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Abstract. Pulsed lasers emitting wavelengths near 400 nm can selectively ablate dental calculus without dam-
aging underlying and surrounding sound dental hard tissue. Our results indicate that calculus ablation at this
wavelength relies on the absorption of porphyrins endogenous to oral bacteria commonly found in calculus. Sub-
and supragingival calculus on extracted human teeth, irradiated with 400-nm, 60-ns laser pulses at <8 J/cm?,
exhibits a photobleached surface layer. Blue-light microscopy indicates this layer highly scatters 400-nm pho-
tons, whereas fluorescence spectroscopy indicates that bacterial porphyrins are permanently photobleached. A
modified blow-off model for ablation is proposed that is based upon these observations and also reproduces our
calculus ablation rates measured from laser profilometry. Tissue scattering and a stratified layering of absorbers
within the calculus medium explain the gradual decrease in ablation rate from successive pulses. Depending on
the calculus thickness, ablation stalling may occur at <5 J/cm? but has not been observed above this fluence.
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1 Introduction

Selective removal of subgingival dental calculus is a preferred
treatment method in nonsurgical periodontal therapy. While
complete removal of calculus and disease-causing agents
(i.e., oral bacteria) is of primary importance, leaving behind
a hard tissue surface less prone to bacterial accumulation is
also important. Grooves and craters resulting from conventional
cleaning measures provide sites for future bacteria and calculus
crystals to form and accumulate.! Healthy cementum should be
preserved to allow for the possibility of reattachment through
fibroblasts.>® A weak attachment could lead to subsequent
reoccurrence of periodontal problems.

Conventional methods to remove calculus typically depend
upon the experience of the clinician®® and other treatment
factors.! Unintentional damage can easily occur using hand
instruments® and power-driven scalers (e.g., ultrasonic and
air-abrasion)’ causing grooves and/or excessive cementum
removal. In addition, mechanical root scaling usually leaves
behind a smear layer containing harmful bacteria, infected
cementum, and calculus debris.>® A recent in vitro scanning
electron microscope (SEM) study examined hard tissue surfaces
following calculus removal with conventional treatments (e.g.,
hand instruments, ultrasonic scaling, and Er: YAG laser treatment)
and found grooves and unintentional hard tissue removal.'?

Currently, the Er: YAG laser (A = 2.94 ym)'! is the only com-
mercially available laser with significant experimental and clini-
cal studies for dental hard tissue removal.' Hard-tissue (enamel,
dentin, and cementum) ablation at this wavelength relies on
absorption by water,'? so calculus ablation is not selective. A
review of several clinical studies' and a recent meta-analysis'*
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concluded that the clinical outcome of calculus removal using
the Er:YAG laser is similar to conventional mechanical
debridement.

The frequency-doubled Alexandrite (FDA) laser at
4~ 380 nm can selectively remove plaque, caries, and calculus
without damaging the underlying and surrounding hard tissue.
The results of several studies investigating the FDA laser for
selective removal are summarized in Ref. 15. The ablation
mechanism is assumed to be based upon absorption by haemins
(i.e., iron-containing porphyrins) into the Soret band.'®!” Iron-
containing porphyrins are found in some oral bacteria in dental
plaque and dental calculus.'®'” However, the inconsistent pulse
shape and power output of the FDA laser has not allowed for
more detailed studies.

Recently, a frequency-doubled Ti:sapphire laser (4 = 400 nm)
was developed to allow for a more detailed analysis of dental cal-
culus ablation in the near-ultraviolet (NUV: 300 to 400 nm).*
Compared with conventional calculus removal treatments,
removal of dental calculus?** using this laser is complete and
selective without any removal of pristine dental hard tissue.'%*
Mature extrinsic enamel stains are also selectively removed with
this laser.>* For incident laser fluences close to the calculus
ablation threshold (between 1 and 2 J/cm?), ablation stalling
is frequently encountered. Stalling is not observed at fluences
well above the ablation threshold (6 to 8 J/cm?).

This paper uses a variety of experimental diagnostics to study
the ablation mechanism of dental calculus at 400 nm and com-
pare the results with predictions made by heuristic ablation mod-
els. Laser profilometry measures volume and depth of calculus
ablated for different irradiation conditions. Blue-light micros-
copy and fluorescence spectroscopy identify photobleaching
during calculus ablation. Together these diagnostics allow
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identification of a heuristic, modified ablation blow-off model
to explain the experimental observations. Finally, the effect of
tooth sterilization prior to laser irradiation is assessed by com-
paring removal rates of gamma-ray—sterilized and unsterilized
calculus samples at the same incident fluence. All of this infor-
mation is used to propose a mechanism for calculus ablation
at 400 nm.

2 Heuristic Ablation Models

2.1 Standard Blow-Off Model

In the standard blow-off model, a common heuristic model is
used to predict tissue ablation,? Beer’s law is assumed to govern
energy deposition into calculus. In this model, deposited energy
densities E; exceeding the ablation threshold energy density,
E,, cause calculus removal. The threshold energy density is
typically a constant??S related to the enthalpy of ablation for
calculus. The absorption coefficient, y,, is assumed to remain
constant during irradiation and scattering is assumed to be neg-
ligible. For the standard blow-off model, E, is given by

dF

E = —_—— =
d dz

ﬂaF(Z) = ﬂaFOe_”az’ (l)

where F| is the incident fluence (in J/cm?) and F(z) is the flu-
ence at depth z. Ablation occurs over the etch depth dgp if
UaF(z) > E.. Beyond the etch depth, tissue is not ablated
but merely heated since the deposited energy density is below
the ablation threshold. The fluence at the etch depth is the abla-
tion threshold fluence Fy, and for F(z) > Fy, the etch depth is
found from Eq. (1) to be

1 F0>
Seg = —1In| =2 ). 2
s Ha <Flh

2.2 Modified Blow-Off Model

Since a photobleached surface layer is observed after 400-nm
irradiation,”® a model that assumes the absorption coefficient
to decrease during the laser pulse may be better suited for pre-
dicting calculus removal rates. Such a modified blow-off model
was originally proposed for photoablation of polymethyl meth-
acrylate in the deep ultraviolet.”® During photoablation, the
number density of chromophores, p,,, decreases as absorbed UV
photons break chemical bonds and reduce absorption of sub-
sequent photons.?”?® Permanent photochemical damage of the
chromophores from photobleaching similarly decreases p,, dur-
ing laser irradiation. The derivation for the modified blow-off
model is found in Ref. 26 where the approximate etch depth
Sump. for the fluences used in this paper, is determined to be

oMp R ———, 3

where & is Planck’s constant and v is the laser frequency. The
etch depth depends linearly on F, as opposed to the logarithmic
dependence in Eq. (2) for the standard model. The full expres-
sion for Eq. (3) is found in Ref. 26. The chromophore number
density is related to the absorption coefficient by p, = o,p,
where o, is the absorption cross section of the chromophore.
The deposited energy density is approximately constant for
z < dyp and is given as

Ed(Z < 6MB) ~ l’ll/pa. (4)

Equation (4) indicates that the deposited energy is limited by
the chromophore number density of the tissue within the etch
depth. The deposited energy density for both blow-off models
is plotted as a function of depth is based on the data in Table 1. A
layer consisting of partially photobleached chromophores is
located beyond the etch depth in Fig. 1(b).

2.3 Volume Removal Rates

The etch depths in Egs. (2) and (3) can be used to calculate
volume removal rates for each blow-off model. Assuming
an n’th-order super-Gaussian fluence distribution, we find

F(r) = Fyexp(=r"/w"), 5)

with peak fluence F, and 1/e beam width w. Substituting
Eq. (5) into Eqgs. (2) and (3) one obtains a radial distribution
of the etch region. Scattering is assumed to be negligible com-
pared with absorption. The volume removal rate is found by
integrating over the entire volume irradiated at fluences >Fy,.
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Energy density (kJ/cm3)
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Depth into calculus (um)
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Fig. 1 Deposited energy density as a function of depth in calculus
based upon the (a) standard and (b) modified blow-off models. The
incident fluence is 6 J/cm?. The curves are based upon data in
Table 1. In (a) u, = 1600 cm=" and in (b) p, = 1.3 x 10?2 cm~3,

Table 1 Absorption coefficients, threshold fluences, and chromophore number densities for the standard and modified blow-off models obtained

from removal rates in Fig. 8.

Removal rates

Standard blow-off model Modified blow-off model

(um/pulse)/(J/cm?) x10"(um?® /pulse) /(J/em?) fg [em™T) Fin J/cm?) pa10?2 fcm=3) Fin /cm?)
Supragingival 1.5+0.3 6.6t14 1618 + 323 1.7+0.4 1.32+0.27 1.2+04
Subgingival 1.6+0.3 79+1.6 1574 + 281 1.8+0.4 1.27+0.23 1.3+£0.4
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The volume removal rate Vgg per pulse for the standard blow-off
model is

2zw? (1 F, > =2
Vg = In— . 6
5B Ha <I’l + 2> < Fth ( )

The volume removal rate predicted by the modified blow-off
model Vyg is

2aw? | Fo'(2) Fu (- Fo\?
VM = — JFo/Fg) — — — 1,
MB l " ne(n, Fo/Fu) > n Fu

)

where 7 is the energy efficiency for selective ablation used in
Ref. 20 and I' is the gamma function. For the purposes of this
study, n = 10, w = 150 ym, Fy/Fy %4 —5,np~ 1, and hv=
3.1eV, resulting in Vgg(um?®)~ (108 /u,) and Vyp(um?®)~
(Fy/pa.)*x 1077, where p, is in units of cm™, p, is in units
of cm™!, and F, is in units of J/cm?.

3 Materials and Methods

3.1 Tooth Samples

Twenty extracted human teeth exhibiting calculus, equally di-
vided between sub- and supragingival calculus, were obtained
from the Department of Preventive and Restorative Dental
Sciences, School of Dentistry at the University of California,
San Francisco. They were sterilized with gamma radiation
and stored at room temperature in a 0.1% thymol solution.
Supragingival calculus was defined as being located on the ana-
tomic crown (above the cementoenamel junction) whereas sub-
gingival was defined as being located on the anatomic root
(below the cementoenamel junction). Ten extracted, unsterilized
human teeth with subgingival calculus were obtained from the
Eastman Institute for Oral Health at the University of Rochester
(Rochester, New York) and stored at room temperature in a
saline solution. Calculus deposits on all of the teeth were of
mixed coloration (e.g., yellow to dark brown).

3.2 Experimental Setup

A frequency-doubled Ti:sapphire laser (400-nm wavelength,
60-ns pulse duration, 10-Hz repetition rate, and 25-mJ pulse
energy) was developed for selective calculus ablation and has
been described elsewhere.” Laser radiation was coupled into
a 600-um-core-diameter optical fiber with a 1.8-mm-diameter
tapered input (FVPE600660710/2M, Polymicro Technologies,
Phoenix, Arizona) using a A8 = 0.5-deg engineered diffuser
(RPC Photonics, Rochester, New York) and an F = 7.5-cm
lens [Fig. 2(a)]. This fiber-coupling scheme, along with fiber
coiling, efficiently mixes the many transverse fiber modes (thou-
sands) creating a near top-hat envelope at the fiber output. This
fiber output was then imaged onto the dental hard tissue using an
F = 2-cm objective resulting in a measured, ~300-um-diam-
eter, 10th-order super-Gaussian spot on the calculus surface?!
after averaging over the underlying speckle pattern. This irradi-
ation configuration was chosen to facilitate experimental obser-
vations. The peak fluence of each pulse was varied between 1.7
and 8 J/cm? (£0.1 J/cm?) by varying the laser pulse energy.
All tooth surfaces were irradiated at normal (perpendicular)
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Fig. 2 (a) Experimental setup for tooth irradiation with the 400-nm
laser and for blue-light microscopy. (b) Hard tissue fluorescence
between 600 and 800 nm was excited at 400 nm and coupled into
an optical fiber leading to a USB spectrometer.

incidence to the surface. (Similar ablation studies using oblique
incidence were reported in Ref. 21.)

During laser irradiation, the tooth samples were sprayed with
a water/air mixture at ~3 mL/min. The effect of this water
spray on the intensity distribution of the irradiation laser at
the tooth surface was reported in Ref. 20. After five laser pulses,
excess water was gently blown off the tooth samples using an air
spray to allow for the diagnostic imaging (i.e., laser profilometry
and blue-light microscopy) described below.

3.3 Laser Profilometry

The depth and volume of calculus removed was measured using
a laser profilometer. A HeNe laser at 1 = 543 nm (Model
LHGR-0050, PMS Electro-Optics, Boulder, Colorado) was
focused to a line onto the tooth surface using an F = 10-cm-
cylindrical lens and then scanned across the irradiated region
before and after laser irradiation. The line was magnified
3x (VMZA450i, Edmund Industrial Optics, Barrington, New
Jersey) by imaging onto a charge-coupled device camera
(TM-1020A-15CL, JAI, San Jose, California) oriented at
45 deg, resulting in an axial resolution of ~6 ym. The transverse
resolution was 60 X 40 um?. Depth-removal maps were found
by taking the difference between three-dimensional (3-D) sur-
face images taken before and after irradiation (as described
in Ref. 21). Calculus removal rates were determined by irradi-
ating in 5-pulse increments using a remotely operated shutter in
the laser cavity. Single-pulse (S.P.) removal rates are calculated
from the depth/volume removed by five laser pulses and divid-
ing by the number of pulses, whereas the average removal rates
are calculated from the total depth/volume removed. The uncer-
tainty of the average removal rate was +0.6 ym/pulse based on
the uncertainty in the 3-D surface images. The main uncertainty
arose from laser speckle and the high f# of the observation lens.

3.4 Blue-light Microscopy

Since calculus is a strong absorber of blue light, microscopy
with illumination in this wavelength range (4~450 to
490 nm) was used to provide high contrast images between
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dental calculus and healthy hard tissue (enamel, dentin, and
cementum). Different illumination wavelengths are compared
in Fig. 3 where blue-light illumination was found to provide
the best contrast between calculus and pristine hard tissues.
Images of teeth before and after laser irradiation were taken
with illumination from a flashing blue light-emitting diode
(LED) using the same camera used in laser profilometry, as
shown in Fig. 2(a). Identical images were obtained when illu-
minating with a 400-nm light source. Blue-light microscopy
also serves to qualitatively distinguish unbleached from photo-
bleached calculus, since the latter appears brighter under blue-
light microscopy due to increased scattering and decreased
absorption.

3.5 Fluorescence Spectroscopy

Fluorescence spectroscopy was used to compare the fluores-
cence of unbleached calculus with that of photobleached calcu-
lus and sound dental hard tissue. The fluorescence was excited
with low pulse energy (<200 pJ at 400 nm, 200 ns) over a
50-um-beam spot. Fluorescence spectra were recorded between
600 and 800 nm using image relaying, an OG590 filter and a
universal serial bus (USB) spectrometer (HR2000CG-UVNI,
Ocean Optics, Dunedin, Florida) as shown in Fig. 2(b). In
this spectral range, one can discriminate between dental hard
tissue and calculus due to fluorescence from bacterial porphyr-
ins between 615 and 725 nm? found in plaque, caries, and den-
tal calculus. At each measurement, 50 spectra were collected
with a 10-s integration time, averaged, and smoothed by apply-
ing an ~5-nm spectral averaging filter.

Enamel

Enamel

E22383J1

Fig. 3 Dental calculus (nonbleached: red arrow, photobleached: blue
arrow) along the cementoenamel junction viewed with a microscope
at illumination wavelengths in the range of (a) 450 to 490 nm, (b) 490
to 520 nm, (c) 612 to 640 nm, and (d) 570 to 880 nm. The light sources
in (a) to (c) are flashing light-emitting diodes synchronized with the
camera whereas (d) is a continuous broadband white-light source.
The microscope was refocused in each image.
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3.6 Scanning Electron Microscopy

SEM was used to obtain high-resolution images of laser-irradi-
ated hard tissue surfaces and also to discriminate calculus from
enamel, dentin, and cementum. The laser-treated areas were
examined using an SEM (Zeiss-Auriga CrossBeam FIB-SEM,
Carl Zeiss NTS, Peabody, Massachusetts) at the Institute of
Optics, University of Rochester. The tooth surface topology
was examined using an SE2 detector and 10-keV electron
beam with a 30-um aperture and <15-mm working distance.
The teeth were dried in a desiccator for at least 24 h. An
~5-nm-gold layer was subsequently sputtered onto the tooth
surface.

4 Results

Blue-light microscope images show nonsterilized subgingival
calculus removed at 6.4 J/ cm? [Figs. 4(a)—4(f)] within the irra-
diation beam (dashed red lines). After 30 pulses, the calculus is
completely removed and the underlying cementum is reached
[Fig. 4(f)]. No ablative stalling was observed, but irradiated
calculus appears brighter compared with nonirradiated calculus,
indicating a photobleached surface layer. Differential depth
removal maps [Figs. 4(g)—4(k)] are shown below the microscope
images. Average depth and volume removal rates for all
nonsterilized calculus samples are 9.7+3.1 yum/pulse and
5.3 x 10° & 1.8 x 10° um?/pulse. Identical results are found
for ablating-sterilized subgingival calculus®' at the same fluence
and irradiation angle.

Subgingival calculus sterilized with gamma radiation is
irradiated at 6.3 J/cm? for a total of 25 irradiation pulses
(Fig. 5). Blue-light microscope images are shown in five-
pulse increments [Figs. 5(a)-5(f)] where irradiated calculus is
photobleached. Shadowing in the light microscope images in

E 80§
= 20 =
£ 40%
o a

20 to 30 pulses 0

10 to 15 pulses

15 to 20 pulses

E21793)2

Fig. 4 Blue-light microscope images of nonsterilized subgingival cal-
culus irradiated at 6.4-J/cm? (a) before and after (b) 5, (c) 10, (d) 15,
(e) 20, and (f) 30 irradiation pulses. Differential removal maps from
(g)0to 5, (h)5t0 10, (i) 10to 15, (j) 15 to 20, and (k) 20 to 30 irradiation
pulses correspond to the above light microscope images. Red dashed
circles outline the irradiation area.
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Figs. 5(e) and 5(f) is due to the steep angle of incidence of the
LED illumination relative to the tooth surface. Differential depth
removal maps are shown below the light microscope images in
Figs. 5(g)-5(k). For this tooth sample, calculus is removed at
a rate of 8.0 ym/pulse and 4.2 X 10° um?3 /pulse.

The blue-light microscope images before and after irradiation
[Figs. 6(a) and 6(b)] indicate that a layer of calculus is removed
but that a photobleached calculus surface layer remains [blue
arrow in Fig. 6(b)]. Ablation stalls, and further irradiation at
this fluence does not remove any additional calculus.

Fluorescence spectra between 600 and 800 nm, excited at
400 nm, of enamel (black arrow), nonirradiated calculus (red
arrow), and irradiated calculus (blue arrow) in Fig. 6(b) are
shown in Fig. 6(c). The fluorescence spectrum of irradiated
calculus resembles the spectrum of enamel in shape, emitting
more fluorescence photons than unbleached calculus [Fig. 6(c)].
Each spectrum is normalized in Fig. 6(d) to magnify the detail in
spectra between 615 and 725 nm.

Removing the OG590 filter in the fluorescence setup allowed
measurement of the scattered/reflected signal at 400 nm.
Photobleached calculus and enamel scattered twice as much
400-nm light into the collection optics as did unbleached
calculus. The exact amount of 400-nm light scattered by photo-
bleached calculus varies from tooth to tooth and can equal that
for sound enamel.

Laser-irradiated subgingival calculus is investigated under
the SEM in Fig. 7(a). For comparison, the surface of non-
laser-irradiated calculus is observed under SEM in Fig. 7(b).
Blue-light microscope images (not shown) of the irradiated
calculus surface in Fig. 7(a) indicate that it is photobleached.
Any change in the calculus surface roughness after laser ablation
was below the resolution of the laser profilometer.

Average depth and volume removal rates for gamma-
ray-sterilized sub- and supragingival calculus are plotted as
a function of incident fluence in Fig. 8. Both removal rates
increase linearly with increasing incident fluence and are

&

0 pulses 5 pulses | 10 pulses

(gt (e o (T g
{ /

15 pulses | 20 pulses | 25 pulse

200 um  [EF
— 4
Depth (um)f§ a
o | OS0FS

pulses

0 20 40
®

l(@(‘;IS ' k 20925

pulses
E22727]1

pulses

Fig. 5 Blue-light microscope images of sterilized subgingival calculus
irradiated at 6.3-J/cm? (a) before and after (b) 5, (c) 10, (d) 15, (e) 20,
and (f) 25 irradiation pulses. Differential removal maps from (g) 0 to 5,
(h) 5t0 10, (i) 10 to 15, (j) 15 to 20, and (k) 20 to 25 irradiation pulses
correspond to the above light microscope images. Red dashed circles
outline the irradiation area.
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Fig. 6 Blue-light microscope images of supragingival calculus on
enamel (a) before and (b) after 40 passes at 0.2 mm/s and at
3.5-J/cm? using a ~650-um-diameter, 6th-order super-Gaussian
beam. This corresponds to ~30 superposed irradiation pulses per
pass along the center on any given spot. The dashed yellow lines out-
line the irradiation path. (c) Fluorescence spectra of enamel,
unbleached and photobleached calculus using a 400-nm excitation
wavelength. (d) Normalized fluorescence spectra corresponding to
(c). Colored arrows in (a) and (b) correspond to the spectra in (c)
and (d) (i.e., red arrow: unbleached calculus, black arrow: enamel
and blue arrow: photobleached calculus).

E21795]2

Fig. 7 SEM images of (a) laser-irradiated (5 J/cm?, 25 pulses) and
(b) nonlaser-irradiated gamma-ray-sterilized subgingival calculus.
Red arrows in (a) and (b) indicate representative ~100-nm craters
found in the calculus surface.
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indistinguishable (within the error bars) for sub- and supragin-
gival calculus. The absolute error in depth and volume removal
rates increases with fluence in Fig. 8 but the relative error
actually decreases. Depth removal rates in Figs. 8(a) and 8(b)
are fitted to Egs. (2) and (3). The results from these fits are sum-
marized in Table 1. The error bars render y,, p,, and Fy, indis-
tinguishable for both types of calculus. The relevant tissue
parameters in Table 1 are substituted into Eqs. (6) and (7)
and plotted in Figs. 8(c) and 8(d) as predicted volume removal
rates for sub- and supragingival calculus, respectively. The
modified blow-off model overestimates the volume removal
rate whereas the standard model underestimates it.

The S.P. depth and volume removal rates at ~6.3 J/cm?
for either subgingival [Figs. 9(a) and 9(c)] or supragingival
[Figs. 9(b) and 9(d)] calculus sterilized with gamma radiation
show similar trends with the number of incident pulses. The
S.P. removal rates of sub and supragingival calculus at fluences
from 3.5 to 7.7 J/cm? exhibit similar behavior. The change
in ablated area for sub- and supragingival calculus [Figs. 9(e)
and 9(f)] is found by dividing the S.P. volume removal rates by
the S.P. depth removal rates in Fig. 9. The ablated area also
decreases with increasing number of incident pulses. There is
no discernable difference between the S.P. removal rates for
sub- and supragingival calculus.

5 Discussion

The properties (i.e., pulse energy, duration, and focal spot
intensity distribution) of the 400-nm laser used in this study
are extremely reproducible, causing shot-to-shot variations
in ablation measurements to be attributable to the material

Subgingival Supragingival
T T T T T T

- (a)' 1 Loy -

—_
=)}

—_
)
T

Depth removal rate
(um/pulse)

0 2 4 6 8 100 2 4 6 8 10
Fluence (J/cm?2)

Subgingival Supragingival

@

Volume removal rate
(X105 um3/pulse)

1
0 2 4 6 8 100 2 4 6 8 10

Fluence (J/cm?2)

E21796]2

Fig. 8 Fluence-dependent depth removal rates for sterilized (a) sub-
gingival and (b) supragingival calculus and corresponding volume
removal rates (c) and (d). Short-dashed and solid lines correspond
to fits using the standard and modified blow-off models, respectively.
Black long-dashed lines in (c) and (d) are a linear regression through
the data.
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heterogeneity of calculus itself. Thus, using the diagnostics out-
lined earlier allows for rather detailed inferences regarding the
actual ablation mechanism. This contrasts with previous work
using the 380-nm FDA laser’’ whose poor reproducibility
and characterization rendered it unsuitable for this kind of
detailed study. However, the selective removal of oral bacteria,
dental caries, and calculus by the 380-nm laser was summarized
in Ref. 15 and was attributed to porphyrins endogenous to oral
bacteria.

In this study, blue-light microscopy clearly indicates photo-
bleaching and reduced absorption on the calculus surface after
laser irradiation (Figs. 4 and 5). For thick calculus layers and
laser fluences less than ~6 J/cm? this may lead to stalling
before the entire calculus layer is removed [Figs. 6(a) and 6(b)].
Thus, photobleaching affects calculus ablation but does not
necessarily prevent it.

Fluorescence spectroscopy (Fig. 6) supports the interpreta-
tion of the blue-light microscope images of a photobleached
calculus surface after laser irradiation. The absence of the por-
phyrin Soret band**** in the fluorescence spectrum of photo-
bleached calculus [Fig. 6(d)] between 615 and 725 nm shows
that endogenous porphyrins (e.g., protoporphyrin IX and copor-
phyrin) in oral bacteria (e.g., Prevotella intermedia, Prevotella
nigrescens, and Prevotella melaninogenica) are the primary
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0 1 1 1

1
0 10 20 0 10 20
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T
1
T
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Fig. 9 Single-pulse (S.P.) removal rates for all gamma-ray-sterilized
calculus samples irradiated at 6.3 + 0.1 J/cm? as a function of the
number of incident pulses. The S.P. depth removal rates for (a) sub-
gingival and (b) supragingival calculus. The S.P. volume removal
rates for (c) subgingival and (d) supragingival calculus. The change
in ablated area for (a) subgingival and (b) supragingival calculus.
Trend lines through data are from a linear regression. Outliers in
the S.P. removal rate data that skew the distribution were rejected
according to Chauvenet's criterion.
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absorbers for 400-nm ablation. These porphyrins are perma-
nently damaged (photobleached) in the vicinity of the irradiated
surface and can no longer absorb 400-nm laser light. The
observed fluorescence from enamel and photobleached calculus
seen in Fig. 6 originates from the hard tissue matrix. Some rem-
nant unbleached porphyrins within the photobleached surface
layer likely give rise to the small differences observed in the
enamel and photobleached calculus spectra.

Oral bacteria are found throughout calculus and are typ-
ically lodged in the calculus pores (arrows in Fig. 7). The SEM
images of irradiated surfaces [Fig. 7(a)] present empty ~100-nm
pores in contrast to nonirradiated calculus [Fig. 7(b)]. These
findings agree with the conclusions drawn from fluorescence
spectroscopy and blue-light microscopy of photobleached sur-
face layers. However, none of these diagnostics is able to deter-
mine the depth of this photobleached layer, which we henceforth
call the depletion layer. This depletion layer also leads to the
measured increase in reflection/scattering of 400-nm radiation
compared with nonirradiated calculus and clearly affects abla-
tion by subsequent laser pulses.

The modified blow-off model appears well suited to explain
calculus ablation at 400 nm while the standard blow-off model
does not. The assumption of permanent chromophore depletion
agrees with the results of blue-light microscopy, fluorescence
spectroscopy and scattered laser light measurements. The model
predicts a partially depleted layer of chromophores [Fig. 1(b)]
with thickness <1/u, beyond the etch depth after each laser
pulse. The linear dependence of the average depth and volume
removal rates with incident fluence (Fig. 8) also agrees with this
model. The large error bars in Fig. 8 are attributed to tissue var-
iations in absorption and/or the heterogeneity of the physical
properties in calculus.?!

The modified blow-off model readily agrees with most of the
observations in Figs. 4-7. However, this model does not predict
the ablation stalling seen in Fig. 6 or the reduction of ablation
depth and volume with successive laser pulses in Fig. 9. This
limitation is probably the result of neglecting scattering of
laser light within dental calculus. These losses, especially within
the depletion layer, can be significant due to multiple scattering,
including broadening of the spot size.

Calculus formation is known to be layered,* most likely
progressing from low chromophore number density (low-p,),
Gram-positive bacteria®® on the calculus/tooth interface to
high-p,, Gram-negative bacteria on the calculus surface.*™
This gradual decrease in absorber density with depth and the
concomitant increase in the depletion layer depth exacerbate
the laser light losses ahead of the region where it may be effec-
tively absorbed. This naturally leads to the decreasing removal
rates with depth (Fig. 9) and potential stalling. This problem is
compounded by the fact that the scattering length within dental
hard tissue* is not much longer than typical measured etch
depths. (For this purpose, we have assumed scattering within
calculus to be comparable to that in enamel.) The same reason-
ing also predicts that increasing the incident fluence and
corresponding etch depths effectively prevents stalling before
complete removal of the calculus layer. These conclusions
agree with our observations that stalling occurs frequently
close to the ablation threshold (1 to 2 J/cm?) and is typically
not observed for fluences >6 J/cm?. When stalling does
occur, the intensity distribution of subsequent 400-nm-laser
pulses will be broadened due to scattering within the depletion
layer. Thermal effects in the underlying healthy tissue are not
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expected, as scattering dominates over absorption in pristine
dental hard tissues at 4 = 400 nm.

Continued calculus ablation at 400 nm is assured if u, > pg
in the remaining surface layer throughout the laser treatment.
Scattering, photobleaching, and decreasing chromophore den-
sity with depth into the calculus compete with this condition
and can result in ablation stalling. However, stalling can effec-
tively be prevented if the incident fluence and the corresponding
etch depths are sufficiently high (>6 J/cm?). Since sound
cementum and enamel are not ablated below 9 and 12 J /cmz,
respectively,”® selective calculus ablation without stalling is
assured for fluences of 6 to 8 J/cm? due to both deep etch
depths and fewer incident laser pulses.

Most ablation experiments in this study were carried out with
gamma-ray-sterilized teeth. However, the measured ablation
rates for sterilized and unsterilized teeth under otherwise iden-
tical conditions were essentially indistinguishable. Previous
NUV ablation studies*’ carried out at 380 nm reported ablation
fluences of 1 to 2 J/ecm? for effective calculus ablation using
unsterilized teeth. Our comparison study eliminates the possibil-
ity that sterilization of the teeth significantly affects calculus
ablation. We therefore suspect that the complicated nature of
the temporal laser pulse shape in the 380-nm experiments
(two successive, irregular 100-ns pulses within ~10 ps) may
account for the different reported relevant ablation fluences.

6 Conclusion

Calculus ablation at 400 nm is best described by a modified
blow-off model that is based on chromophore depletion (photo-
bleaching). The results presented here strongly suggest that the
relevant calculus chromophores are bacterial porphyrins, endog-
enous to plaque and dental calculus. A thin, surface layer of
these chromophores becomes photobleached after each irradia-
tion pulse. Tissue scattering within this photobleached layer
exacerbated by a decreasing absorber (bacterial porphyrin) den-
sity with depth leads to decreasing removal rates with successive
laser pulses and potential ablation stalling. However, stalling can
be avoided by irradiating at incident fluences >6 J/cm?.
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