groups (n = 36): (i) filled with MTA, (ii) filled with gutta-
percha and sealer and (iii) unfilled roots used as a negative control. Each
group was subdivided into three subgroups (n = 12) according to the stor-
age time of 48 h, 1 and 6 months at 37°C in synthetic tissue fluid (STF).
Following the storage periods, filled roots were mounted in acrylic sup-
ports, and the periodontal ligament was simulated using elastomeric
impression material. Vertical loading was carried out with a ball-ended
steel cylinder fitted on a universal testing machine at 1 mm/min crosshead
speed. The maximum force at fracture (F-max) and the fracture mode were
recorded for each root. Results: Data were statistically analysed using
two-way ANOVA and Bonferroni post hoc tests. The mean F-max was sig-
nificantly higher in the MTA subgroups after 1 and 6 months compared
with all other subgroups. Two modes of fracture were identified: split and
comminuted. The mean F-max values recorded with the latter were signifi-
cantly higher compared with the former (P < 0.001). In all groups, split
fracture was the most dominant mode apart from the MTA/1 month and
MTA/6 month groups. Conclusion: MTA increases the resistance to VRF
of endodontically treated teeth and influences the mode of fracture after 1
and 6 month of storage in STF compared with gutta-percha and sealer.

Vertical root fracture is a complication of endodontic
treatment that almost inevitably results in extraction of
the tooth or resection of the affected root. Its diagnosis
presents a challenge to the dentist as its clinical and
radiographic signs and symptoms may mimic persistent
endodontic or periodontal disease (1, 2). Caries, loss of
the marginal ridges, access cavity preparation and root
canal instrumentation result in loss of sound tooth
structure, which is the major factor that determines the
resistance of teeth to fracture (3). Furthermore, propri-
oception is reported to be reduced following root canal
treatment (4). Consequently, root-filled teeth are
subject to greater occlusal loading than their vital
counterparts.

Coronal restoration of endodontically treated teeth
aims at restoring function and aesthetics, provides a
coronal seal and reduces the risk of fracture (5). How-
ever, vertical root fracture may occur well before the
final coronal restoration is placed and may remain
undetected for some time before symptoms develop (6).
Therefore, an obturation material that, in addition to
providing a fluid-tight seal, is capable of compensating
for the reduced resistance to fracture of root-treated
teeth would be extremely desirable.

The resistance of roots to fracture can be affected by
the materials placed within the root space. Calcium

hydroxide was shown to reduce the fracture strength of
teeth following intracanal dressing for more than
30 days (7). Gutta-percha, in conjunction with different
sealers, has been shown to have effects ranging from
no influence on fracture strength (zinc oxide eugenol
and epoxy resin–based sealers) to improved fracture
resistance (glass ionomer sealers) (8, 9). Roots obturat-
ed with Resilon and EndoRez were reported to exhibit
higher forces at fracture compared with gutta-percha
and zinc oxide eugenol sealers, and this was attributed
to their chemical bonding with dentine and the forma-
tion of a ‘monoblock’ (10). Mineral trioxide aggregate
(MTA) has been shown to support the tooth structure
and increase its resistance to horizontal root fracture
when used to obturate immature sheep teeth and stan-
dardized models of immature teeth made from bovine
teeth and bovine femur bone (11–14).

The resistance to fracture of teeth has been investi-
gated in vitro using different techniques. Both vertical
and horizontal root fractures have been induced by sub-
jecting teeth to steadily increasing forces until fracture
occurred and the forces at fracture recorded (8, 9, 11).

To date, no studies have been carried out to measure
the effect of filling the whole root canal space of
human mature roots with MTA on their resistance to
vertical fracture. The aim of this study was to investi-
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gate the influence of MTA root canal filling on the
resistance of human mature roots to vertical root frac-
ture over different time intervals. The null hypotheses
are as follows: (i) the obturation material has no influ-
ence on the vertical root fracture resistance of root
canal–treated teeth. (ii) The resistance to vertical root
fracture of root canal–treated teeth obturated with dif-
ferent materials does not change over time.

Material and methods

Preparation of samples

Anterior human mature teeth with single canals and a
curvature <5° (15) were collected and stored in sterile
water. Teeth were meticulously examined under magni-
fication to exclude any roots with immature apices,
root caries, cracks or fractures and then decoronated at
the cemento–enamel junction, using a water-cooled dia-
mond wheel saw, leaving 13 � 1 mm long roots. The
buccolingual and mesiodistal diameters, at the most
coronal end, as well as the working lengths were mea-
sured for each root. The selected roots were of similar
buccolingual and mesiodistal diameters and lengths
(7.0 � 0.7, 4.9 � 0.6 and 12.9 � 1.0 mm, respectively).
Roots with open apices and large or sclerosed canals
were excluded from the study. Canal instrumentation
was carried out using a sequence of ProTaper files
(Dentsply Maillefer, Ballaigues, Switzerland) to size F5
(50/.05). Irrigation was performed with 2 ml of 1%
sodium hypochlorite for 20 s between each file, and a
final rinse, with 5 ml of sterile water. Prepared roots
were randomly allocated to two experimental groups
(n = 36) according to the obturation material used.
Group 1, White MTA (ProRoot MTA, Dentsply,
Tulsa, OK, USA), was used to obturate the roots.
Increments of MTA were transferred into the canal
using a MAPS carrier (MAPS, Vevey, Switzerland) and
condensed manually using sizes 1/2 and 3/4 Machtou
pluggers (Dentsply) leaving the coronal 2 mm of the
canal unfilled. In group 2, the roots were obturated
with gutta-percha (Dentsply Maillefer) and AH+ sealer
(Dentsply De Trey GmbH, Konstaz, Germany) to a
level 2 mm apical to the coronal end using a warm ver-
tical technique. Each group was subdivided into three
subgroups (n = 12) according to the evaluation period:
48 h, 1 and 6 months. Within each time interval, a
control group (n = 12) was also included in which roots
were prepared and left without obturation. A total of
nine subgroups (n = 12) were involved in the study,
namely (i) MTA/48 h, (ii) MTA/1 month, (iii) MTA/
6 month, (iv) gutta-percha/48 h, (v) gutta-percha/
1 month, (vi) gutta-percha/6 month, (vii) control/48 h,
(viii) control/1 month and (xi) control/6 month.

Preparation of the synthetic tissue fluid (STF) and storage

All roots were stored at 37°C, in synthetic tissue fluid
(STF), which was constituted of 0.17 g KH2PO4,
1.18 g Na2HPO4, 8.0 g NaCl and 0.2 g HCl in 1 l of
H2O, for their respective storage periods, during which
the STF was renewed on a weekly basis.

Simulation of the periodontal ligament

Following storage as indicated above, periodontal liga-
ment simulation was carried out in a manner similar
to that described by Soares et al. (16) as follows
(Fig. 1).

Roots were dipped in molten wax for 1 s to a level
2 mm from their coronal ends resulting in deposition
of a 0.2- to 0.3-mm layer of wax (Fig. 1a). Each root
was held at its coronal end in a die stone cylinder
with a central round hole 3 mm deep and 10 mm in
diameter using a putty silicone impression material
(SHERADUPLICA; Werkstoff Technologie, Lem-
forde, Germany) (Fig. 1b,c). These were inserted in
plastic hollow tubes, and self-cured acrylic resin was
mixed according to the manufacturer’s instructions
and poured over the root to a level 4 mm beyond the
root apex (Fig. 1d). After setting of the acrylic resin
was complete, the plastic tubes were soaked in boiling
water for 10 s, and the die stone caps with the
embedded roots were separated from the acrylic resin
cylinders (Fig. 1e). Further irrigation of the outer root
surface and the acrylic ‘socket’ with boiling water
ensured total removal of the wax layer. The acrylic
‘sockets’ were dried and filled with light-body silicone
impression material (Verone perfecting paste; Davis
Schottlander & Davis Ltd, London, UK) mixed
according to the manufacturer’s instructions (Fig. 1f).
Immediately afterwards, the root, held in its cast
stone cap, was repositioned in its acrylic socket. The
repositioning grooves in the cast stone cap ensured
accurate repositioning of the root and consequently
an even thickness of the elastomeric material around
it. Finally, excess elastomeric material was removed
with a no. 11 scalpel blade (Swan-Morton, Sheffield,
UK) (Fig. 1g).

Mechanical testing

Vertical loads were transmitted to the roots using a
4-mm-diameter steel ball attached to a steel cylinder fit-
ted on a Zwick/Roell Z020 universal testing machine
(Zwick GmbH & Co. KG, Ulm, Germany) (Fig. 2).
Each acrylic block with its embedded root was fitted
on a steel jig in a central position so that the steel ball
could descend onto the centre of the coronal root end
and contact the radicular dentine without contacting
the filling material (Fig. 2). The crosshead speed was
set at 1 mm/min, and the force (N) vs Displacement
(mm) curve was plotted. As the load cell descended,
the force built up until fracture occurred. This was seen
as a sudden drop in the plotted force curve (Fig. 3)
accompanied by an audible crack. For each root, the
fracture mode as well as the maximum force at fracture
(F-max) was recorded.

Statistical analysis was carried out using the two-
way analysis of variance (ANOVA) and Bonferroni post
hoc tests to detect any statistically significant differ-
ences between the groups at P < 0.05. A correlation
test was carried out to detect any correlation between
the maximum force at fracture and the roots
dimension.
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Results

Results are presented in Fig. 4 and Tables 1 and 2.
After 48 h, there was no statistically significant

difference (P > 0.05) between the mean maximum force
at fracture of roots filled with MTA (441.8 N), gutta-
percha (453.3 N) and control (434.3 N).

At 1 month, roots in the MTA group were statisti-
cally significantly (P < 0.05) more resistant to vertical
root fracture (594.4 N) compared with those in the
gutta-percha (450.6 N) and control (445.4 N) groups,
between which there was no significant difference
(P > 0.05).

After 6 months, the mean maximum force at frac-
ture in the MTA group (599.4 N) was statistically sig-
nificantly higher than that in the gutta-percha
(454.2 N) and control (403.6 N) groups (P < 0.05).

MTA-filled roots were statistically significantly more
resistant to vertical root fracture (P < 0.05) than the
gutta-percha- and sealer-filled and the control roots
after 1 and 6 months of storage in STF.

Two fracture modes were detected (Fig. 5): a split
vertical fracture that extended along the long axis of
the root and a comminuted fracture that shattered the
root into fragments. The most common fracture mode

was the split root fracture in all groups except for roots
in the MTA/1 month group in which split and commi-
nuted fractures occurred equally and in the MTA/
6 month group in which the most common mode was
the comminuted fracture (Table 2).

The comminuted fracture occurred at a statistically
significantly higher (P < 0.001) mean F-max compared
with the split fracture (582.7 and 437.6 N respectively).

There was no correlation (P > 0.05) between the
maximum force at fracture and the root length
(r = 0.132), the buccopalatal (r = 0.073) or the mesio-
distal diameters (r = 0.117).

Discussion

Fracture resistance of endodontically treated teeth has
been studied in many in vitro studies (10, 12–14, 17).
The basic method has been to apply progressively
increasing loads to teeth or models until fracture
occurred and recording the force at fracture. It has
been demonstrated that gutta-percha has no influence
on the fracture resistance of endodontically treated
teeth (10, 14, 17), while MTA has been shown to
increase the resistance to fracture in some studies (13,
14) and to have no influence in other (17). Standardiza-

(a)

Molten
wax

Root
dipped in
molten
wax

Repositioning
grooves

3 mm deep
central hole

Acrylic-resin
poured

Light-body silicone impression material

Simulated
periodontal
ligament

(b)

(c)

(e)

(d)

(f)

(g)

Fig. 1. Simulation of the periodontal ligament. (a) Roots dipped in molten wax. (b) Die stone cylinder with repositioning
grooves and a central hole. (c) Root fixed in the central hole from its coronal end using putty silicone. (d) The die stone cylinder
with its root inserted in a hollow plastic tube and acrylic resin poured to a level 4 mm above the root apex. (e) After the acrylic
resin is set, the two parts are separated, and wax boiled out. (f) The acrylic socket dried and filled with light-body silicone
impression material, and the root accurately repositioned in its socket using the repositioning grooves on the die stone cylinder.
(g) Die stone cap and excess silicone material removed.
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tion, however, was not the hallmark of these studies.
Teeth for mechanical testing used either immature
sheep teeth or models of immature teeth made from
bovine teeth or bone. Human mature teeth were used
in one study but only after endodontic files were frac-
tured within canals and additional root structure

removed in an attempt to remove the fractured files
(17). Storage conditions varied considerably among
these studies such as temperature (0, 4, 27 and 37°C)
and storage time. Periodontal ligament simulation was
not carried out in most of these studies, and the
mechanical fracture test was performed with different
techniques. Forces have been applied at 0, 45 and 90°
to the long access of the teeth inducing vertical or hori-
zontal root fractures. The crosshead speed at which
forces have been transmitted to teeth has ranged from
0.5 to 10 mm/min, and different tips were used to
transmit the loads to the tooth surface.

Steel cylinder

4 mm diameter
steel ball 2 mm unfilled root

Acrylic resin cylinder

0.2–0.3 mm
simulated PDL

Testing machine
steel jig

Fig. 2. Mechanical testing assembly.
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Fig. 3. A typical force vs displacement
plot that shows a gradual build-up of
the applied force and a sudden drop in
the recorded force, which occurred at
fracture.

Table 1. Means and (standard deviations) of the maximum
force (N) at fracture (F-max), Roots lengths (Length) and
coronal buccopalatal (B-P) and mesiodistal (M-D) diameters

Group F-max (N)

Length

(mm) B-P (mm)

M-D

(mm)

MTA 48 h 441.8
a
(135.8) 13.1 (1.1) 6.9 (0.7) 4.9 (0.6)

1 month 594.4
b
(90.2) 12.6 (1.0) 7.0 (0.6) 4.8 (0.5)

6 month 599.4
b
(99.7) 12.8 (1.3) 7.1 (0.5) 5.1 (0.5)

Gutta

-percha

48 h 453.3
a
(136.0) 12.7 (1.3) 6.7 (0.6) 5.1 (0.6)

1 month 450.6
a
(108.1) 12.9 (1.5) 6.7 (1.0) 5.1 (0.5)

6 month 454.2
a
(88.5) 12.7 (1.1) 7.3 (0.5) 4.8 (0.6)

Control 48 h 434.0
a
(77.9) 12.9 (0.7) 7.0 (0.7) 4.9 (0.6)

1 month 454.2
a
(88.5) 12.7 (1.1) 7.3 (0.5) 4.8 (0.6)

6 month 403.6
a
(74.9) 12.5 (0.8) 6.9 (0.7) 4.7 (0.6)

Different superscripts indicate statistically significant differences (P < 0.05).
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The methodology described in this study aimed to
simulate the clinical conditions in terms of the use of
human teeth, the storage temperature and medium
(STF). Random allocation of the roots to the nine
groups ensured the different dimensions have a mini-
mal effect on the results.

No attempt to remove the smear layer was carried
out as it has been demonstrated that the seal of MTA
to root dentine was significantly improved after 1 and
6 months when the smear layer was preserved com-
pared with when it was removed (18). Furthermore,
MTA has been shown to have a particle size that
ranges from 2.44 to 3.05 lm (19). Dentinal tubules, on
the other hand, have been shown to have a diameter of
0.9–2.5 lm (20). Therefore, MTA particles cannot fully
penetrate the dentinal tubules, and removal of the
smear layer may lead to poor adaptation of MTA to
dentine walls.

The periodontal ligament plays an important role in
distributing stresses to tooth structure (21). Therefore,
when designing an in vitro study of the resistance of
teeth to fracture, it is important to consider periodontal
ligament simulation (21). Soares et al. (16) used differ-
ent elastomeric materials to simulate the periodontal
ligament and demonstrated that fracture occurred at
different locations along the root surface when the
periodontal ligament was simulated, as opposed to the
single location of fracture (cervical fracture) that
occurred when acrylic resin was in direct contact with
roots. In addition, higher forces were recorded at frac-
ture when periodontal simulation was not considered
(16). In our study, acrylic resin was used as the embed-
ding material as it has been shown to be capable of
reproducing the capacity of bone to withstand com-
pressive and tangential forces during mastication (16).
A light-body condensation reaction silicone impression
material was used to simulate the periodontal ligament,
as it has been shown to have a modulus of elasticity of
0.25 MPa upon setting (22), which is close to that of
the human periodontal ligament (0.12–0.96 MPa) (23).
‘Soaking the plastic tubes in boiling water was unlikely
to affect the resistance to vertical fracture of the filled
roots, as this was for a short period (10 s), and the
roots were protected from any excess heat by the die
stone caps, the wax layer and acrylic support. Further-
more, the same procedure was followed for each sam-
ple, which minimizes any effect on the mean fracture
resistance of any group’.

The method by which forces have been transmitted
to teeth has been shown to vary between studies.
Andreasen et al. (11) and Hatibovic-Kofman et al. (12)
applied force to the facial surface of the tooth at 90° to
its long axis to induce cervical fracture. Bortoluzzi
et al. (13) used a cylinder placed at 45° to the long axis
of the tooth to simulate a traumatic blow on the mid-
dle third of crowns from a labial direction. Hammad

(a) (c)

(b) (d)

Fig. 5. Types of fracture: Split (a&b) and comminuted (c&d)
fractures.

MTA
800

600

400

200

0
48-hrs 1-month 6-months

Time intervals

F-
m

ax
 (N

)

Gutta percha
Control

Fig. 4. Bar chart illustrating the means and standard
deviations of the maximum force at fracture within each
group.

Table 2. The numbers and percentages of each fracture type encountered in all roots and within each group. The mean forces at
fracture were significantly different (P < 0.001) among the two fracture types groups

Fracture type n (%)

F-max (N)

(St. deviation)

Groups

MTA Gutta-percha � sealer Control

48 h 1 month 6 month 48 h 1 month 6 month 48 h 1 month 6 month

A) Split 80 (74) 437.6 (101.0) 10 (83%) 6 (50%) 5 (42%) 10 (83%) 9 (75%) 9 (75%) 11 (92%) 10 (83%) 10 (83%)

B) Comminuted 28 (26) 582.7 (107.9) 2 (17%) 6 (50%) 7 (58%) 2 (17%) 3 (25%) 3 (25%) 1 (8%) 2 (17%) 2 (17%)

Total n 108 (P < 0.001) 12 12 12 12 12 12 12 12 12
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et al. (10) used a finger spreader fixed to a load cell of
a universal testing machine to penetrate the root canal
filling and induce fracture by wedging effect. In a
recent study, Madarati et al. (17) used a 4-mm steel
ball fixed to a metal cylinder to induce a wedging effect
and eventually vertical fractures. The latter simulated a
wedging effect–induced vertical root fractures and was
used as the preferred method in our study.

Our results showed that when roots were obturated
with gutta-percha and AH plus sealer, the resistance to
vertical root fracture did not change over a period of
6 months. When roots were left without being obturat-
ed, their fracture resistance dropped slightly after
6 months, but the difference was not statistically signif-
icant.

When MTA was used for obturation, the resistance to
vertical fracture of roots was similar to that of the gutta-
percha and control groups after 2 days. However, after a
longer period (1 and 6 months), MTA-obturated roots
demonstrated a significantly greater resistance to vertical
root fracture. This can be explained as follows: (i) MTA
sets through a hydration reaction of the calcium silicates,
which forms a colloidal gel that turns into a hard struc-
ture in 2 h 45 min (24). This setting reaction is complex
but mainly involves the formation of dicalcium and tri-
calcium silicate hydrates, and calcium hydroxide (25).
The tricalcium silicate hydrates rapidly and is responsi-
ble for the early strength and hardening of the material.
The hydration reaction of dicalcium silicate is a slower
process and is responsible for the increase in strength
over the subsequent week (26). Therefore, after 2 days,
the MTA was not completely set and hence did not influ-
ence the root fracture strength. (ii) It has been demon-
strated that a layer resembling hydroxyapatite in
structure and composition was formed over MTA discs
soaked in synthetic tissue fluid as a result of the reaction
between calcium from MTA and phosphate from syn-
thetic tissue fluid (27) as follows:

10Caþ2 þ 6ðPO4Þ�3 þ 2ðOHÞ�1 ! Ca10ðPO4Þ6ðOHÞ2

Dentine is constituted primarily of porous tubules
that leach fluid throughout the life of the tooth (28). It is
likely that tissue fluid may penetrate through these
tubules and reach the MTA root filling. The result is the
formation of a hydroxyapatite-like layer at the interface
between dentine and MTA root fillings as demonstrated
previously (27). Because hydroxyapatite is the major
constituent of dentine, the formation of a layer between
MTA and dentine suggests that chemical bonding has
been created, which according to Sarkar et al. (27)
accounts for the two most important properties of
MTA, namely biocompatibility and sealing ability.

In a recent study, the increase in the push-out
strength of MTA following 1 month of immersion in
phosphate-buffered saline (i.e. synthetic tissue fluid)
compared with a control group of immersion in saline
was explained by the formation of a hydroxyapatite
layer (29). If this layer can be formed at the interface
between MTA and dentine and the push-out strength
of MTA is increased, then it is proposed that the resis-
tance to vertical root fracture increases as demon-

strated by our results. The hydroxyapatite layer either
was not formed or did not impose any effect after
2 days of storage in synthetic tissue fluid.

Another significant finding was the distribution of
the fracture mode within each group. In the gutta-
percha and control groups and the MTA 48-h group, a
split fracture that extended along the entire root length
splitting it into two parts was the most commonly
detected type of fracture. In the MTA 1 and 6-months
groups, the most commonly encountered fracture type
was a comminuted fracture that had multiple planes
and resulted in the root being broken into several
parts. The latter occurred at higher forces than the split
fracture, and the difference was statistically significant.
From our results, it was evident that, when fully set,
MTA can support the root and bond it until the force
is high enough to shatter it into several fragments.

The null hypotheses that the obturation material has
no influence on the vertical root fracture resistance of
root canal–treated teeth and that the resistance to verti-
cal root fracture of root canal–treated teeth obturated
with different materials does not change over time have
been rejected based on the results of this study.

As is the case in any study, there are limitations
including variations in tooth dimension. However, ran-
dom allocation to groups ensured these differences
should have a minimal effect on the mean fracture resis-
tance of each group. The vertical loading simulated only
one type of occlusal forces, which in the clinical settings
are more complex and diverse. And finally, as this is an
in vitro experiment, extrapolation of these results into
clinical work should be carried out with caution.

Typically MTA may be indicated as a root filling
material in teeth, which are structurally weak (i.e. thin
walls and immature apices). Our results have a clinical
significance in those teeth where excessive instrumen-
tation and/or procedural errors (such as perforations)
have resulted in both communication with the perira-
dicular tissues and thin and fragile root walls. In
those instances, MTA can be considered the material
of choice for obturation of the whole root canal space
due to its bioactivity and root-strengthening proper-
ties.

The handling characteristics of MTA make it diffi-
cult to place in curved canals, and its irretrievability
limits its use to fill the whole root canal especially if a
postplacement is needed. However, MTA creates a
superior fluid-tight seal in the root canal compared
with most other endodontic materials (30), induces the
deposition of cementum on its surface when in contact
with the periradicular tissues (31), stimulates alveolar
bone regeneration and reparative dentine formation
(32) and is capable of increasing the resistance to verti-
cal root fracture as shown in our results. Its use, there-
fore, as an obturation material is a realistic option and
merits further research.

Conclusion

After 1 and 6 months of storage in STF, roots obturat-
ed with MTA demonstrated a higher resistance to VRF
than those obturated with gutta-percha and sealer. This
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may be an important factor to take into consideration
when selecting the obturation material.
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