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Noxious thermal and/or mechanical stimuli applied to dentine can cause fluid flow in
dentinal microtubules (DMTs). The fluid flow induces shear stress (SS) on intradental
nerve endings and may excite pulpal mechanoreceptors to generate dental pain sensation.
There exist numerous studies on dental thermal pain, but few are mathematical. For this,
we developed a computational fluid dynamics (CFD) model of dentinal fluid flow (DFF)
in innervated DMTs. Based on this model, we systematically investigated the effects of
various parameters (e.g., biological structure, DFF velocity, and fluid properties) on the
SS experienced by intradental nerve endings and thus provide a quantitative interpreta-
tion to the hydrodynamic theory. The dimensions of biological structures, odontoblastic
process (OP) movement, dentinal fluid velocity, and viscosity were found to have signif-
icant influences on the SS while dentinal fluid density showed negligible influence under
conditions studied. The results indicate that: (i) dental pain study of animal models may
not be directly applied to human being and the results may even vary from one person
to another and (ii) OP movement caused by DFF changes the dimension of the space for
the fluid flow, affecting thus the SS on nerve endings. The present work enables better
understanding of the mechanisms underlying dental pain sensation and quantification of
dental pain intensity resulted from clinical procedures such as dentine sensitivity testing
and dental restorative processes.

Keywords: Dentinal fluid flow; shear stress; dentinal microtubule; mechanoreceptor;
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1. Introduction

Dental thermal pain is a common problem in daily life and dentistry,’ especially
when high-energy output instruments (e.g. dental lasers®® and light-polymerizing
units*~®) are employed in clinics. Three hypotheses have been proposed to
explain the transduction process of dental pain sensation,” including the neu-
ral theory, the odontoblastic transduction theory, and the hydrodynamic theory.
Amongst the three hypotheses, the hydrodynamic theory has been widely accepted
as supported by existing experimental evidences.8~!° The hydrodynamic theory
assumes that dentinal fluid flow (DFF) within dentinal microtubules (DMTs)
Figs. 1(a)-1(b) induced by noxious stimuli may activate mechanoreceptors located
within DMTs or at the pulp-dentine junction resulting in pain sensation,'¢ 19
Fig. 1(c). One supporting evidence of the hydrodynamic theory is that the sensory
response of teeth to thermal agitation was elicited before a temperature change
was detected in the pulp—dentine junction, where most sensory structures are
located.?°

Shear stress (SS) has been shown to play an important role in dental pain sen-
sation. Stimulation applied on tooth can initiate DFF®?21:22 activating mechanore-
ceptors, resulting in dental pain sensation.!” 192425 The role of SS in dental pain
transduction process can be further confirmed by the correlation between DFF
velocity in DMTs and intradental nerve firing rate,?326 where a higher rate of DFF
may induce a larger SS on the mechanoreceptors, resulting in increased nerve firing
rate. To better understand the hydrodynamic theory, SS on the TB in DMT should
be quantified. However, such quantitative investigations have yet been systemati-
cally performed.

SS on the TB in DMT is affected by a wide range of parameters due to
the highly complex structure of the intradental innervation system. There exist
significant differences between reported data on the parameters of intradental
innervation system, including biological structures (e.g., DMT structure,?”~2° diam-
eters of nerve fibril/bead,'®1® and odontoblastic process (OP),!?) dentinal fluid
density /viscosity,?® and DFF velocity.® !0 It is thus necessary to perform the sys-
tematic parameter studies of the various parameters on SS.

To investigate quantitatively the hydrodynamic theory of dental pain, in this
study, we developed a computational fluid dynamics (CFD) model of fluid flow
through innervated DMT to quantify DFF-induced SS on nerve terminals located
in the DMT. The model was used to explore the influences of the major param-
eters on the SS, including the dimensions of biological structures, OP movement,
DFF velocity, fluid viscosity, and density. The results from this study could lead
to a better understanding of the mechanisms underlying dental pain sensation
in clinical procedures (e.g., dentine sensitivity testing®! and dental restorative
processes>!:22).
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Fig. 1. Physiological relevant structures and meshing. (a) A cut-away image of human tooth illus-
trating composite layers (www.3dscience.com); (b) SEM image of dentine showing solid dentine
material and the microtubules running perpendicularly from pulpal wall toward the dentine—
enamel junction'!; (c) schematic of typical dentine microtubule (DMT) structure and inward
(toward the pulp) DFF through DMT causing sufficient SS on terminal bead (TB) and con-
sequently neural firing (NF); (d) physically realistic model for fluid dynamics simulation; and
(e) view of meshing. d¢, dp, and dy, are diameters of DMT, OP, and TF, respectively; Ry, is radius
of TB; L is computational length. Note that small terminal fibril (TF) could be detected lying
in close relationship to the (OP),'? whose cell body (CB) lies at the opening of the DMT at the
pulp wall.8 It was observed in most cases that only one TF inside the same DMT, accompanying
only one OP.13 One side of OP surface is in contact with tubular surface,!® hence no dentinal
fluid is allowed to pass through at this side. The TF and OP are modeled as rigid structure that
do not deform due to DFF. We assumed that there is no synaptic structure between OP and
TF,'* though different finding has been reported.'® TB that contains varying amounts of recep-
tor organelles'® is assumed as the sensory zone at the end of TF. The volume of TF is smaller as
compared with odontoblast,’® hence movements of TF as caused by DFF is negligible.

2. Mathematical Modeling
2.1. Physical model of DMT innervation system

Tooth is a sensory tissue with DMT's radiating throughout dentine from pulp wall to
exterior cementum or dentine—enamel junction.?® Whilst 40% of the DMTs located
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in pulpal horn is innervated, the percentage is reduced to 8% in tooth crown and
1% in tooth neck.!?''5 The innervation system of tooth is composed of odontoblasts,
nerve endings, and the liquid content of DMTs.?? The unmyelinated nerve terminals
(beaded fibrils) penetrate approximately 100-150 pm into the DMTs from pulpal
wall.'2 In most cases, one DMT contains only one beaded fibril.}2 The DMT is also
penetrated with OP (extension of an odontoblast), whose cell body lies at the pulp
wall.® The outline of OP is smooth and not beaded.!? Small beaded fibrils lying
between OP and DMT wall have been observed.'? Generally, there are one terminal
fibril and one OP within the same DMT.'? Based on these biological features stated
above, the DMT structure and its innervation as well as the “hydrodynamic theory”
are schematically shown in Fig. 1(c), where DFF through the DMT causes SS on
the beaded nerve ending, activating thence nerve firing.

The geometrical dimensions of the various biological structures (e.g., DMT,
terminal fibril, OP, and TB) of the intradental innervation system vary significantly
by species and position within the tooth,® as listed in Table 1. The properties of
dentinal fluid filling DMTs are summarized in Table 2.

2.2. Computational model

Although SS around TB wall may vary, the maximum SS (MSS), 7, is correlated
with pain intensity. Hence, our CFD model was used to calculate the MSS on the TB
(TB MSS) by solving the Navier—Stokes equation using commercially available CFD
code (Fluent 6.3). Based on the in vivo DMT innervation system as described above
and given the symmetrical structure of TB and OP in the longitudinally sectioned

Table 1. Structural parameters of intradental innervation system.

Parameter Structure Value Reference
Diameter (pm) Dentinal microtubule 2-4* (25, 27-29]
Dentinal microtubule 0.6-0.9° [25, 29]
Dentinal microtubule 1.7* [27, 28]
Terminal fibril 0.32-0.02 [13]
Terminal fibril <0.2 [12]
Terminal fibril (cat) 0.1 [34]
Terminal bead 0.4-0.8 [12]
Terminal bead 0.2-2 [15]
Odontoblast process <1 [12]
Length (extending from pulp wall into
dentine microtubule, pm) Nerve ending 100-200 [35]
Nerve ending (cat) 100 [34]
Nerve ending 150-200 [13]
Nerve ending 1-200 [15]
Odontoblast process ~500% [33,36]

*Near pulpal wall.

®Near dentine—enamel junction.

*Below dentine-cementum junction.

AThe extension of OP was found to be restricted to the inner half DMT.34
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Table 2. Properties of dentinal fluid.

Parameter Value Reference
Flow velocity (pum/s) 27 (10]
64 [10]
400 [10]
31.7-222.9 8]
211.4-369.6 8]
12004 [35]
Density (kg/m?) 1005* [30]
1010%# [30]
Viscosity (x10~3 Pa-s) 1.10* [30]
1.55%# [30]
104 (37]

A Calculated velocity (=369.6/30%) with consider-
ation of 30% of tubules are in free communication
with pulp.38

* Assumed as synovial fluid.

# Assumed as cerebrospinal fluid.

4 Assumed as whole-blood viscosity.

Note that different intensity of thermal stimulation
will cause different range of flow velocities as can be
found from literatures.$37

plane (along their axes), the 3D structure of innervated DMT was simplified to a
two-dimensional (2D) model (Fig. 1(d)). Since we are only interested in the TB
MSS, this simplification gives good approximation for fluid dynamics simulation.
The terminal fibril and OP were modeled as rigid structure that do not deform due
to DFF. The dentinal fluid was modeled as an incompressible and homogeneous
Newtonian fluid. Steady state Navier—Stokes equations for incompressible fluids
were employed, given by:

VeV =0 (1)
p(VeV)V =—Vp+uV?V, (2)

where V (m/s) and p (Pa) are the velocity vector and pressure of the fluid, respec-
tively; p(kg/m?) and u(Pa-s) are the density and viscosity of the fluid, respectively.

A constant flow velocity was applied for the inlet boundary condition whilst the
outflow condition was used at the outlet. The computational domain was meshed
with rectangular elements and the element size of 0.035 pm was chosen based on
mesh independence study. For wall SS distribution, the mesh was refined (element
size 0.01 pm) in the region near the TB wall (Fig. 1(e)). The parameters used for
the computational model are given in Table 3.

With the developed CFD model, we performed systematic parameter studies,
with one parameter varying in a given range and other parameters fixed. The param-
eters selected were geometrical dimension of biological structure (A), DFF velocity
(V), dentinal fluid density (p) and viscosity (p), and Reynolds number (Re).
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Table 3. List of parameters and control values for com-
putational model.

Parameter Value

Flow velocity V (um/s) 200
400*
600
800
1200

Dimensionless size of biological structure A 0.05
0.1
0.15*
0.25
0.35
Dentinal fluid density p (kg/m?) 1000
1100*
1200
1300
1500
Dentinal fluid viscosity p(x1073 Pa-s) 1
1.5*
2.5
5
10
Computational length L(um) 20
Computational length for OP (um) 10
Computational length for TF (pm) 5

*Control value selected for computational model when
studying influence of other parameters. Note that A is
defined as ratio of minimum space (between TB and

OP) for DFF to maximum cross-sectional area (DMT
di—d,—2Ry,
2d,
are separately diameters of DMT and OP, Rp, (um) is

radius of TB.

diameter): X\ = , where d¢ (pm) and dp, (um)

2.3. Constderation of slip boundary effect

In classical fluid dynamics (i.e., Egs. (1)-(2)), nonslip boundary condition is
assumed (i.e., zero relative fluid flow velocity at solid surface) at the interface
between fluid and solid wall. This assumption provides good approximation when
dealing with macroscale fluid behavior. However, when it comes to nano/microscale,
this assumption can lead to great discrepancy compared with the more realistic slip
boundary condition,? as noticeable slip of liquid at solid microchannel wall has been
observed at this scale level.#9#! The slip length is defined as the distance from the
crest of the solid surface to the depth at which the linearly extrapolated velocity
reaches zero. The slip length of water flow over solid surface in microchannels has
been reported to vary in the range of ~30 nm to ~140 nm, depending on the diame-
ter of the microchannel (~3 pum to ~11 ym) and the solid surface texture.*? Table 3
shows that the channel diameter between OP and nerve fibril is about hundreds of
nanometers. Consequently, the slip boundary effect of fluid flow in dentine tubes



Fluid Dynamics Analysis of SS on Nerve Endings in DMT 211
on TB MSS should be considered. To this end, we correct the TB MSS obtained
from the macrofluid behavior (nonslip boundary condition) as*’:

Tslip 1
L 1 9y’
Tnonslip + (E)

(3)

where 7, (Pa) and Thongiip (Pa) are the SS at a wall when slip and nonslip boundary
conditions are applied, respectively; ¢ (um) is the slip length (the slip length is
defined as the distance from the crest of the solid surface to the depth at which
the linearly extrapolated velocity reaches zero*?) at the wall; and h (um) is the
distance between two parallel walls (e.g., local cross-sectional diameter).

3. Results and Discussion
3.1. SS distribution and slip boundary effect

First, the SS distribution on the TB and slip boundary effect was presented. A typ-
ical SS distribution on the TB is shown in Figs. 2(a)-2(b), with flow conditions as:
the fluid viscosity and density were 1100kg/m? and 0.0015 Pa - s; the dimensionless
size of biological structure was 0.15; the velocity of the fluid was 400 um/s (all were
taken as control values as summarized in Table 3). It is found that the maximum
value of the SS on the TB wall appears on the place of minimal cross-sectional area
(Fig. 2(b)). Equation (3) identifies the difference between the SS when slip and
nonslip boundary conditions are applied. Tgiip/Tnonslip = 0.83 when § = 0.1pm?*?
and h = 0.5 um (an average value taken form Table 1), indicating huge difference
between the two results that confirms the necessity of considering nonslip boundary
condition at the wall.

3.2. Effect of DFF wvelocity

Noxious stimulation (e.g., thermal /mechanical loading, dental restorative processes)
on tooth cause DFF in DMT %2522 and a larger stimulation intensity may result
in a higher DFF velocity.?!*3 The DFF velocity has been correlated with intraden-
tal nerve firing rate, although the transduction mechanism is not yet clear.®'°
Matthews and Vongsavan** postulated that the DFF velocity may produce suffi-
ciently large SS on the TB, opening the mechanosensitive ion channels in the cell
membranes (i.e., TB wall) and thereby exciting these channels.

To explore the relationship between DFF velocity and TB MSS, we per-
formed simulation under boundary conditions of different velocities (Table 3)
to calculate the corresponding TB MSS (Fig. 3(a)). We observed that the TB
MSS increases linearly with increasing fluid velocity, e.g., MSS is increased from
21.1Pa to 132.5Pa when the velocity is increased from 200 pm/s to 1200 pm/s. It
has been reported that low-threshold intradental mechanoreceptors are sensitive
to disturbance induced by gently touching the dentine surface with a fine glass
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Fig. 2. Simulated SS contour: (a) typical SS contour for the CFD model with flow conditions taken
as control values; and (b) an enlarged picture for the SS distribution around the TB wall.

probe,*® although the exact threshold value has not been experimentally deter-

mined. The lowest threshold for mechanoreceptors in human lingual nerve was
reported to be ~150 Pa.*8 Under the present simulation conditions, the values of TB
MSS from our simulation (Figs. 3(a)-3(e)) are at a comparable level (25-300Pa),
which may, therefore, cause dental pain sensation.®'% The increase of TB MSS
with increasing fluid velocity agrees well with existing experimental observations
(a higher TB MSS evokes a higher pain intensity, in other words, higher nerve
firing rate).®19 This confirms the postulation of Matthews and Vongsavan*!: at
an elevated fluid velocity, the TB MSS may exceed the threshold of intradental

mechanoreceptors, causing thereby neural firing.
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Fig. 3. Effects of various parameters on TB MSS for selected parameters of control values. (a)
Effect of DFF velocity; (b) effect of dimensionless size of biological structure A; (c) effect of dentinal
fluid viscosity and (d) effect of dentinal fluid density.

3.3. Effect of biological structure

The diameters of DMT, terminal fibril, OP, and TB vary significantly in different
species and are strongly dependent upon their positions within tooth3? (Table 1). In
addition, the inward (toward the pulp chamber) DFF has been observed to cause a
slightly movement of OP toward the pulp chamber.® Since OP diameter varies along
its longitudinal direction,'® the OP movement changes the dimension of the space
for the DFF, thus affecting the SS on the TB.?® The effect of the OP movement upon
the TB MSS is taken into account by varying the value of d,,. Movement of terminal
fibril can be neglected due to its small volume as compared with odontoblast.!3:2°
To account for the combined effect of these biological structures, a dimensionless
geometrical parameter A is introduced, defined as the ratio of the minimum space



214 M. Lin et al.

(between the TB and the OP) for DFF to the maximum cross-sectional area (DMT
diameter; see Fig. 1(d)):

dy —dp, — 2Ry
e <4>
where d; (pm) and dy,(pm) are separately the diameter of the DMT and the OP,
and Ry (um) is the radius of TB.

A is shown to significantly affect the TB MSS (Fig. 3(b)). With TB MSS
increases from 9.5 to 310.5 Pa when X is reduced from 0.35 to 0.05. Note that,
as the value of A is reduced, the local channel for DFF becomes narrower. With
a constant inlet velocity, reducing the cross-sectional area leads to increased flow
velocity across the TB (due to mass conservation), hence resulting in a larger TB
MSS (and hence a higher pain intensity).®19 Given the complexity of tooth biolog-
ical structures and their strong influence on TB MSS, the present results indicate
that dental pain study of animal models may not be directly applied to human being
and the results may even vary from one person to another. Besides, as reflected in
the change of d, values and thus the change in A, OP movement due to DFF
also affect the predicted TB MSS. The OP movement-induced change in TB MSS
explains the phenomenon that cold stimulation evokes sharper and more shooting
pain sensations than hot stimulation.?%

A

3.4. Effect of dentinal fluid viscosity

To check the effect of fluid viscosity on the TB MSS, dentinal fluid viscosity, 0.0015
Pa-s (resembling cerebrospinal fluid3?), is taken as the control value. The lower limit
of the viscosity is assumed to be identical to that of plasma (0.001 Pa-s), while the
upper limit is assumed to be the same as blood (0.01 Pa-s). The predicted effect
of fluid viscosity on TB MSS is plotted in Fig. 3(c). It can be seen that TB MSS
increases with increasing fluid viscosity. The effect appears to be significant. We
postulate that dentinal fluid viscosity may increase in inflamed pulp. Hence, a tiny
fluid flow in DMT may cause sufficient TB MSS (due to increased fluid viscosity)
triggering the intradental mechanoreceptors, resulting in dental pain. This may pro-
vide an alternative explanation for the hypersensitivity in inflamed pulp. Besides,
the variation of temperature also affects dentinal fluid viscosity. For example, when
tooth is cooled, the dentinal fluid viscosity increases significantly (46% increase in
water viscosity when cooled from 25 to 10°C),*" resulting in increased TB MSS.
Tooth heating will do the reverse due to the decrease in viscosity.?”

3.5. Effect of dentinal fluid density

Dentinal fluid, with similar composition to plasma, has been described as transpar-
ent and cell-less. For example, Knutsson et al.*® found that dentinal fluid contains
plasma protein, such as fibrinogen and albumin. The physical properties of denti-
nal fluid are taken as similar to that of synovial or cerebrospinal fluid, even though
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small differences in chemical composition may exist.3® We assume that the den-
sity of dentinal fluid has a upper limit of 1500 kg/m?3 (larger than blood density,
1060 kg/m?), which is ~50% larger than the control value, 1010kg/m? (taken here
as identical to that of cerebrospinal fluid). The lower limit is taken as identical to
that of plasma, 1000kg/m3. Figure 3(d) shows the effect of fluid density on the
predicted TB MSS. The TB MSS remains unchanged (~44.2 Pa) when the fluid
density varies from 1000 to 1500 kg/m?, which indicates the negligible influence of
fluid density on the TB MSS.

3.6. Effects of combined factors

To determine the effects of combinational factors on TB MSS, the Reynolds num-
ber (Re = pVd:/p) is used to consider simultaneously the effects of DFF veloc-
ity (V), dentinal fluid density (p) and viscosity (), and characteristic length
(DMT diameter, d;). For convenience, the TB MSS (7) is nondimensionalized as
7% = 7/(0.5 pu?). Figure 4 shows the combinational effects of all factors, and 7*
decreasing with increasing Re for a selected value of A is observed. This trend
becomes more significant when a lower value of \ is considered, indicating the
combined effect of DFF velocity and fluid density/viscosity will have significant
influence on 7* when the representative size of biological structures A is small. Fig-
ure 4 also reveals that, for a specific Re, 7* decreases with increasing A which is
consistent with the results shown in Fig. 3(b). This trend becomes more significant
when Re is typically small.

7= 1/(0.5pu?)

— | d |
0.0 6.0x10" 1.2x10° 1.8x10°
Re=pVdiu
Fig. 4. Effect of Reynolds number. Note that Reynolds number (Re = pVd;/u) is a combined factor

that accounts for DFF velocity (V'), dentinal fluid density (p) and viscosity (u), and characteristic
length (DMT diameter, di).
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4. Conclusions

In this study, we developed a CFD model to study DFF in innervated DMT and
performed parametric analysis of TB MSS. The dimensions of biological structures,
OP movement, DFF velocity, fluid viscosity, and the Reynolds number were found
to have significant influence on TB MSS, while the dentinal fluid density showed
negligible influences. Our simulations indicate that animal dental pain models may
not be directly applied to human being and the results may even vary from one
person to another. Changes of dentinal DFF velocity due to temperature variation
and inflammation may have significant influences on the TB MSS and, consequently,
dental pain intensity. These results quantitatively confirm the hydrodynamic theory
of dental pain. The simulation results here also imply that: (1) in case of exposed
dentine (the enamel layer is worn out), dental pain could be effectively prevented by
sealing the dentinal tubules reducing the fluid flow velocity and (2) since thermal
stimulation causes significant DFF,®3! dental thermal pain mechanism may also
involve in DFF-induced SSs on nerve endings.

In future studies, it would be of great significance to quantitatively investigate
the mechanoreceptor transduction process in dental pain sensation induced by DFF.
This could offer mechanistic insight into some enigmatic experimental observations,
e.g., the intradental mechanoreceptors are not “equally sensitive” to inward (toward
the pulp) and outward (away from the pulp) DFF, thereby, explain theoretically
the differences between hot and cold dental pain responses.

List of abbreviations

SS, shear stress; CFD model; computational fluid dynamics model; DFF, dentinal
fluid flow; DMTs, dentinal microtubules; TB, terminal beads; OP, odontoblastic
process; MSS, maximum shear stress; TB MSS, maximum shear on the TB; TF,
terminal fibril; CB, cell body.
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