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Background: Osteonecrosis of the jaw (ONJ) management remains challenging due to the lack of stan-

dardized surgical margin criteria. Bone autofluorescence (AF) has shown potential to distinguish necrotic

from vital bone tissue intraoperatively.

Purpose: The study aimed to measure the association between bone AF intensity and histopathologic

diagnosis to explore the potential of a new spectrophotometric method for real-time assessment of

bone vitality.

Study Design, Setting, and Sample: This was a prospective, multicentric, cross-sectional ex vivo study

including 40 subjects treated for ONJ at 2 Italian university hospitals between 2023 and 2024. Exclusion

criteria were age <18 years and inability to provide informed consent.

Predictor Variable: The predictor variable was bone AF intensity coded as vital (CTRL) or necrotic

(ONJ).

Outcome Variable: The primary outcome variable was histologic tissue diagnosis coded as vital or

necrotic. The secondary outcome was to assess whether systemic or pharmacological variables could in-

fluence the spectrophotometric measurements.

Covariates: Covariates included clinical history, pharmacologic treatments, and ONJ characteristics.
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Analyses: Descriptive statistics were computed for all variables. Normality was assessed with the

Shapiro–Wilk test, and group differences were analyzed using parametric and nonparametric tests. A

mixed-effects modeling framework was applied to account for repeated measures, including a linear

mixed-effects model for fluorescence ratios and a mixed-effects logistic regression to assess the association

between AF and histology; diagnostic accuracy was derived from model-based probability thresholds.

Results: The sample included 33 females (82.5%) and seven males (17.5%) with a mean age of

68.4 ± 11.9 years. A total of 294 spectral points were analyzed (147 necrotic, 147 vital). The mean photon

count at 500 nm for the areas with ONJ was 7,886 ± 4,452, while the mean photon count at 500 nm for the

healthy areas was 33,825 ± 10,791. The mean loss of fluorescence intensity (LoFI) ratio was 5.2 ± 2.4.

Fluorescence did not differ by oncologic status (P = .8) but was significantly reduced in patients treated

with new antiresorptive drugs (P = .004).

Conclusions and Relevance: Quantitative bone AF was directly correlated with histopathologic vitality.

This objective, real-time method may improve the precision of surgical margin identification in ONJ man-

agement.

� 2025 The Authors. Published by Elsevier Inc. on behalf of the American Association of Oral and

Maxillofacial Surgeons. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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The American Association of Oral and Maxillofacial

Surgeons updated its Position Paper in 2022 high-

lighting that medication-related osteonecrosis of the

jaw (MRONJ) should be distinguished from other

forms of osteonecrosis of the jaws (ONJ) and thus iden-

tified early by history and clinical exam.1 The last Ital-

ian update of 2020 defined MRONJ as bone necrosis

occurring in patients exposed to bone-modifying

agents (BMAs) and/or antiangiogenic agents (AAs),

with no history of radiation therapy to the jaws or pri-

mary or metastatic malignancy involving the jaws.2 Os-

teoradionecrosis (ORN), on the other hand, should be

suspected in patients with a history of radiotherapy to

the jaws.3

In both conditions, the treatment strategies range

from conservative to surgical.4,5 In the last years, inno-

vative treatment modalities have been studied as an

alternative to invasive treatment, such as hyperbaric

oxygen (HBO) therapy, ozone therapy (OT), and low-

level laser therapy (LLLT) showing good results,

although large-scale evidence remains limited.6,7

The main issue regarding MRONJ treatment is recur-

rence, which appears to be influenced by the duration

of pharmacologic therapy, the presence of bacterial

infection within necrotic areas, and the treatment

modality adopted.8,9 Xiaobo Dai et al state that the

persistence of residual necrotic tissue contributes

significantly to recurrence rates, which is estimated in

the literature to be between 11 and 39% for

MRONJ.7,10-12

Similarly, ORN carries a risk of recurrence, related to

the severity of the initial disease and the surgical

approach employed.13

The expert panel of the Italian Scientific Societies of

Maxillofacial Surgery (SICMF) and Oral Pathology and

Medicine (SIPMO) recognizes that among the factors

that could negatively influence the result of surgery

is ‘‘the lack of a common strategy to define the surgical

bone margins’’.14 Resection margins should ideally

extend beyond the borders of necrotic bone into areas

of vital, bleeding bone. However, their delineation

currently relies on preoperative radiographic imaging

and clinical bone characteristics. Both indicators have

significant limitations and are highly dependent on

interpretation and subjectivity.15,16

In recent years, increasing interest has focused on

fluorescence-guided bone surgery, with or without

fluorescent tetracycline labeling, as a promising tech-

nique to improve the intraoperative identification of

surgical margins and increase the precision of necrotic

bone removal.14,16-19

However, current fluorescence-based methods rely

on qualitative visual assessment, which remains sub-

jective. To maximize the potential of bone autofloures-

cence (AF), it is necessary to develop a tool that

evaluates the degree of fluorescence emitted numeri-

cally, to give an objective quantification of spectral

emission through photon count, not subject to

interpretation.

The purpose of this study is to measure the associa-

tion between bone AF intensity and histopathologic

diagnosis to explore the potential of a new spectro-

photometric method for real-time assessment of

bone vitality.

Based on this premise, the working hypothesis is

that necrotic bone tissue exhibits statistically signifi-

cant lower fluorescence intensity compared to vital

bone, and that this difference can be objectively quan-

tified through spectrophotometric photon counting.

Accordingly, the specific aims of the study are: 1) to
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measure the fluorescence emission spectra of vital and

necrotic bone using a novel spectrophotometric

system, 2) to compare fluorescence intensity values

with histopathologic findings in order to evaluate diag-

nostic accuracy, and 3) to explore potential influences

of clinical and pharmacological variables on fluores-

cence intensity measurements.

Materials and Methods

STUDY DESIGN AND SAMPLE

The study was a prospective, multi-centric, preclin-

ical ex vivo study. It was approved by the local ethical

committees of two participating centers: the promot-

ing center was the Azienda Ospedaliero-Universitaria

di Parma (AVEN ethical committee: study number:

739/2022/TESS/AOUPR AFBONE), and the affiliated

center is IRCCS Azienda Ospedaliero Universitaria di

Bologna, Policlinico Sant’Orsola (AVEC ethical com-

mittee: study number: 331/2023/Sper/AOUBo). The

research was conducted according to the Helsinki

Declaration. All patients signed informed consent to

the use of their data for research purposes.

The study population was composed of patients sur-

gically treated for osteonecrosis of the jaw between

2023 and 2024 at the 2 hospitals. To be included in

the study, patients had to be older than 18 years, be

able to provide informed consent, and present with

a diagnosis of osteonecrosis of the jaws requiring sur-

gical therapy.

Patients were excluded if they were under 18 years

of age or unable to provide informed consent.

STUDY VARIABLES

The primary predictor variable was bone AF photon

count at 500 nm, corresponding to the emission peak

of collagen-related fluorophores in vital bone. AF emis-

sion intensity was quantitatively measured using a fi-

ber optic spectrophotometric system which emits a

violet light with a wavelength in the range of

400-430 nm.

For each bone specimen, the mean photon count at

500 nm was recorded.

During spectral acquisition, measurement sites

were clinically classified as CTRL (control group) (clin-

ically healthy bone) or ONJ (clinically necrotic bone)

to distinguish between the 2 types of regions within

each patient.

The primary outcome variable was the histopatho-

logical diagnosis of bone tissue, categorized as vital

or necrotic. Histological evaluation was performed

on all bone fragments obtained from both clinically

healthy and necrotic areas.

Vital bone was defined by the presence of viable os-

teocytes within well-organized lacunae and a pre-

served trabecular and collagen matrix. Necrotic bone

was characterized by empty osteocytic lacunae, disor-

ganized trabeculae, and extensive degradation of the

collagen network.

For each necrotic site (checked histologically), the

number of photons emitted at 500 nm was calculated

and compared with the number of photons emitted at

500 nm by the marginal control bone (checked histo-

logically as vital bone).

The ratio between the 2 measurements is called LoFI

(loss of fluorescence intensity) and represents an objec-

tive measure for assessing objectively the degree of ne-

crosis produced by a loss of AF in that patient.

Assuming a LoFI equal to 1 would mean that

necrotic bone and healthy bone have the same fluores-

cence intensity (null hypothesis).

Secondary outcome was to investigate whether sys-

temic or pharmacological anamnestic variables could

influence the spectrophotometric measurements.

More specifically, since MRONJ is generally caused

by the intake of bisphosphonates or new antiresorp-

tive drugs, we investigated whether fluorescence in-

tensity varies differently following the use of these

different molecules.

Covariates included clinical and pharmacological

characteristics potentially influencing AF intensity:

age, sex, smoking habit, diabetes, autoimmune and

oncological diseases, and pharmacological therapies.

In particular, the exposure to oral anticoagulants,

corticosteroid therapy, bisphosphonates, or other anti-

resorptive and anti-neoangiogenic drugs was re-

corded. Information about necrosis was also

recorded: localization, stage at diagnosis (the Amer-

ican Association of Oral and Maxillofacial Surgeons

staging), and any trigger event.2

POWER AND SAMPLE SIZE ANALYSIS

For osteonecrosis of the jaws, preliminary data (un-

published) suggested an average auto-fluorescence ra-

tio (CTRL/ONJ) exceeding 2.5, corresponding to a

large effect size (Cohen’s d), well above 1. Using a con-

servative estimate of d = 1 and assuming a two-tailed

test with a statistical significance level of α = 0.05

(5%) and statistical power (1 − ß) = 0.95 (95%), the min-

imum required sample size, calculated with G*Power v.

3.1.9.7 (retrieved from: https://www.psychologie.

hhu.de/arbeitsgruppen/allgemeine-psychologie-und-

arbeitspsychologie/gpower), was 16 participants. To

account for potential dropouts, a minimum of 20 sub-

jects was considered appropriate for enrollment.

DATA COLLECTION METHODS

Spectrophotometric Setup

The spectrophotometric setup was composed of

the following items (Fig 1): an LED source (LLS,
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Ocean Optics, Dunedin, FL, USA), which emits a vio-

let light with a wavelength in the range of

400-430 nm, the one that has proven to be the most

suitable for the inducement of AF in human tissues;

2 dichroic filters (Thorlabs, Newton, NJ, USA) and fil-

ter holders (Mightex), which permit to delate all the

unwanted wavelengths from excitation light and the

collected emission light; a bifurcated optical fiber

probe (Ocean Optics), which is necessary for tissue

irradiation and collecting the emission light from

the tissue; a spectrophotometer (Flame, (Ocean Op-

tics), whose function is to measure the spectrum of

the collected emission light in the visible range above

the excitation wavelengths; and a personal computer

(Linux operating system), used to control the spec-

trophotometer.

A specific software application (SW) was also devel-

oped in C language and integrated into the spectro-

photometer setup (HW). The software acquires the

AF spectra of the specimen, processes the acquired

spectra, saves the processed spectra into a database

(DB), and generates a unique code for each sample.

The International Organization for Standardization

date-time format yyyymmdd_hhmmss is used to

FIGURE 1. Schematic composition of the spectrophotometric setup.

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

FIGURE 2. Frame of the analyzed sample with localization of the area to be scanned (A); graphic marking of the precise point that will be
scanned (B); scanning of the area (C).

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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generate a unique identifier (ID) for each sample, to

ensure anonymity, to perform a postprocessing anal-

ysis of the spectra that are saved in the DB, and to

plot the results of the postprocessing analysis.

Study Protocol

After surgical excision, the fluorescence of each

ex vivo bone specimen was evaluated using the spec-

trophotometer setup.

Each sample was washed to remove blood residues

that could alter fluorescence.20

All sampled surfaces were photographed to pre-

cisely document the locations where the fluorescence

examination was performed (Fig 2). These images

ensure accurate localization of the sampling sites, al-

lowing for a precise correlation between the analyzed

areas and the obtained results (Fig 3A,B).

The sampled areas were irradiated with the optical

fiber emitting in the 400-430 nm range (Fig 3C). The

emitted light was recorded by the same optical fiber

and was filtered to remove the reflected excitation

light and selectively isolate the AF emission. The AF

emission is measured by spectrophotometer and pro-

cessed by the software. For each analyzed area, the

SW produces a graph with the emitted fluorescence

spectrum, which can be visualized both in absolute

modality and normalized to 500 nm modality to better

appreciate the variations in shape (Fig 3D-F).

The obtained spectrum was correlated with the histo-

pathological aspect to establish a correlation between AF

alteration and histopathological alteration (Fig 3E-G).

The same procedure is then performed on the bone

at the resection margin considered clinically healthy.

The piece of bone at the margin is separated from the

clinically necrotic portion, and both spectrophotometric

and histopathological examinations were performed.

Figure 4 shows step-by-step the technique and

shows where the fluorescence spectrophotometric

analysis fits in and how it helps to standardize the

choice of resection margins.

After raising the full-thickness mucosal flap, the

necrotic bone sequestration was removed (Fig

4C,D). The bone specimen was cleaned and irradiated

with the setup’s optical fiber at several precisely

marked points (Fig 4E). Interestingly, the necrotic

bone sample exhibits a red fluorescence so intense

that it can be seen without bandpass filters, and this

is the fluorescence from the porphyrins in the bacte-

rial load (Fig 4F).

The obtained spectrum shows a curve typical of

necrotic bone, and the SW provides a measure of the

photon count (ie, a quantitative measurement of AF)

(Fig 4G). The photon count at 500 nm was 2,500; addi-

tionally, spectral graphs revealed additional peaks at

630-650 and 700 nm, indicating the presence of

porphyrins.

At this point, further bone was removed using in-

struments that allow for great surgical precision,

such as Piezosurgery and the Er:YAG laser21 (Fig

4H,I). A small sample of residual bone was now

removed and irradiated again with the optical fiber

(Fig 4J): the obtained spectrum has a linear curve,

FIGURE 3. Diagram showing the workflow: the necrotic sample is irradiated with the probe, the same probe collects and measures the emitted
fluorescence, producing a graph, subsequently the data are correlated with the histopathological analysis of the precise irradiated point (A-C-D-
E). The same workflow is applied to the healthy marginal resection specimen (B-C-F-G).

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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and the photon count at 500 nm has now risen to

22,000 (Fig 4K). The healthy/diseased ratio is approx-

imately 8.8, meaning that the residual bone has

average fluorescence intensity eight times greater

than fluorescence intensity of the diseased bone. At

this point, the procedure can be completed, and the

flap closed with sutures (Fig 4L).

DATA ANALYSES

Data analysis was performed using IBM SPSS Statis-

tics for Windows (version 29, IBM Corp., Armonk,

NY) and the open-source statistical system Jamovi v

.2.7.6 (The jamovi project (2025)). Measures of cen-

tral tendency, dispersion, and shape were calcu-

lated for all the variables in the data set.

Summaries included arithmetic mean, median, SD,

interquartile range, minimum, maximum, asymme-

try, kurtosis, the relevant standard errors, and 95%

CIs. Normality of the data was tested by the

Shapiro–Wilk test. Categorical data were reported

in frequency tables and expressed as absolute, rela-

tive, cumulated frequencies, and percentages.

Univariate comparisons between continuous

variables were performed using both parametric

test (Student’s t test, analysis of variance and

nonparametric test (Mann-Whitney’s U test,

Kruskal-Wallis test).

Statistical significance was set at P < .05.

Since multiple fluorescence spectra were collected from

both vital and necrotic areas of the same subject, indepen-

dence between observations could not be assumed. There-

fore, a mixed-effects modeling framework was adopted to

account for within-subject correlation.

A linear mixed-effects regression (LME) was used to

evaluate the within-patient variability of the fluores-

cence ratio (LoFI= CTRL/ONJ), including a random

intercept for patient ID to account for repeated mea-

sures. The fixed effect tested whether the mean LoFI

significantly exceeded 1, corresponding to higher fluo-

rescence intensity in vital bone.

A mixed-effects logistic regression model was

applied to assess the association between AF intensity

and histopathologic diagnosis (vital vs necrotic bone).

Tissue type (0 = vital, 1 = necrotic) was the outcome

variable, AF photon count was the fixed effect, and pa-

tient ID was the random intercept.

A decision threshold for AF was derived from the lo-

gistic model at a predicted probability of necrosis

equal to 0.5, from which sensitivity, specificity, and

overall diagnostic accuracy were calculated. CIs

FIGURE 4. Explanatory representation of the technique using a clinical case. Case of unexposed stage II ONJ with extensive area involving the
maxillary bone (A, B). The necrotic bone sequestrum is removed (C, D), the necrotic bone is irradiated, and the fluorescence emission spectrum is

visualized (E-G). Further bone is selectively removed, with extremely precise technologies such as piezosurgery (H) or Erbium laser (I). Now, a
sample of clinically healthy bone is removed and analyzed using setup (J, K). Once a spectrum with intensity and shape compatible with healthy
bone is obtained, the margins are considered definitive, and suturing is performed (L). In panels g and k, a green dashed line at 500 nm high-
lights the collagen-associated emission peak, while 2 red dashed lines indicate the porphyrin emission range between 630-650 and 700 nm.

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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were estimated by clustered (patient-level)

resampling.

The within-patient contrast between tissue types

was summarized by the CTRL/ONJ ratio and log-

transformed and analyzed using a one-sample t test;

geometric mean ratios and 95% CIs were obtained by

back-transforming log-scale estimates.

Results

DESCRIPTIVE SAMPLE ANALYSIS

A total of 40 subjects were enrolled, 33 females

(82.5%) and seven males (17.5%). The mean age was

68.4 ± 11.9 years (minimum: 40 years; maximum: 91

years). Twenty-five patients out of 40 (62.5%) were

nonsmokers, nine were smokers (22.5%), and five

were ex-smokers (12.5%). Only three out of 40

(7.5%) patients were affected with an autoimmune dis-

ease, four out of 40 (10%) were taking corticosteroid

drugs, and nine out of 40 (22.5%) taken oral anticoag-

ulant drugs.

Thirty-two out of 40 patients (80%) were affected by

oncological disease, 21 had taken bisphosphonates

(52.2%), 17 had taken new antiresorptive drugs

(42.5%), and in two of these cases (5%), the patients

had taken both bisphosphonates and monoclonal

antibodies.

Regarding the characteristics of ONJ, Table 1 sum-

marizes the etiology of the necrosis, the localization,

the stage at the time of diagnosis, and the presence

of a trigger event.

All bone specimens submitted for histologic exami-

nation confirmed the clinical and spectrophotometric

assessments, showing complete concordance be-

tween autofluorescence-based evaluation and histo-

pathologic diagnosis of necrotic and vital bones.

However, 7.5% of samples (n = 3) were histologically

classified as ‘‘vital bone with sclerotic changes consis-

tent with prior bisphosphonate therapy’’.

SPECTRAL ANALYSIS OF FLUORESCENCE INTENSITY

The total number of spectral points analyzed was

294: 147 points corresponded to necrotic areas and

147 points corresponded to vital areas.

The mean photon count at 500 nm for the areas with

ONJ was 7,886 ± 4,452, while the mean photon count

at 500 nm for CTRL was 33,825 ± 10,791 (Table 2).

The comparison between the photon count in the

ONJ group and the control group was statistically sig-

nificant in both parametric and nonparametric tests

(P < .001) (Table 2 and Fig 5).

Figure 6 shows the data from the 2 groups paired

with each control. The downward trend is evident

Table 1. DISTRIBUTION OF PRIMARY DISEASE,
LOCALIZATION, CLINICAL STAGE, AND PRESENCE OF
TRIGGER EVENTS IN THE STUDY POPULATION. THE
MAJORITY OF CASES WERE ASSOCIATED WITH BONE

METASTASIS (62%), MOST FREQUENTLY FROM
BREAST CANCER (40%). LESIONS WERE PREDOMI-
NANTLY LOCALIZED IN THE MANDIBLE (73%), AND
MOST PATIENTS PRESENTED AT STAGE II (65%). A
TRIGGER EVENT WAS IDENTIFIED IN 32% OF CASES,
MOST COMMONLY TOOTH EXTRACTION (61%)

Primary Disease, Localization,

Stage, and Trigger Event No %

Primary disease

Bone metastasis 25 62%

Breast cancer 16 64%

Kidney cancer 4 16%

Lung cancer 1 4%

Prostate cancer 2 8%

Stomach cancer 1 4%

Breast + lung cancer 1 4%

Multiple myeloma 4 10%

Head and neck cancer 3 7%

OSCC tongue 2 67%

Parotid gland cancer 1 33%

Osteoporosis 5 13%

Osteoperosis 2 5%

Unknown 1 3%

Localization

Maxillary 11 27%

Mandibular 29 73%

Stage

I 5 12%

II 26 65%

III 9 23%

Presence of trigger event

No 27 68%

yes 13 32%

Extraction 8 61%

Perimplantitis 3 23%

Periodontitis 1 8%

Dentures 1 8%

Giovannacci et al. Spectrophotometric Autofluorescence Assess-

ment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

Table 2. ANALYSIS OF 294 SPECTRA (ONJ VS CTRL)

SHOWS A MARKED DIFFERENCE IN MEAN PHOTON
COUNTS AT 500 NM. BOTH PARAMETRIC AND
NONPARAMETRIC TESTS CONFIRM A HIGHLY
SIGNIFICANT DIFFERENCE BETWEEN NECROTIC AND
HEALTHY AREAS (P < .001)

n Mean ± SD Median [IQR] P Value

ONJ 147 7,886 ± 4,452 6,217 [5,444] <.001*

CTRL 147 33,825 ± 10,791 33,680 [7,638] <.001†

Note. Ha μ Measure 1 - Measure 2 ≠ 0.
* Paired samples t test: 1Student’s t, 2Wilcoxon W.
† Paired samples t test: 1Student’s t, 2Wilcoxon W.

Giovannacci et al. Spectrophotometric Autofluorescence Assess-

ment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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toward the ONJ group for each of the pairs (the

average trend is in bold).

Figure 7 shows the distribution of photon counts in

the 2 groups. The graph clearly shows that the 2 distri-

butions have an almost negligible overlap.

LOSS OF FLUORESCENCE INTENSITY (LoFI)

EVALUATION

The ratio of fluorescence intensity at 500 nm be-

tween the healthy areas and diseased areas is on

average 5.23 (Table 3). This means that, on average,

healthy bone shows fluorescence more than five times

greater than the diseased area. Similarly, if the ratio be-

tween diseased and healthy areas is considered, the

result is 0.25. Both parametric and nonparametric sta-

tistical tests resulted extremely statistically signifi-

cant (P < .001).

The analysis of LoFI using a linear mixed-effects

model confirmed that all patient-level mean ratios

were significantly above the reference value of 1, indi-

cating consistently higher fluorescence in vital bone.

Figure 8 illustrates the mean LoFI values for each pa-

tient, with the red dashed line representing the null hy-

pothesis (LoFI = 1). All individual means (blue

FIGURE 5. Bar plot with mean and median values: Comparison of
fluorescence photon counts between ONJ and control (CTRL)
groups. Both mean values (±95% CI) and medians are shown, high-
lighting the markedly lower fluorescence signal in necrotic bone

compared with healthy bone.

Giovannacci et al. Spectrophotometric Autofluorescence Assess-
ment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

FIGURE 6. Paired analysis of photon counts in CTRL and ONJ groups for each sample, with the mean difference represented on the right. The
consistent reduction in photon counts in ONJ samples confirms the statistically significant fluorescence loss.

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

FIGURE 7. Density distribution, boxplots, and individual data

points of photon counts in CTRL and ONJ groups. The 2 distributions
show minimal overlap, indicating a clear separation between
healthy and necrotic bone fluorescence.

Giovannacci et al. Spectrophotometric Autofluorescence Assess-

ment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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columns) were clearly above this line. Statistical

testing confirmed a highly significant difference rela-

tive to 1 (P < .001).

ASSOCIATION BETWEEN AF INTENSITY AND

HISTOLOGIC DIAGNOSIS

The mixed-effects logistic regression showed a clear

inverse association between fluorescence intensity

and tissue necrosis. As AF values increased, the proba-

bility of necrosis significantly decreased. The fixed-

effect estimates were ß0 = 3.99 ± 0.41 and

ß1 = − 2.55 ± 0.29 (AF scaled by 10,000).

The corresponding odds ratio for necrosis was 0.08

(95% CI: 0.04-0.14), indicating that each 10,000-unit

increase in AF reduced the likelihood of necrosis by

about 92% (P < .001) (Table 4).

The fluorescence value corresponding to a pre-

dicted probability of necrosis of 0.5 was approxi-

mately 15,650 AF units (95% CI: 11,000-20,300).

Using this threshold, the model achieved a sensitivity

of 97.5%, a specificity of 87.5%, and an overall diag-

nostic accuracy of 92.5%.

Across all patients, fluorescence values were consis-

tently higher in vital bone than in necrotic bone. The

geometric mean ratio CTRL/ONJ was 4.53 (95% CI:

3.86-5.31), with a highly significant log-ratio test

(t = 19.1, df = 39, P ≈ 2.2 × 10− 21). All patients

showed ratios greater than 1, and 95% exceeded 3.4,

confirming a marked and consistent fluorescence

contrast between the 2 tissue types.

ANALYSIS OF FLUORESCENCE INTENSITY AS A

FUNCTION OF OTHER DESCRIPTIVE VARIABLES

None of the general anamnestic and pharmacolog-

ical variables (age, gender, smoking, diabetes, autoim-

mune, and corticosteroid and anticoagulant therapies)

resulted statistically significant.

However, the most interesting variables to analyze

with respect to the variation in fluorescence are the

presence of oncological diseases and the medications

taken that are related to the development of ONJ (ie bi-

sphosphonates and other antiresorptive drugs).

Regarding the presence or absence of oncological

diseases, no statistically significant variations were

found with correlation to fluorescence alteration.

The mean LoFI ratio was 4.8 ± 2.39 in the cancer pa-

tient group and 6.3 ± 2.6 in the noncancer patient

group. The difference was not statistically significant

(P = .8) (Fig 9E, Table 5).

Subsequently, the possible influence of medications

on fluorescence alteration was investigated.

In particular, the analysis was focused on those med-

ications associated with the development of MRONJ,

such as bisphosphonates and other antiresorptive

and anti-neoangiogenic drugs.

Table 3. DESCRIPTIVE STATISTICS AND ONE-SAMPLE TESTS FOR ONJ/CTRL AND CTRL/ONJ PHOTON COUNT RATIOS.
BOTH RATIOS SIGNIFICANTLY DIFFERED FROM THE NULL HYPOTHESIS VALUE OF 1 (P < .001, FOR BOTH STUDENT’S T
TEST AND WILCOXON W)

Ratio n Missing Mean ± SD Median [IQR] P Value

ONJ/CTRL 146 5 0.257 ± 0.157 0.209 [0.198] <.001*

<.001†

CTRL/ONJ 146 5 5,232 ± 2.717 4,772 [4.081] <.001*

<.001†

Note. Ha μ ≠ 1.
* One samples t test: 1Student’s t, 2Wilcoxon W.
† One samples t test: 1Student’s t, 2Wilcoxon W.

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

Table 4. PAIRED COMPARISON OF AUTOFLUORESCENCE PHOTON COUNTS (500 NM) BETWEEN NECROTIC AND
VITAL BONES, WITH P VALUES ADJUSTED FOR WITHIN-PATIENT CLUSTERING

n Mean ± SD Median [IQR] 95% CI P Value (Adjusted*)

Necrotic 40 7,886 ± 4,452 6,850 [4,120-10,200] —

Vital 40 33,825 ± 10791 31,500 [25,200-41,000] — <.001

* P value adjusted for multiple observations per subject (mixed-effects model).

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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Statistical analysis exploring the influence of bi-

sphosphonates and other antiresorptive and anti-

neoangiogenic drugs on CTRL/ONJ fluorescence ratio

(LoFI) shows that other antiresorptives have a statisti-

cally significant impact (P = .004).

The graph shown in Figure 10 shows that how the

LoFI varies as a function of the intake of the investi-

gated drugs.

The LoFI when taking both drugs is lowest (3.2:

which means healthy bone fluorescence is 3 times

greater than necrotic bone). This is followed by a

LoFI of 4.1 if only the new antiresorptive drugs are

taken, a LoFI of 5.6 if only bisphosphonates are taken,

and a LoFI of 7.1 if neither bisphosphonates nor new

antiresorptive drugs are taken.

This higher ratio of 7.1 in the case of no drug

(neither bisphosphonates nor new antiresorptives) is

justified not by a greater loss of fluorescence but by

a higher starting value of healthy bone.

Specifically, the mean photon count in the control

group was approximately 32,000 for both bisphosph-

onate (32,736 ± 13,115) and new antiresorptive ther-

apy (32,047 ± 17,195). For those not taking any drugs,

it was 41,515 ± 14,367. Looking instead at the photon

Table 5. DESCRIPTIVE STATISTICS FOR CTRL AND ONJ MEAN PHOTON COUNTS AND FOR THE CTRL/ONJ RATIO,
STRATIFIED BY GROUP STATUS (NO VS YES). BETWEEN-GROUP COMPARISONS WERE PERFORMED ONLY FOR THE
CTRL/ONJ RATIO USING INDEPENDENT SAMPLES T TESTS, WHICH SHOWED NO SIGNIFICANT DIFFERENCES (P > .6)

Mean Photon Counts Group N Mean ± SD Median [IQR] P-value

CTRL mean photon counts NO 8 34,364.2 ± 13,307.2 32,807.5 [5,560] -

YES 32 33,427.5 ± 12,475.8 33,680.1 [12,857] -

ONJ mean photon counts NO 8 6,172.7 ± 3,737.3 5,349.5 [1,491.5] -

YES 32 7,619.8 ± 3,112.8 7,336 [4,294] -

CTRL/ONJ ratio mean photon

counts

NO 8 6.32 ± 2.6 6.89 [3.74] .812*

YES 32 4.78 ± 2.39 4.22 [2.53] .666†

Note. Ha μNO ≠ μYES.
*Independent samples t test: 1Student’s t, 2Mann-Whitney U.
†Independent samples t test: 1Student’s t, 2Mann-Whitney U.

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

FIGURE 8. Mean fluorescence intensity ratios (CTRL/ONJ) calculated for each patient. All values are consistently above the reference line
(LoFI = 1), indicating significantly higher fluorescence in healthy bone compared with necrotic bone.

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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count values in the necrotic areas, the mean values re-

sulted higher in case of taking new antiresorptive

drugs (9,621.9 ± 5,125.7 vs 6,292.3 ± 2,493.1).

Discussion

The purpose of this study was to determine the effi-

cacy of a novel spectrophotometric system for quanti-

tative assessment of bone AF, with the aim of providing

an objective and reproducible method for distinguish-

ing vital from necrotic bone tissue.

Validation of this tool would enable its intraopera-

tive use for identifying surgical resection margins in os-

teonecrosis of the jaws. This represents a significant

advancement in real-time delineation of surgical mar-

gins as it overcomes the limitations of qualitative eval-

uation of imaging.

Surgical treatment, in combination with medical

therapy, has been shown to provide improved clinical

outcomes in ONJ.22-26

Er:YAG laser-assisted surgery has shown some ad-

vantages over conventional surgical techniques. These

advantages are due to tissue biomodulation, bacteri-

cidal actions, and the creation of a more favorable sur-

face for tissue adhesion through microcavities.

Furthermore, Er:YAG laser-assisted surgery allows pre-

cise and minimally invasive bone vaporization, which

is essential to remove all necrotic bones while at the

same time preserving most bone volume possible ac-

cording to the extent of the disease.19,21

As long as surgery needs to be as conservative as

possible and ONJ has a certain recurrence rate (up

to 45% when no direct closure of surgical site is per-

formed27), it results essential to find and test a method

for clearly identifying safe surgical margins.

In addition to the surgeon’s clinical experience, the

preoperative radiographic examinations are available

as a guide. Computed tomography remains the gold

standard for bone imaging, but it often has difficulty

distinguishing healthy bone from necrotic areas in re-

gions with extensive fibrosis, reduced vascularity, or

irregular bone architecture.28 In particular, it tends

to overestimate the extent of the alteration, as it visu-

alizes areas altered by antiresorptive drugs, but not

necrotic areas.

Conventional intraoperative indicators of bone vital-

ity, such as vascularization, texture, and color, do not

always correlated with true bone vitality.16,17

To overcome these limitations, real-time technolo-

gies for accurately identifying the margins of necrotic

tissue could revolutionize surgical outcomes, mini-

mizing recurrence and the need for secondary inter-

ventions, and ensuring curative yet conservative

interventions, resulting in a better quality of life.

For several years, fluorescence-based techniques,

such as those employing the VELscope system (LED

FIGURE 10. CTRL/ONJ photon count ratio according to bi-
sphosphonate treatment and concomitant use of other antiresorptive
drugs.

Giovannacci et al. Spectrophotometric Autofluorescence Assess-

ment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.

FIGURE 9. Photon counting averages in CTRL and ONJ groups, stratified by oncologic disease (left: CTRL, middle: ONJ, right: CTRL/ONJ
ratio). Patients with oncologic disease showed a lower CTRL/ONJ ratio compared to nononcologic patients, suggesting an effect of cancer sta-
tus on photon emission profiles. Data are shown as mean ± 95% CI (circles with error bars) and medians (squares).

Giovannacci et al. Spectrophotometric Autofluorescence Assessment in Jaw Osteonecrosis. J Oral Maxillofac Surg 2026.
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Dental, White Rock, BC, Canada), have demonstrated

the clinical potential of bone AF to differentiate

necrotic from vital tissue during ONJ surgery.16-19

The VELscope device emits blue-violet light (400-

460 nm), which excites the natural AF of vital bone.

Under this illumination, healthy bone appears bright

green, whereas necrotic bone remains dark, enabling

clear distinction between viable and nonvi-

able tissues.

A systematic review published by Dipalma et al

investigated the efficacy of AF-guided MRONJ resec-

tion surgery.29 From their analysis, the authors high-

lighted the strong ability of the VELscope system to

provide physicians with real-time, high-contrast im-

ages, thus revolutionizing the management of MRONJ.

This efficacy is also confirmed by a large case series

published by the authors in which fluorescence of 56

bone samples is histopathologically correlated. This

study showed that 100% of the hypo-fluorescent sam-

ples were necrotic bone, and 86% of the hyper-

fluorescent samples were vital bone.30

However, this system relies on a qualitative visual

assessment that remains dependent on the operator’s

perception.

The spectrophotometric system tested in this study

addresses this limitation by providing numerical fluo-

rescence data and allowing precise, reproducible

quantification of AF in real time. It consisted of an op-

tical fiber capable of emitting a wavelength perfectly

suitable to stimulate the fluorophores of bone tissue,

a fiber capable of collecting the emitted fluorescence,

filtering it, and passing it to a spectrophotometer that

measures the emission spectrum of the tested tissue.

In this way, the information that emerges from the

spectrophotometer measurements, processed by a

specific SW, comes out in a numerical, irrefutable

way and does not need to be submitted to the sur-

geon’s impression.

The same setup was used to measure the intensity of

fluorescence emitted by the dermis in nonmelanoma

skin cancer, and it proved to be perfectly able to distin-

guish the measurement of AF intensity in diseased

areas compared to healthy skin (difference between

healthy skin/diseased skin: 4).31

The primary endpoint was to evaluate the effective-

ness of this system to measure fluorescence intensity

in quantitatively way. The null hypothesis was that

pathological bone and surrounding healthy bone

showed the same level of fluorescence (LoFI ratio of

1). The present study largely refutes the null hypothe-

sis and demonstrates that on average, surrounding

healthy tissue emits a fluorescence intensity five times

higher than necrotic tissue. This result could be ex-

plained by principle that healthy and normally struc-

tured bone tissue contains natural fluorophores,

mainly collagen, which emits fluorescence when

excited by specific wavelengths. In the presence of ne-

crosis, the degradation of collagen leads to a marked

loss or absence of fluorescence.

In addition to collagen-related AF, spectral analysis

of several necrotic points revealed distinct emission

peaks at 630-650 and 700 nm (Fig 3D and Fig 4G).

These wavelengths correspond to the emission of

porphyrins, which are bacterial metabolism products

and fluorophores that emit in the red spectrum. This

emission in the red range could contribute to

perceiving the color of porphyrins as red or orange,

depending on the concentration and observation

conditions.

Kim et al reported similar findings using a quantita-

tive light-induced fluorescence (QLF) system (QLF-D

Biluminator; Inspektor Research Systems BV, Amster-

dam, Netherlands), which employed a violet-blue

LED light at 405 nm and a pink filter to emphasize

the 630-640 nm band.32 Their study identified 3 fluo-

rescence patterns, nonred, hypo-red, and hyper-red,

corresponding to different degrees of bacterial

involvement.

Histology confirmed that hyper-red fluorescent

areas were associated with Actinomyces colony and

osteolysis, supporting the link between red fluores-

cence and infection.

The secondary endpoints of the study were to eval-

uate any variations in fluorescence intensity as a func-

tion of other variables. The most important

consideration is that in any case, the fluorescence in-

tensity between healthy and necrotic bones is statisti-

cally significantly different.

The only statistically significant variable resulting from

multivariate analysis was the assumption of antiresorp-

tive drugs (not bisphosphonates) and antineoangiogenic

medications. Other general variables (such as age, sex,

and smoking), pathologies (such as diabetes, autoim-

mune, and oncological diseases), and drugs (corticoste-

roids, anticoagulants) don’t seem to have an impact on

the variation in fluorescence.

Analyzing the mean photon count of healthy (non-

necrotic) control bone was found to have comparable

values both in the group of patients taking bisphosph-

onates and in the group of patients taking the new anti-

resorptive/antineoangiogenic drugs. However, the

group of patients not taking either of these drugs ap-

peared to have a photon count in their healthy bone

that was on average 10,000 photons higher than that

of those taking the drugs.

Future studies analyzing the fluorescence of a large se-

ries of normally structured and vital bones (even in pa-

tients not affected by ONJ) will be needed to verify

whether this difference exists and is not a coincidence.

Furthermore, analyzing the average photon count of

the necrotic samples, it is evident that if the new

antiresorptive/anti-neoangiogenic drugs are taken,
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necrotic areas have higher values than those taking bi-

sphosphonates or neither. From our data, it appears

that patients taking bisphosphonates have lower fluores-

cence intensity values than those taking other drugs.

This result will need to be investigated with further

studies that consider all pharmacological variables

such as dosage, route of administration, and number

of doses taken.

Similarly, for necrosis caused by radiotherapy, it

would be necessary to investigate any variations in

fluorescence intensity as a function of irradiation

dose, exposure time, and other specific variables.

In general, regardless of the influence of drugs or

not, the important demonstrated endpoint is that in

any case, the difference between necrotic and vital

bones is statistically significantly detectable using

this spectrophotometric examination.

One limitation of the study is that a small subset of

samples (7.5%) was histologically classified as vital

bone with sclerotic changes consistent with prior bi-

sphosphonate therapy. These specimens exhibited un-

expectedly high fluorescence intensity, attributable to

the dense mineralization and compact microarchitec-

ture characteristic of osteosclerotic bone. Osteosclero-

sis involves morphological thickening of trabeculae,

reduction of medullary spaces, and increased osteo-

blastic activity, often accompanied by aberrant mineral

deposition.33 These changes are not only structural

but also biochemical, leading to the accumulation of

autofluorescent molecules within the bone matrix,

such as cross-linked collagen and advanced glycation

end products (AGEs).34 This biochemical profile con-

tributes to the increased fluorescence signal observed

during spectrophotometric analysis.

Importantly, despite these sclerotic changes, these

specimens were confirmed histologically as vital

bone and photon counts of the surrounding necrotic

bone, yielding significantly different results.

This study represents the first phase of a larger

research project whose aim is to use the spectropho-

tometer intraoperatively to guide the surgeon in

choosing resection margins.

In this study, we validated the setup under

controlled ex vivo conditions. The next step will be

to test the device in vivo during surgical procedures,

with the aim of confirming its diagnostic accuracy

and evaluating its usability in real time.

Further studies will need to be carried out to

confirm these data and carefully analyze the potential

variables influencing the photon count.
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