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Abstract
Photodynamic therapy (PDT) is an effective antimicrobial therapy that we used to treat human abscess
cavities in a Phase 1 clinical trial. This trial included pre-PDTmeasurements of abscess optical
properties, which affect light dose (lightfluence) at the abscess wall and PDT response. This study
simulated PDT treatment planning for 13 subjects that received optical spectroscopy prior to clinical
PDT, to determine the impact ofmeasured optical properties on ability to achievefluence rate targets
in 95%of the abscess wall. Retrospective treatment plans were evaluated for 3 conditions: (1) clinically
delivered laser power and assumed, homogeneous optical properties, (2) clinically delivered laser
power andmeasured, homogeneous optical properties, and (3)with patient-specific treatment
planning usingmeasured, homogeneous optical properties. Treatment plansmodified delivered laser
power, intra-cavity Intralipid (scatterer) concentration, and laser fiber type. Using flat-cleaved laser
fibers, the proportion of subjects achieving 95%abscess wall coverage decreased significantly relative
to assumed optical properties when usingmeasured values for 4mW cm−2 (92%versus 38%,
p= 0.01) and 20mWcm−2 (62%versus 15%, p= 0.04) thresholds.Whenmeasured optical properties
were incorporated into treatment planning, the 4mW cm−2 target was achieved for all cases. After
treatment planning, optimal Intralipid concentration across subjects was 0.14± 0.09%,whereas 1%
was used clinically. Required laser power to achieve the 4mW cm−2 target was significantly correlated
withmeasured abscess wall absorption (ρ= 0.7, p= 0.008), but not abscess surface area (ρ= 0.2,
p= 0.53).When using spherical diffuser fibers for illumination, both optimal Intralipid concentration
(p= 0.0005) and required laser power (p= 0.0002) decreased compared toflat cleaved fibers. At 0%
Intralipid concentration, the 4mW cm−2 target could only be achieved for 69%of subjects forflat-
cleavedfibers, compared to 100% for spherical diffusers. Based on large inter-subject variations in
optical properties, individualized treatment planning is essential for abscess photodynamic therapy.
(Clinical Trial Registration: The parent clinical trial fromwhich these datawere acquired is registered
onClinicalTrials.gov as ‘Safety and Feasibility Study ofMethylene Blue Photodynamic Therapy to
SterilizeDeepTissue Abscess Cavities,’withClinicalTrials.gov identifierNCT02240498).

Introduction

An abscess consists of afibrous pseudo-capsule surrounding a localized collection of bacteria, purulent fluid,
and necrotic tissue (Kobayashi et al 2015). Abscesses form as a result of the immune and inflammatory response
to an acute infection, leading to nausea, pain, and highmorbidity andmortality if untreated (Men et al 2002).
While the application of image-guided percutaneous abscess drainage has become the standard of care, response
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rate can be highly variable between subjects (vanSonnenberg et al 2001, Gervais et al 2004, Gee et al 2010).
Additionally, there is concern that the antibiotics used alongside drainage will become less effective in the future,
as antibiotic-resistant bacteria become increasingly common.We and others have directly observed the presence
ofmultidrug-resistant bacteria influid aspirated fromhuman abscesses (Mezhir et al 2010,Haidaris et al 2013,
Baran et al 2023). It is therefore apparent that alternative treatment strategies are necessary, particularly for
antibiotic-resistant strains.

Photodynamic therapy (PDT), which generates cytotoxic reactive oxygen species via light activation of drugs
known as photosensitizers,may represent an ideal candidate treatment. PDT is a highly effective antimicrobial
therapy thatmaintains efficacy against antibiotic resistant bacteria (Hamblin andHasan 2004), and can
additionally improve susceptibility to antibiotics (Feng et al 2021). Based on encouraging pre-clinical results
showing that PDTwithmethylene blue (MB) is efficacious againstmultiple bacteria typically found in abscesses
(Haidaris et al 2013, Snell et al 2021, Chan et al 2023), we initiated a Phase 1 clinical trial investigating the safety
and feasibility ofMB-PDT at the time of abscess drainage (http://ClinicalTrials.gov identifier: NCT02240498).
We found thatMB-PDTwas safe, with no study-related adverse events observed (Baran et al 2023). Additionally,
preliminary analysis suggests that symptom resolutionwas faster and drainage catheter dischargewas reduced in
subjects receiving higherfluence. This clinical study used a uniformMBconcentration of 1 mg ml−1 (0.1%)
across subjects and the optical power deliveredwas based purely upon abscess geometry, rather thanmeasured
optical properties. During delivery of treatment light, each abscess wasfilledwith a uniform 1%concentration of
lipid emulsion in order to improve light dose homogeneity at the abscess wall through scattering. The presence
of intra-cavity scattering is critical to light delivery, as abscessmorphology can be highly heterogeneous.

While we based the optical power delivered clinically on irradiance values that were efficacious in vitro
(Haidaris et al 2013, Chan et al 2023), the light dose is dependent upon the optical properties (absorption and
scattering) of the target tissue.Multiple studies have shown that incorporation of patient-specific optical
properties into PDT treatment planning results in improved coverage of the target region (Altschuler et al 2005,
Sandell and Zhu 2011, Yassine et al 2021). This is particularly true for the case of hollow cavities (Quon et al
2011a, vanDoeveren et al 2020), where the integrating sphere effect can dramatically increase fluence at the
cavity boundary (Staveren et al 1994). Lilge et al, for example, showed that this integrating sphere effect leads to a
multiplicative factor influence rate, which is patient-specific and highly dependent on optical properties (Lilge
et al 2020).We have previously looked at simulated PDTof abscess cavities using ourMonte Carlo simulation
package (Baran et al 2019, Li et al 2022).We found that the ability to deliver an efficacious light dose, and the
optical power required to do so, are highly dependent upon the optical properties at the abscess wall.

Whereas prior abscess treatment planning studies utilized assumed optical properties (Baran et al 2019, Li
et al 2022), we have nowmeasured the optical properties of 13 human abscesses immediately prior to PDTusing
a spatially-resolved diffuse reflectance spectroscopy system (Hannan et al 2023a, 2023b). Thesemeasurements
were performed before and aftermethylene blue administration, in order to capture bulk abscess wall optical
properties andMBuptake. Using these pre-PDT optical propertymeasurements and pre-procedure CT
imaging, it is nowpossible to generate patient-specific treatment plans for subjects that received PDTof their
abscess.

In this study, we describe the generation of patient-specific treatment plans based on pre-procedure CT
imaging and intra-proceduremeasurement of optical properties. Specifically, we investigate the effects of
measured optical properties on the delivered light dose, and determinewhether patient-specific treatment
planning can improve dose volume histograms in the presence of high abscess wall absorption. Further, we
explore the impact of treatment fiber type and elimination of the intra-cavity lipid emulsion.We hypothesize
that patient-specific treatment planningwill increase the percentage of the abscess wall that achieves a target
fluence rate, and that treatment planningwill aid in optimization ofMB and lipid emulsion concentrations for
future studies.

Methods

Study participants and regulatory approval
Research subjects were part of a Phase 1 clinical trial examining the safety and efficacy ofmethylene blue (MB)
mediated photodynamic therapy (PDT) delivered at the time of percutaneous abscess drainage. The full details
and results of this clinical trial are described elsewhere (Baran et al 2023). As part of this Phase 1 trial, 13 subjects
received diffuse reflectance spectroscopy prior toMB-PDT in order to determine the optical properties of their
abscess, as described below. The present study focuses on the examination of treatment planning for these 13
subjects, including patient-specific optical properties and pre-procedure CT imaging.

Human datawere collected as part of a Phase 1 clinical trial, whichwas approved by the Research Subjects
ReviewBoard at theUniversity of RochesterMedical Center (IRB protocol number: STUDY00000488). This

2

Phys.Med. Biol. 69 (2024) 055031 ZLi et al

http://ClinicalTrials.gov


clinical trial was registered on http://ClinicalTrials.gov (ClinicalTrials.gov identifier: NCT02240498). All
subjects providedwritten informed consent.

Optical spectroscopy data
As part of the Phase 1 clinical trial, subjectsfirst received standard of care image-guided percutaneous abscess
drainage. Following this, an initial diffuse reflectance spectroscopymeasurement of the abscess wall wasmade
using a spatially-resolved diffuse reflectance spectroscopy system and a custom fiber-optic probe. These
components, as well as theMonte Carlo lookup table approach for optical property recovery, were previously
described by Bridger et al (2021). Thefiber-optic probe utilized had an outer diameter of 2 mm, and comprised
one source fiber and eight detector fibers arranged in a ‘plus’ patternwith source-detector separations ranging
from∼300 to 1300μm. In pre-clinical validation, the reduced scattering coefficient (μs′)was recoveredwith
average error of 3.8% and absorber concentrationwas recoveredwith average error of 15.0% (Bridger et al
2021). A full description of the clinicalmeasurement protocol is provided elsewhere (Hannan et al
2023a, 2023b). Briefly, the probewas advanced through the catheter used for standard of care abscess drainage
until itmade gentle contact with the abscess wall, light was delivered by the source fiber, and diffuse reflectance
was detected sequentially by each of the detector fibers. Collected spectrawere corrected for dark background
and system throughput, and optical properties were extracted using theMonte Carlo lookup tablemethod
described by Bridger et al (2021). This pre-MBmeasurement represents the native optical properties of the
abscess wall.

Following the initialmeasurement,MBwas instilled into the cavity at a concentration of 1mgml−1 and
allowed to incubate for 10 min. The cavity was then rinsedwith sterile saline, and diffuse reflectance
measurements were repeated to quantify abscess wall optical properties including the effects ofMB absorption.
Optical properties extracted from these post-MBmeasurements are the ones used below for the layer
representingMBuptake by bacteria and diffusion into tissue.

Full details on abscess wall optical properties andMBuptake are described elsewhere byHannan et al
(2023a, 2023b). Here, we focus on the effects of these extracted optical properties on patient-specific treatment
planning to optimize light delivery to individual abscess cavities.

Pre-procedure imaging and segmentation
As part of their standard of care, all subjects received pre-procedure CT imaging nomore than 7 days prior to
image-guided percutaneous abscess drainage. These images were downloaded in a de-identified fashion from
the picture archiving and communication system (PACS) at theUniversity of RochesterMedical Center, and
stored on a password-protected, encryptedworkstation. Abscess locationwas confirmed on imaging by the
study doctor (A.K.S.). Each set of CT images was thenmanually segmented by amember of the study teamusing
Amira (Amira 3D v2022.1, ThermoFisher Scientific,Waltham,MA). This was done individually for each axial
slice, with the abscess defined as a region of low density surrounded by a highly enhancing rim. Segmented
abscesses were exported asDICOM files for inclusion in the treatment planning software described below.

Treatment planning software
Measured human optical properties and corresponding segmentedCT imageswere imported into our
treatment planning software (Baran et al 2019, Li et al 2022), which is based upon our previously described
Monte Carlo package (Baran and Foster 2011). This software can handle arbitrary abscess cavity geometry by
representing patient anatomywith cuboid voxels, with each voxel being assigned corresponding optical
properties. Here, segmented images were represented in twoways:

(1) Divided into four regions: the abscess wall, surrounding tissue, inside the abscess, and a boundary layer. The
abscess wall, consisting of a 200μmthick layer immediately surrounding the abscess, was assigned optical
properties corresponding to post-MB spectroscopy. The thickness of this layer was based upon reports
showing similar diffusion ofMB into various tissue types after application at the surface (Genina et al 2002,
Bashkatov et al 2005, Kosarieh et al 2021,Wang et al 2023). The surrounding tissuewas set to pre-MB
optical properties. This wasmeant to representMBuptake by bacterial biofilms and the diffusion ofMB
into the abscess wall, rather than assuming homogeneous distribution ofMB throughout the abscess wall
and surrounding tissue.

(2) Divided into three regions: a combined region representing the abscess wall and surrounding tissue, inside
the abscess, and a boundary layer. This is the approach used in previous reports by Baran et al (2019) and Li
et al (2022). In this case, optical properties of the abscess wall and surrounding tissuewere both assigned the
valuesmeasured in post-MB spectroscopymeasurements.
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The illumination sources simulatedwere physically accuratemodels of either the flat-cleaved opticalfiber
used clinically or a spherical diffusing fiberwith an outside diameter of 2 mm. In both cases, the distal end of the
fiberwas positioned at the center ofmass of the abscess cavity, and a fluence rate of 1 mWwas delivered by
simulation of 107 photon packets. Outputfluence ratemapswere scaled linearly to simulate higher delivered
optical power, with amaximumvalue of 10,000mW.All simulationswere performed using aQuadro RTX6000
graphics processing unit (NVIDIACorporation, Santa Clara, CA).

Simulation conditions
For bothflat-cleaved and spherical sources, we simulated three conditions:

(1) Assumed treatment—absorption (μa) and scattering (μs) coefficients for the abscess wall were set to the
assumed values ofμa= 0.2 cm−1 andμs= 100 cm−1. The lipid emulsion (Intralipid) concentrationwas
fixed at 1% (m ¢s = 11.4 cm−1), and the delivered laser powerwas set to that delivered clinically for each
subject. Clinically, the laser powerwas determined bymeasurement of abscess dimensions on pre-
procedure CT imaging and a desiredfluence rate of 20 mW cm−2 at the shortest axis of these dimensions,
and did not include knowledge of subject optical properties. This case wasmeant to represent the dosewe
assumedwas delivered clinically, which did not include patient-specific optical properties.

(2) Delivered treatment with measured optical properties—μa and μs were set to the optical properties
measured for each individual subject, while the lipid emulsion concentration and laser powerwere fixed at
the values used clinically. This case represents a simulation of the dose delivered clinically.

(3) Treatment planning with measured optical properties—μa and μs were set to the optical properties
measured for each individual subject, and the lipid emulsion concentration and delivered laser powerwere
optimized as described below. This case represents the treatment plan that would have been utilized if the
treatment protocol were able to bemodified on a patient to patient basis.

For the treatment planning case, the goal was to determine the delivered optical power (threshold optical
power) and lipid emulsion concentration necessary to achieve a desiredfluence rate of at least 4 mW cm−2 or
20 mW cm−2 in 95%of the abscess wall, while limiting the portion of thewall that received afluence rate of
400 mW cm−2 to less than 5%. The 4 mW cm−2 target is based upon an efficacious pre-clinical condition
(Haidaris et al 2013, Chan et al 2023), while the 20mWcm−2 target is the target fluence rate used clinically
(Baran et al 2023) to account for themore demanding in vivo scenario. Since a threshold fluence rate is required
to overcome cellular repair of sublethal damage (Veenhuizen and Stewart 1995) andfluence scales linearly with
time for a certain fluence rate, we have elected to simulate only fluence rate in the present study. Thefinal
treatment planwas determined by the lipid emulsion concentration thatminimized the threshold optical power
while achieving the desired fluence rate target, with this concentration defined as the optimal lipid emulsion
(Intralipid) concentration on a per subject basis.

For the treatment planning case, we simulated lipid emulsion concentrations ranging from0% to 1%.
Assuming afixed scattering anisotropy (g) for lipid emulsion of 0.7, these concentrations corresponded toμs′ of
0–11.4 cm−1. The concentration used clinically was 1%, andwe previously found that lower concentrations
were optimal in a retrospective simulation study (Li et al 2022). The assumed values ofμa= 0.2 cm−1 andμs
= 100 cm−1 were based upon values reported for tissues in the peritoneal cavity (Wang et al 2005). Scattering
anisotropywas set to 0.7 inside the abscess, corresponding to the value for Intralipid at 665 nm (Staveren et al
1991), and 0.9 in the abscess wall and surrounding tissue.

Statistical analysis
For each of the simulation conditions described above, the following endpoints were calculated: (1)percentage
of the abscess wall receiving at least 4mWcm−2, (2) percentage of the abscess wall receiving at least 20mW
cm−2, (3) percentage of the abscess wall receiving at least 400 mW cm−2, and (4)delivered optical power
required to achieve the threshold fluence rates of 4 and 20 mW cm−2. Comparison of these between treatment
planning conditions was performedwith theWilcoxon test. Differences in the proportions of subjects that
achieved the desired 95%abscess wall coverage at a givenfluence ratewere compared using Fisher’s exact test.
Correlation between endpoints and abscess characteristics were calculated using the Spearman correlation
coefficient. Statistical analysis was performed inGraphPad Prism (v9, GraphPad Software, Inc., Boston,MA)
andMATLAB (R2022b, TheMathworks, Inc., Natick,MA).
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Results

Representative case
A representative case is shown infigure 1. A single slice of the segmentedCT scan is shown in figure 1(a), and a
rendering of the full segmentation is shown infigure 1(b). For this particular subject, optical properties at the
treatmentwavelength of 665 nmwere found to beμa= 0.08 cm−1 andμs′= 4.8 cm−1 prior toMB
administration, andμa= 49.4 cm−1 andμs′= 3.0 cm−1 followingMB administration. For the 528mW
delivered clinically and the clinically deployed 1% Intralipid concentration, this resulted in 49.4%of the abscess
wall achieving afluence rate of 4mWcm−2 with aflat-cleaved fiber. Simulationswere then run for Intralipid
concentrations ranging from0% to 1% Intralipid, as described above. As shown infigure 1(c), the optimal
Intralipid concentrationwas found to be 0.083%,with a corresponding optical power of 3914mW.As shown in
figure 1(d), this combination resulted in 95%of the abscess wall achieving the fluence rate target of 4mWcm−2,
while only 1.9% experienced a fluence rate of at least 400mWcm−2.

Treatment planning for flat-cleaved optical fibers
Across all 13 subjects, the targetfluence rate of 4 mW cm−2 was reached in 95%of the abscess wall using
assumed optical properties (μa= 0.2 cm−1,μs′= 10 cm−1) and the clinically delivered laser powers in all but one
subject (figures 2(a), (b)).Whenmeasured optical properties were simulatedwith 1% Intralipid and the laser
powers delivered clinically, abscess wall coverage at 4 mW cm−2 decreased significantly (p= 0.005,figures 2(a),
(b)), with only 5 subjects attaining the desired 95% coverage. However, whenmeasured optical properties were
incorporated into treatment planning (TP), afluence rate of 4 mW cm−2 was achieved in 95%of the abscess wall
for all cases. Further, treatment planning decreased the portion of the abscess wall receiving fluence rates
exceeding 400 mW cm−2 (figure 2(e)), and reduced the number of subjects expected to experience this high
fluence rate overmore than 5%of the abscess wall.

This treatment planning improvement was enabled by a reduction in Intralipid concentration relative to the
1%concentration deployed clinically and changes in delivered laser optical power. Themean optimal Intralipid
concentration across subjects, determined using themethod shown infigure 1(c), was found to be 0.14± 0.09%

Figure 1. (a)Pre-procedure computed tomography (CT) image for a representative subject. Themargin of the segmented abscess area
is shown in light blue. (b) Segmented abscess rendered in three dimensions (3D) for the same individual. (c)Threshold optical power
as a function of Intralipid concentration inside the abscess. The intersection of the red horizontal and vertical dashed lines indicates
the optimal Intralipid concentration and corresponding optimal optical power for this subject after treatment planning. (d)Dose
volume histogram representing coverage of the abscess wall as a function offluence rate for the three simulated conditions.
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(μs′= 1.60± 1.03 cm−1)with a range of 0%–0.4% (μs′= 0–4.6 cm−1). As seen infigure 3, the optimal laser
powerwas typically different from that delivered clinically, with some cases requiring greater laser power than
was used clinically and some requiring less. Therewas a slight increase in threshold optical power for treatment
planning relative to clinical values (figure 3), although this difference was not significant (p= 0.79).

We found that the required laser power to achieve 4mWcm−2 in 95%of the abscess wall was significantly
correlatedwithmeasuredμa at the abscess wall (ρ= 0.7, p= 0.008;figure 4(a)). However, this required power
was not significantly correlatedwith abscess surface area (ρ= 0.2, p= 0.53;figure 4(b)). This indicates that the
effects of abscess wall optical properties on required illumination power aremore pronounced than the effects of
abscess size.

Similar trendswere seen for the 20mWcm−2
fluence rate target. Aswith the 4mWcm−2 condition, there

was a significant decrease in the number of subjects attaining 95% coveragewhen applyingmeasured optical
properties and using the laser powers delivered clinically (p= 0.008,figures 2(c), (d)). However, the number of
cases where 95% coveragewas not attainable for both assumed andmeasured optical properties increased
compared to the 4mWcm−2 case (figure 2(c)). Additionally, therewere three subjects for which 95% coverage at
20mWcm−2 could not be achievedwith treatment planning.

Figure 2.Percentage of the abscess wall that received afluence rate above (a) 4mWcm−2 or (c) 20mWcm−2 under assumed,
measured, and treatment planning (TP) cases for all 13 subjects. The assumed case used the optical power delivered clinically and
assumed abscess wall optical properties (μa= 0.2 cm−1,μs′= 10 cm−1). Themeasured case used the optical power delivered clinically
andmeasured optical properties. The treatment planning (TP) case usedmeasured optical properties and determined the
combination of Intralipid concentration and optical power that resulted in 95%of the abscess wall achieving the desired fluence rate.
Each color represents an individual subject. Correspondingmeans and standard deviations across subjects are included for the (b) 4
mWcm−2 and (d) 20mWcm−2 cases. Percentage of the abscess wall that received afluence rate above 400mWcm−2 for these three
cases at thresholds of (e) 4mWcm−2 and (f) 20mWcm−2. * p< 0.05 ** p< 0.01.

6

Phys.Med. Biol. 69 (2024) 055031 ZLi et al



Treatment planning for spherical diffusers
In addition to performing treatment planning for the flat-cleaved opticalfibers used to deliver laser illumination
clinically, we also examined the use of spherical diffusers for light delivery. Similar trendswere observed, with
lower coverage of the abscess wall at a specific fluence rate thresholdwhenmeasured optical properties were
simulated, relative to assumed optical properties. Additionally, after treatment planning the 4 mW cm−2 and
20 mW cm−2

fluence rate thresholdswere achievable in 95%of the abscess wall for all cases. However, the
spherical diffuser case required lower optical power and had a lower optimal Intralipid concentration compared
to theflat-cleaved fiber results (figure 5). The optimal Intralipid concentration decreased significantly from0.14
± 0.09%(μs′= 1.60± 1.03 cm−1) to 0.028± 0.026% (μs′= 0.32± 0.30 cm−1) (p= 0.0005, figures 5(a), (c)), and
the required laser power decreased significantly from theflat-cleaved case (1274± 1682 mWversus 564±
716 mW, p= 0.0002,figures 5(b), (d)).

Effects of eliminating intra-cavity lipid emulsion
While our clinical study included 1% Intralipid within the abscess cavity during illumination andwe have found
that a non-zero Intralipid concentration is optimal for bothflat-cleaved and spherical diffuser fibers, we also
simulated the case of 0% Intralipid within the cavity. This represents the case where a non-scattering index-
matching fluid is infused into the cavity. Across all 13 subjects, 69%of subjects could reach the 4mWcm−2

fluence rate threshold in 95%of the abscess wall after treatment planning using aflat cleaved fiber, while all
subjects could achieve the same criterion using a spherical diffuser. As expected, these results weremore
favorable for the spherical diffuser (figure 6), as theflat-cleaved fiber requires intra-cavity scattering to reduce

Figure 3. (a)Comparison of the optical power that was delivered clinically and optimal optical power determined by treatment
planning (TP) for all 13 subjects. Each color represents an individual subject. (b)Correspondingmeans and standard deviations across
subjects.

Figure 4.Relationship between optical power required to achieve afluence rate of 4mWcm−2 in 95%of the abscess wall after
treatment planning and (a) abscess wallμa, or (b) abscess surface area, using flat cleaved fiber.
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the forward-peaked nature of light emitted from the fiber. Forflat-cleaved fibers, a greater laser powerwas
typically required to achieve thefluence rate target, relative to conditions including intra-cavity scattering. For
spherical diffuser fibers, the required optical powerwas decreased relative to conditions including scattering
(p= 0.004).

Figure 5.Comparison between flat-cleaved and spherical diffuser fibers at a 4mWcm−2
fluence rate threshold for subject-specific (a)

optimal Intralipid concentration and (b) required optical power after treatment planning (TP). Correspondingmeans and standard
deviations are included for (c) optimal Intralipid concentration and (d) required optical power. Each color represents an individual
subject. *** p< 0.001.

Figure 6. (a)Comparison of threshold optical power after treatment planning between flat cleavedfibers and spherical diffuserfibers
for the case of 0% Intralipid concentration at a 4mWcm−2

fluence rate thresholdwith (b) correspondingmeans and standard
deviations across subjects. ** p< 0.01.
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Assumption of post-MB optical properties
All prior results reported here simulated the effects ofMBpenetration into the abscess wall by assigning optical
propertiesmeasured afterMB instillation and aspiration to a 200μmthick layer at the abscess wall. Surrounding
tissue optical properties were set to thosemeasured prior to the administration ofMB. This wasmeant to
simulate the relatively shallow penetration ofMB into tissue observed in prior studies (Genina et al 2002,
Bashkatov et al 2005, Kosarieh et al 2021,Wang et al 2023). To examine the effects of this assumption, we also
simulated an artificial conditionwhere optical propertiesmeasured post-MBwere assigned to the abscess wall
and surrounding tissue. Aswould be expected, abscess wall coverage decreasedmarkedly relative to the 200μm
layer case. Further, 95% coverage of the abscess wall could only be achieved in 31%of cases for the 4mWcm−2

threshold as opposed to 100% in the 200μm layer case.

Discussion

In this study, we found that simulation of PDTof deep tissue abscesses with optical propertiesmeasured in
treated human subjects reduced the proportion of the abscess wall attaining a given fluence rate target, relative to
assumed optical properties. However, by applying patient-specific treatment planning using thesemeasured
optical properties andmodifying the Intralipid concentration present within the abscess during PDT and the
delivered laser power, the desired 95% coverage of the abscess wall could be recovered. This was true for both the
clinically utilizedflat-cleaved optical fibers and spherical diffuserfibers, with spherical fibers potentially allowing
for lower laser power and reduced Intralipid concentration. These resultsmotivate the prospective application
of patient-specific treatment planning in future clinical trials of PDT for treatment of abscesses, and highlight
the importance of optical propertymeasurements prior to PDT.

Wehave previously shown that patient-specific treatment planning incorporating knowledge of optical
properties improved eligibility for abscess PDT in a retrospective population using assumed ranges of tissue
absorption and scattering21.Here, we demonstrated similar improvements usingmeasured optical properties
from subjects that received PDT at our institution. Other groups have also investigated dosimetry and treatment
planning for PDT in hollow cavities, including for the bladder (Lilge et al 2020), oropharynx/nasopharynx (Nyst
et al 2007, Jerjes et al 2009,Quon et al 2011b, vanDoeveren et al 2020), and pleural cavity (Friedberg et al 2012,
Zhu et al 2020). Of note,many of these prior studies did not incorporatemeasured optical properties for
individual patients, but instead either used assumed values or required insertion of separatefibers for dosimetry.
This study therefore represents a step forward in patient-specific treatment planning for PDTof hollow cavities,
including the effects of highly variable abscess wall optical properties andMBuptake.

Whileflat-cleaved opticalfibers were used in the clinical setting for the subjects described here, we also
simulated spherical diffuser fibers.We found that spherical diffusers allowed for lower laser power and lower
Intralipid concentration to achieve the same coverage asflat-cleaved fibers.However, themain disadvantage of
spherical diffusers is their lower tolerance for high optical power compared toflat-cleaved fibers. For example,
theMedlight spherical diffuser (SD200,Medlight SA, Ecublens, Switzerland) can only handle an input optical
power of 3W inwater or 1W in air. For the abscesses treated here, the optical power delivered clinically was as
high as 1571mW.Anticipating treatment of larger abscesses in future studies, we are planning to utilize a laser
systemwith output optical power as high as 10W. TheseMedlightfibers would therefore be insufficient.
However, alternative spherical diffusers, such as the Luminous Spherical Diffuser (Schott AG,Mainz, Germany),
are rated for optical powers as high as 20W. In addition to their higher power transmission capabilities, there is
also the possibility to useflat-cleaved fibers for quantitative optical spectroscopy (Yu et al 2016). In this way, the
additionalfiber optic probe currently required could be eliminated in favor of an approach that uses the
treatmentfiber for both low power optical propertymeasurement and delivery of high power treatment light.
Validation of this approach is currently ongoing.

Based upon thefindings reported here, the lipid emulsion concentration can clearly be lowered in future
studies. The 1% lipid emulsion concentration used in the clinical studywas based upon an apparent
improvement influence rate distribution for higherMB concentrations at higher lipid emulsion concentration
(Baran et al 2019). However, thisfinding has not been replicated here or in a prior simulation study (Li et al
2022). Themean optimal lipid concentrationwas found to be 0.14± 0.09% (μs′= 1.60± 1.03 cm−1) across all
subjects examined here, and 0%–0.25% in a prior simulation study (Li et al 2022). As other investigators have
also found that lower intra-cavity lipid concentrations aremost efficient for PDTof hollow cavities such as the
bladder (Lilge et al 2020), this concentrationwill likely be reduced in future clinical studies. Similarly, theMB
concentration used clinically was likely too high, as evidenced by the large values of absorption at 665 nm.
Further justification for use of lowerMB concentrations is discussed in detail byHannan et al (2023b).

The exact effects ofMB concentration are also dependent upon the penetration ofMB into the target region
during the drug-light interval. Aswe have shown here, simulation of a thin layer representingMBpenetration
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results in amuch larger proportion of subjects being eligible for PDT.However, the penetration depth assumed
here is based upon reports in other tissue types forMB (Genina et al 2002, Bashkatov et al 2005, Kosarieh et al
2021,Wang et al 2023), rather than those determined directly in abscesses. Thismotivates directmeasurement
ofMBdepth penetration into abscess tissue. This would be difficult or impossible in human subjects, as any
damage to the abscess wall could result in abscess rupture and sepsis. However, animalmodels of abscess
formation do exist in rabbits (Guirao et al 1995) and sheep (Sellera et al 2016). Thesemodel systems could be
used to quantifyMBdepth penetration, similarly towhat has been done for other photosensitizers in various
sites (Svaasand et al 1996, Gerritsen et al 2008, Kosarieh et al 2016).

Some limitations are acknowledged in the execution of this study. These results are derived froma relatively
small sample (n= 13), so there is potential for selection bias. Since optical properties were onlymeasured at a
single location, we alsomake assumptions on homogeneity of optical properties. Tissue optical properties can be
heterogeneouswithin a given region, and this heterogeneity can result in changes in absorbed light dose
(Johansson et al 2007). As our simulation framework can incorporate voxel-specific optical properties, future
studies will focus onmethods formapping of heterogeneous optical properties and their effects on treatment
planning. In this study, we also examined the effects ofMBdepth penetration on treatment planning. As
described above, we do not have data on the penetration ofMB into abscess tissue over the 10 min drug-light
interval employed in our clinical study. Inaccuracy inMBpenetration depth could therefore affect the treatment
planning results reported here. Finally, abscessmorphologywas based upon pre-procedure CT imaging. For the
subjects described here, the interval between pre-procedure imaging and treatment varied from0 to 7 days. It is
therefore possible that abscess shapewas slightly different at the time of PDT. Thismotivates utilization of CT
imaging immediately prior to PDT, in order to capture accurate abscessmorphology. This could be facilitated by
real-time abscess segmentation, which has been demonstrated for orbital abscesses (Fu et al 2021).

Conclusions

Wedetermined that the ranges of optical propertiesmeasured in human abscesses result in decreased coverage
of the abscess wall at a desired fluence rate for PDT.However, inclusion of thesemeasured optical properties
into patient-specific treatment planning returned delivered fluence rates to the desired levels bymodification of
intra-cavity Intralipid concentration and delivered laser power.

These findingsmotivate the performance of patient-specific treatment planning prospectively in future
patients receiving PDT. It is anticipated that this will result in improved coverage of the abscess wall at an
efficacious fluence rate, whichwill improve response to PDT and reduce negative clinical outcomes. In order to
test this, we are currently planning a Phase 2 clinical trial that will directly compare PDT efficacy between afixed
light dose and patient-specific treatment planning.
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