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Background and Objectives: It is established that both
pulsed Nd:YAG (1,064 nm) and continuous diode (810 nm)
dental lasers kill pathogenic bacteria (laser antisepsis), but
a quantitative method for determining clinical dosimetry
does not exist. The purpose of this study was to develop a
method to quantify the efficacy of ablation of Porphyromo-
nas gingivalis (Pg) in vitro for two different lasers.
Study Design/Materials and Methods: The ablation
thresholds for the two lasers were compared in the follow-
ing manner. The energy density was measured as a
function of distance from the output of the fiber-optic deli-
very system. Pg cultures were grown on blood agar plates
under standard anaerobic conditions. Blood agar provides
an approximation of gingival tissue for the wavelengths
tested in having hemoglobin as a primary absorber. Single
pulses of laser energy were delivered to Pg colonies and
the energy density was increased until the appearance of
a small plume was observed coincident with a laser pulse.
The energy density at this point defines the ablation thres-
hold. Ablation thresholds to a single pulse were determined
for both Pg and for blood agar alone.
Results: The large difference in ablation thresholds
between the pigmented pathogen and the host matrix for
pulsed-Nd:YAG represented a significant therapeutic ratio
and Pg was ablated without visible effect on the blood agar.
Near threshold the 810-nm diode laser destroyed both the
pathogen and the gel.
Conclusions: Clinically, the pulsed Nd:YAG may selec-
tively destroy pigmented pathogens leaving the sur-
rounding tissue intact. The 810-nm diode laser may not
demonstrate this selectivity due to its greater absorption by
hemoglobin and/or longer pulse duration. Lasers Surg.
Med. 00:1–8, 2004. ß 2004 Wiley-Liss, Inc.
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INTRODUCTION

Several reports indicate that laser sulcular debridement
using the pulsed Nd:YAG dental laser with scaling and root
planning leads to improvement in clinical indices [1–3],
and, when adjunctive to a total treatment plan [4,5] may
lead to regeneration of periodontal supporting structures
[6–8]. In clinical studies, where pockets and root canals are
sampled for bacterial content before and after Nd:YAG or

diode laser treatment, there are consistent observations
of bacterial reduction [1,9–24]. The species most affected
seem to be Porphyromonas gingivalis (Pg), Prevotella
intermedia, and other dark-pigmented bacilli. It is likely
that the efficacy of the laser treatment is related to eradica-
tion of certain species of oral pathogens from the period-
ontal tissues [23].

Need to Quantify Dosimetry

In vitro culture and tissue models provide an opportunity
to control irradiances and measure pathogen ablation
dynamics. Schultz et al. [23] placed bacterial suspensions
in 6-mm wells and irradiated them with a 20–120 W
continuous wave Nd:YAG laser. They measured viable
cell counts after serial dilutions of Escherichia coli,
Pseudomonas aeruginosa, and Staphyloccus aureus and
achieved significant reductions with a dose/response re-
lationship. Unfortunately, because of calibration problems
actual surface irradiances are not available from the paper.
Tseng et al. [20,24] irradiated 3-mm diameter colonies
and extracted root surfaces with 150-microseconds pulsed
Nd:YAG. Samples from irradiated areas were reinoculated
and rate of regrowth was used to estimate bactericidal
activity. Regrowth of black-pigmented wild strain bacter-
iodes were markedly reduced with dose dependence. The
threshold for the effect was in the range 25–130 J/cm2.
Whittiers et al. 1994 [22] irradiated nine species of patho-
gens in suspensions, including Pg, with pulsed Nd:YAG.
During irradiation they stirred the broth with the fiber tip
for 1–4 minutes and measured colony-forming units from
irradiated and control samples. All nine species exhibited
dose-dependent responses, although absolute fluences are
unknowable.

Most laser bactericidal studies report that a dose/
response function exists. That is, dental lasers destroy
bacteria and, as one turns up the wattage, more bacteria are
killed. Regrettably, irradiances are usually not available
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due to inaccurate or absent reporting of parameters. Also,
some investigators used a ‘‘sweeping motion’’ during treat-
ment [1,11,15] and the angle of irradiation could vary from
08 to 908 making computation of fluence impossible. We
conclude that there is a need for accurate and repeatable
measures of specific levels of irradiation and their bacter-
icidal and tissue effects. Such measurements are attainable
in vitro using well-calibrated instrumentation.

Objectives

We have selected P. gingivalis as the initial target
pathogen to develop our methodology since it is implicated
as necessary and synergistic to periodontal disease. The
objectives of this study were to quantify laser ablation of Pg
in vitro for both cw-diode and pulsed-Nd:YAG dental lasers,
and to evaluate the selectivity of Pg destruction using
an in vitro tissue model. The results provide a framework
for defining an efficacious clinical dosimetry for laser
antisepsis.

MATERIALS AND METHODS

Lasers

Two dental laser systems were used in this study (Fig. 1).
A 6-W InPulseTM Nd:YAG (1,064 nm) Dental Laser
(Incisive, LLC, Fremont, CA) delivered 1,064-nm pulses
to the samples through a 320 mm optical fiber. The Nd:YAG
had a free-running pulse width of 100 microseconds with
variable energy per pulse of 20–200 mJ. Pulse timing was
controlled electronically by replacing the foot switch with a
digital timer (National Controls Corp., TMM Multifunc-
tion Relay). Typically, single 100-microseconds duration,
100-mJ pulses were delivered in these experiments. A 6-W
continuous-Wave DioLase STTM Diode (810-nm) Dental
Laser System (American Dental Laser Technology, Inc.,
Corpus Cristi, TX) had a similar fiberoptic delivery system.
Uniform 100-milliseconds duration pulses were obtained
by use of the digital timer instead of the foot switch.

Laser Calibration

The laser beams were characterized by collecting beam
profiles at various distances from the distal fiber tip. The
beam was directed into an NIST-calibrated energy/power
meter (Ophir, DGX) and a straight edge was stepped across
the beam. Profiles were constructed by measuring the
change in energy between steps. Profiles of the Nd:YAG
beam at 2- and 4-mm from the tip (320-mm fiber) are shown
in Figure 2A. From these functions we estimate the beam
radius as the x value where y¼ 1/e2 of the peak irradiance.
Beam radii are plotted in Figure 2B for both the 810-nm
diode and the 1,064-nm pulsed Nd:YAG. The least squares
best-fit regression estimates the divergence of the beam
and provides a computational formula for determining the
spot size at any distance from the fiber tip.

The average fluence at any target distance is equal the
total energy in the beam (measured with the power meter)
divided by the spot area (pr2) at that distance. It is neces-
sary to specify ablation thresholds with the peak fluence
because ablation occurs first in the center of the beam
where the energy density is greatest. For a Gaussian beam,
the peak is exactly equal to two times the average. Peak
fluence as a function of target distance can be computed
from these measurements. Shown in Figure 2C is the
function for a 93-mJ pulse from the Nd:YAG and a 389-mJ
pulse from the diode.

Bioassay

The bioassay set-up diagrammed in Figure 3 was used
to determine the sensitivity of bacteria in culture to laser
irradiation. Pg colonies in situ in the petri dish were
placed in the beam path, the fiber tip was lowered to the
culture surface and the stepper motor readout (2-mm steps)
was set to zero. Fiber tip distances above the culture sur-
face were converted to peak irradiances using the calibra-
tion described above. Target tissues were irradiated with
single pulses under direct observation with 40� video
magnification.

Fig. 1. Temporal characteristics of pulses emitted from pulsed Nd:YAG and gated diode dental

lasers. Light reflected from the target was sensed with a THORLABS DET110 high-speed

silicon photodetector and stored with a Tektronix TDS 1002 digital storage oscilloscope.
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Pg Colonies

In a level 2 microbiology laboratory at UCSF stock cul-
tures of P. gingivalis, 33277 were maintained by anaerobic
culture (85% N2, 10% H2, and 5% CO2) at 378C on LRBB

agar (Brucella agar base supplemented with 5% laked
rabbit blood, 2.5 mg/ml hemin, 5.0 mg/ml menadione, and
0.01% dithiothreitol). Colonies form a 30–60 mm thick bio-
film on the agar surface (Fig. 4B). The blood agar containing
water, hemoglobin, and other organics, approximates the
optical properties of soft tissue.

Ablation Threshold

Ablation (removal of tissue) occurs when photons are
absorbed by the target and the resulting temperature in-
crease is sufficient to vaporize or thermally coagulate tissue
within the laser beam (it is assumed that vaporization and
coagulation are processes that are bacteriocidal). A basic
physical characteristic of tissue ablation by laser energy is:
as radiant exposure increases, the depth of tissue removal
increases [25]. Very low level exposure has no immediate
visible effect and there is a threshold energy dose necessary
to ablate a just measurable amount of tissue. For laser
antisepsis, the threshold fluence that is lethal to the target
pathogen is defined by this minimum, the ablation thresh-
old. This is significant since ablation threshold defines a
radiant exposure that is toxic to the target pathogen at or
above this value. Thus, laser ablation of Pg is an example of
laser antisepsis (elimination of microorganisms that cause
disease).

We use a visual detection method to identify ablation
thresholds. Fluence (J/cm2) is varied by advancing or
retracting the fiber tip from the surface of the Pg colony
with the 2-mm stepper motor. Each laser pulse is delivered
to a fresh spot on the colony to avoid cumulative effects.
When a pulse is delivered the following observations are
made from the video microscope monitor. At high fluences
each pulse creates an obvious plume and crater (Fig. 4A).
At lower fluences, a smaller plume and blanching appears

Fig. 2. A: Beam profiles of pulsed Nd:YAG at 2- and 4-mm from

the tip. B: Beam radius as a function of target distance for

pulsed Nd:YAG and 810-nm diode dental lasers. C: Peak

fluence versus target distance for Nd:YAG and diode.

Fig. 3. Diagram of bioassay. P. gingivalis grown on blood agar

in petri dishes is placed in the beam path. Irradiance is

determined by positioning the fiber tip with a stepper motor

(2-mm). Ablation thresholds are determined by direct video

observation at 40�magnification.
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Ain the center of the beam on the target surface. As the
energy is decreased the blanched area observed decreases
in size, indicating less material removed. About 5-J/cm2

below the threshold of the ‘‘surface blanching effect’’ a small
plume of ablated material is still emitted from the target
surface. At lower energies there is no visible effect. The
fluence level between these last two observations defines
ablation threshold. Several series of increasing and de-
creasing fluences were measured for each colony and the
median ablation threshold was recorded. A similar techni-
que was employed to measure the ablation threshold of
blood agar alone.

RESULTS

Selective Ablation

Figure 5 shows ablation craters in Pg colonies made with
single 1 mm diameter, 217-mJ/cm2 peak fluence pulses
from the Nd:YAG. Notice the Nd:YAG craters have a flat
bottom indicating that no agar was ablated. The pulse
selectively vaporized all bacteria from within the laser spot,
but left the substrate blood agar intact.

Ablation Thresholds of Pg and Laked Rabbit
Blood Agar

Average ablation thresholds for Pg determined for the
Nd:YAG was 48-J/cm2 (N¼ 12) and for the diode, 96-J/cm2

(N¼ 9). Ablation threshold of blood agar alone determined
for the diode was 146-J/cm2. The Nd:YAG had no visible
effect on blood agar alone at the highest peak energy
density available (1,700-J/cm2).

One experimental trial is illustrated in Figure 6. A series
of craters in Pg colonies on blood agar were made with
single pulses at the indicated irradiances for the two lasers.
For this sample the ablation threshold determined with the
plume detection method was 50-J/cm2 for the Nd:YAG and
94-J/cm2 for the diode. Notice in Figure 6 that the diode
craters do not have a flat bottom but were Gaussian in
shape and included removal of both Pg and agar. Figure 7
shows two series of impacts on blood agar alone. The sample
was slightly dehydrated to improve image contrast. The
diode laser had an effect on the agar at and above fluences of

Fig. 4. A: Plume emitted from the surface of a Pg colony

following a 230 J/cm2 pulse from the Nd:YAG. B: Colonies of Pg

cultured on rabbit blood agar form a 30–80 mm thick biofilm

that expands across the agar surface.
Fig. 5. Craters in Pg colonies by pulsed Nd:YAG. It is obvious

that the laser energy destroyed the bacteria (1-mm diameter

spot). Notice at the bottom that the craters have a relatively flat

bottom and that the Nd:YAG laser did not appear to affect the

blood agar.
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92-J/cm2, but there was no visible effect of Nd:YAG pulses
up to 1,148-J/cm2.

DISCUSSION

Selective Ablation

At 1,064-nm the absorption by the pigments in Pg is
greater than absorption by hemoglobin or water in the gel.
Therefore, laser energy is preferentially absorbed within
Pg and not by the blood agar. We were unable to ablate the
agar alone at the maximum irradiation capable with the
Nd:YAG laser system. These data illustrate the concept of
selective ablation of Pg in this tissue model.

Therapeutic Index for Drugs Adapted to
Antibiotic Laser

The concept of selectivity is an essential element in the
current framework of chemical antibiotic treatment. The
selectivity of a drug that destroys pathogens but is benign to

normal tissue is expressed as the ratio of the drug con-
centration (mg/kg) that is toxic to normal tissue (toxic dose)
to the drug dose that is toxic to the target pathogen
(therapeutic dose). This is referred to as the therapeutic
ratio or therapeutic index. A high value for the index
indicates high selectivity.

The laser bioassay was developed to evaluate the sensi-
tivity of P. gingivalis to the antibiotic action of the laser. For
laser antisepsis, the threshold irradiance that is lethal to
the target pathogen has been defined as the ablation
threshold, the minimum energy density (J/cm2) necessary
to remove a just detectable amount of pathogen. In analogy
with antibiotic nomenclature, we can determine the ther-
apeutic index to treatment of specific pathogens by specific
laser systems. In this case, the therapeutic dose (A) is de-
fined as the minimum laser fluence that destroys pathogens
and the toxic dose (B) as the fluence damaging to normal
tissues. The therapeutic index is calculated as the ratio: B/
A. The therapeutic indices for the Pg-agar tissue model are
diode: 1.5 and Nd:YAG: > 24 (Table 1).

Fig. 6. Series of craters in Pg colonies on blood agar below were made by a series of single

pulses at the indicated irradiances for the two lasers.

Fig. 7. Series of impacts on blood agar alone. Ablation threshold for blood agar was > 1,146-J/

cm2 for the pulsed Nd:YAG and <192-J/cm2 for the diode.
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Depth of Laser Antisepsis

There is a ‘‘therapeutic and diagnostic window’’ in biol-
ogical tissues where light absorption is minimal and light
transmission is greatest [26,27]. This window is in the red
to near-infrared region, approximately 800–1,200-nm,
with maximum transmission for wavelengths close to
1,064-nm. At these wavelengths, if surface fluence is less
than the surface damage threshold, then there remains a
volume of tissue below the surface wherein energy deposi-
tion is lethal to pigmented bacteria. It follows that a greater
therapeutic index means a greater potential depth of
antisepsis. Because pulsed-Nd:YAG has a high therapeutic
index the surface radiant exposure can be maintained
below the toxic dose and a therapeutic dose can be delivered
deep into the tissues. Diode lasers may be less effective due
to their lower therapeutic index. The 810-nm diode laser
may demonstrate lower selectivity than pulsed Nd:YAG
due to its greater absorption by hemoglobin and/or longer
pulse duration. In clinical practice penetration of diode
laser energy into tissue is further hampered by the custom
of ‘‘initiating’’ the distal end of the fiber. This procedure
involves placing a light absorbent material on the tip
causing the tip to heat up and, thus, increase its incisional
efficiency. However, this also blocks emission and signi-
ficantly decreases the surface radiant exposure.

Pg Persists by Evading Immune Effectors

Pg is a pigmented, Gram-negative, motile, anaerobic
bacteria known to cause tissue destruction by release of
proteinases [28,29] and lipopolysaccharides [30]. Pg has
been established as a pathogenic bacteria involved in
the periodontal disease process [31,32]. Eradication of Pg
is important because Pg may be synergistic to disease
progression [33,34]. Pg persists in the mixed-species plaque

biofilm on tooth surfaces and adheres to and enters
epithelial cells [32,35–37] and inactivates PMNs [38].
Intracellular bacteria can evade host immune effectors
and antibiotics commonly used to treat infection. Subgin-
gival pathogenic bacteria tend to colonize stagnant ecolo-
gical niches, or privileged sites [30], such as surface
irregularities that favor retention and growth [39]. Pg
is also known to colonize calculus and cementum, and
penetrate into dentinal tubules and lacunae [40,41]. Pg is
mostly concentrated attached to the biofilm surface [42],
although it has been identified migrating far as 1-mm into
the dentinal tubules [30,40].

These bacterial reservoirs are sources for recolonization
of treated root surfaces. Since they are not eliminated by
conventional mechanical treatment, it has become appro-
priate to combine mechanical periodontal therapy with
the use of chemical antibiotics [40]. Antimicrobial agents,
as adjuncts to conventional periodontal therapy, may be
administered systemically or applied locally into the per-
iodontal pocket. Antimicrobials may help to reduce the
number of microorganisms within the periodontal pocket to
levels lower than may be achieved with scaling alone but
have limited access to privileged sites. Tetracycline and
chlorhexadine have been shown to not penetrate much past
the cementodentin junction [43,44] and intra-root canal
antibiotic irrigants penetrate only a few 100-m into the
surrounding dentin [45]. Chemical antibiotics have addi-
tional disadvantages that include: potential allergic reac-
tions, possible induction of drug resistance and systemic
side effects. Furthermore, long term efficacy of local deli-
vered antimicrobials has not been established.

Laser Antisepsis Versus Chemical Antibiotics

The laser mode of antisepsis has several potential
advantages over traditional biochemical antibiotics in root
disinfection (Table 2).

(1) A therapeutic dose can be delivered to a greater depth
immediately and leaves no residual concentration.

(2) Laser radiation affects equally extracellular and
intracellular pigmented pathogens and can access
other privileged sites such as calculus and dentinal
tubules.

(3) Laser antisepsis has no known systemic side-effects,
resistances, or negative interactions with other modes
of therapy.

(4) Laser energy has the potential to breach the protective
mechanisms of biofilms [46].

TABLE 2. Comparison of Characteristics of Chemical Antibiotics (Drugs) Versus

Laser Antisepsis

Drugs Laser

Side effects Systemic None

Resistance Yes No (albino mutant?)

Negative interactions Possible None

Spectrum of activity Broad or narrow Pigmented pathogens

Local delivery mode Chemical dissolution Light diffusion

TABLE 1. Peak Energy Density (J/cm2) for Ablation

Thresholds of Pg and Agar-Alone

Diode Nd:YAG

Blood agar 146 > 1,400

P. gingivalis 96 58

Therapeutic index 1.52 > 24

Average of 12 measurements for Nd:YAG and 9 for diode. The

therapeutic index is the ratio (B/A) of the therapeutic light

dose (A) necessary to destroy pathogens and the toxic dose

(B) as the fluence damaging to normal tissues.
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Clinical Significance

When used for sulcular debridement and other dental
treatments, the 100-microsecconds pulsed Nd:YAG may
selectively destroy pigmented pathogens to a depth below
the tissue surface leaving the surrounding tissue intact.
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