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SUMMARY

Introduction/Objective Traditional diagnostic methods for assessing pulp vitality are commonly used
but lack precision and reliability, whereas recent advancements offer non-invasive alternatives, focusing
on pulp tissue blood flow and oxygen saturation. This study was designed to evaluate and compare the
reliability of all available clinical diagnostic methods for assessing pulp status and to establish reference
values in healthy young individuals.

Methods This cross-sectional observational study enrolled 25 voluntary participants (27.8 + 5.2 years old),
with 150 upper front teeth. The participants were healthy individuals, non-smokers, with teeth having a
mature apex, no or minimal restorations, being periodontally healthy, and with radiographically visible
pulp chambers. Various diagnostic tests were conducted, including electric (EPT), cold (CPT), and hot
pulp testing (HPT), laser Doppler flowmetry (LDF), and pulse oximetry (PO); the reference values were
established.

Results Statistically significant differences were observed among all tooth groups (central incisors, lateral
incisors, and canines) for EPT, LDF, and PO. In contrast, CPT and HPT showed no statistically significant dif-
ferences between the tooth groups. The mean values across all patients were as follows: EPT - 17.7 + 5.4,
PO - 80.6 + 1.8%, and LDF - 4.6 £ 1.6 perfusion units. Correlation analysis showed no significant relation-
ships between the tests.

Conclusion Modern diagnostic techniques show promise in offering more reliable results. Establishing
reference values is essential for improving diagnostic accuracy. These values will not only enhance clinical
decision-making but also serve as a foundation for future investigations.
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dental pulp

INTRODUCTION

Dental caries remains one of the most prevalent
diseases in the orofacial region and significantly
contributes to dental pulp disease [1]. Pulpitis,
the inflammation of the pulp tissue, is a com-
mon sequela of dental caries and can lead to
significant discomfort in affected individuals [2].
Although there is growing interest in the need
for improved classification and understanding
of pulp tissue health [3] pulpitis is currently cat-
egorized as reversible or irreversible, depending
on the extent of tissue damage [4].

Reversible pulpitis involves initial inflamma-
tion that can heal and restore. Patients typically
have mild to moderate, localized pain trig-
gered by stimuli, though some may experience
no pain, diagnosed by subjective or objective
complaint [4]. In contrast, irreversible pulpitis
is marked by permanent pulp damage. Acute
irreversible pulpitis presents with rapid-onset,

intense pain, often spontaneous and hard to
localize, with possible heat sensitivity, swelling,
and chewing difficulties. Chronic irreversible
pulpitis progresses slowly with dull, recurrent
pain, usually triggered by hot or cold stimuli [4].

Establishing an adequate diagnosis is one
of the keys to successful therapy. However, the
lack of objective criteria that indicate the actual
state of the pulp tissue presents a challenge in
making adequate decisions during treatment
[5]. Historically, there has been a tendency to
opt for vital pulp extirpation, which has con-
tributed to the relatively low success rates of
endodontic procedures and the increased need
for retreatment [6].

To address this issue, the European Society
of Endodontology initiated a project called
“S3 Clinical Guidelines,” aimed at developing
evidence-based guidelines for the diagnosis and
treatment of pulp and periapical diseases [7].
As part of this project, Donnermeyer et al. [8]
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conducted a systematic review that evaluated the effective-
ness of diagnosing pulp diseases using various diagnostic
tests [7]. The authors concluded that the existing scientific
knowledge provides a very low level of evidence on the ac-
curacy and reproducibility of the current diagnostic tests
and a lack of reliable prognostic indicators that enable a
reliable preoperative assessment of the outcome of vital pulp
treatment. This further complicates the diagnostic process
and makes it difficult to predict the success of therapy
[8]. Before any test, meticulous and detailed anamnesis
is conducted to reveal pain history, suggesting a potential
inflammatory state of the pulp. The most frequently used
diagnostic tools for evaluating the state of the pulp are
sensitivity tests [electric pulp testing (EPT), cold pulp
testing (CPT), and heat pulp testing (HPT)] [9]. Despite
the widespread use, their lack of precision and reproduc-
ibility represent their main limitations, primarily due to the
subjective response of the patient, the interpretation of the
dentist, and the inability to detect blood flow in the pulp
[10, 11]. In order to overcome these limitations, modern
diagnostic tools, laser Doppler blood flowmeters (LDF)
and pulse oximeters (PO), were introduced into practice.
These methods are based on the assessment of the blood
flow in the pulp and its oxygen saturation without relying
on the subjective responses of the patients and the personal
interpretation of the dentist [12-15].

While many studies have assessed individual diagnostic
tools for pulp tissue [8], none have simultaneously com-
pared all conventional and modern methods or established
reference values in healthy young individuals.

This study aimed to compare the reliability of all clinical
diagnostic methods (EPT, CPT, HPT, LDE PO) for pulpal
assessment and to establish reference values in healthy
young individuals for future correlation with pulp-derived
laboratory tests.

METHODS

This observational cross-sectional study was conducted at
the Department of Restorative Odontology and Endodontics,
School of Dental Medicine, University of Belgrade, Serbia. All
data were collected from January to September 2024. Prior to
any testing, all participants fulfilling the inclusion criteria were
informed about the study’s objectives and procedures, and
they provided written informed consent. This investigation
enrolled 25 voluntary participants (27.8 + 5.2 years old, 15
females and 10 males) comprising a total of 150 upper front
teeth. The sample size was calculated using a power analysis
to ensure sufficient statistical power for detecting significant
differences. The calculation was based on a previous pilot
study and the variability of the key measures.

Participants met the following inclusion criteria: i) healthy
individuals (ASA I), ii) non-smokers, iii) mature apex, iv)
no or minimal restoration on upper front teeth, v) peri-
odontally healthy, and vi) radiographically visible coronal
pulp chamber. Exclusion criteria included: i) presence of any
systemic disease, ii) smokers, iii) caries or massive restora-
tions, iv) discolorations of the tooth, v) radiographically
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invisible coronal pulp chamber, vi) radiographical signs
of periapical lesion and vii) orthodontically treated teeth.

Patients were instructed to abstain from foods and
beverages for at least two hours before attending. All mea-
surements were performed in a temperature-controlled
room using the same unit and keeping the patient’s head
in the same position, resting for 10 min in the unit before
the measurements.

Each patient underwent five pulp tests. EPT, CPT, HPT,
and PO were performed with 15-minute intervals. Tests
were repeated twice by the same operator (EKL) to reduce
bias, and results were presented as mean values. Any unclear
responses prompted retesting.

For CPT, a No. 2 cotton pellet with a refrigerant spray
(1,1,1,2-tetrafluoroethane) [Cold Spray (ROEKO Endo-
Frost); Coltene Whaledent, Cuyahoga Falls, OH, USA]
was used and placed onto the middle third of the buccal
surface for 18 seconds or until the participant raises a
hand to indicate a cold sensation, with the standardized
temperature of -26°C [16].

As for the HPT, a heated gutta-percha rod was placed
on the middle third of the buccal tooth surface for 18 sec-
onds or until the participant raised a hand to indicate a hot
sensation, with a standardized temperature of 80°C [16].

EPT was performed using a digital Pulp Tester (Analytic
Technology Pulp Tester; Analytic Technology, Redmond,
WA, USA). The tooth was air-dried and isolated with cotton
rolls to prevent false responses from surrounding tissues.
The lip clip was attached to the lip, and the electrode was
placed on the middle third of the buccal surface. A slow
increase in the current, calibrated at medium speed, per-
mitted patients to report any pain sensation. The detected
stimulus threshold was recorded as a positive response, and
the exact value was noted [16, 17].

LDF is a semi-quantitative, non—invasive method used
for the assessment of pulpal blood flow (PBF). Red light
with a wavelength of 632.8 nm was produced by a 1 mW
helium-neon laser diode within the flowmeter (PeriFlux
System PF 5001, Perimed, Jarfalla, Sweden) and transmitted
to the tooth surface along the fiber-optic conductor inside
a round probe (407-2, Perimed) with a cross-sectional
diameter of 1 mm. The probe simultaneously received the
reflected and scattered light via afferent optical fiber, which
was then registered by a photodetector in the flowmeter.
According to the Doppler effect, light reflected from moving
red blood cells shifts in frequency, allowing calculation of
their concentration and velocity. This shift indicates tissue
blood flow, expressed in semi-quantitative perfusion units
(PU). Before data collection, a colloidal suspension of latex
particles (Perimed Motility Standard) was used to calibrate
the flowmeter on the wide band to a specific value of 250 PU.
The artifact filter was activated with a sampling frequency
set at 32 Hz. PBF values were stored on a computer software
(Perisoft, Perimed) for further analysis. To stabilize and
obtain a reproducible position of the probe on the tooth
surface, custom-made splints were prepared (Zhermack
dental Hydrorise putty and regular body impression mate-
rial, Faclon Medical impression trays, Vacum former EV2
3A Medes, and Gasket for splint 080 2mm 1/12), and used
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Figure 1. Laser Doppler flowmetry probe holder

to secure the position of probe holder (PH07-6, Perimed).
Aperture for the probe holder was positioned labially on
the cervical third of the tooth crown, at least 1 mm from the
gingival margin (Figure 1). Measurements were repeated
three times with a 1-minute pause, and the mean value was
obtained as a final result, all performed in a quiet room with
a constant ambient temperature [13, 14, 18].

For PO testing, the fifth-generation Nellcor OxiMax
550 pulse oximeter (Tyco Healthcare Group LP) was used.
The OxiMax system’s “sensor message” function analyzes
data from the sensor, using a proprietary algorithm that
interprets parameters stored on the sensor’s memory chip
and evaluates real-time signal characteristics from the pa-
tient. A Nellcor OxiMax™ Dura-Y D-YS multisite oxygen
sensor (Tyco Healthcare Group LP) was chosen due to
its smaller dimensions, fitting better to the mesio-distal
width of human permanent teeth. To ensure consistent
and accurate sensor placement, a custom-designed pulse
oximeter sensor holder was developed, designated as the
pulse oximeter dental probe (Figure 2). It was positioned
on each tooth, aligning so that the sensor’s light beam trav-
eled from the buccal to lingual surfaces through the middle
third of the tooth crown. After 30 seconds of monitoring
each tooth, values were recorded. An oxygen saturation
reading within the range of 75-90% indicated a positive
response, while any value below 75% indicated a negative
response [11, 12, 19].

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics for Windows, Version 29.0 (IBM Corp., Armonk,
NY, USA). Data were expressed as means + standard de-
viations for continuous variables and as frequencies and
percentages for categorical data. The normality of data
distribution was assessed using the Shapiro-Wilk test. For
normally distributed data, one-way analysis of variance
(ANOVA) with Bonferroni post hoc correction was used
to compare mean values across the three tooth groups.
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Figure 2. Custom-made pulse oximeter dental probe

Non-normally distributed variables were analyzed using
the Kruskal-Wallis test, and pairwise comparisons were
performed using the Mann-Whitney U test with Bonferroni
adjustment (corrected significance threshold: p < 0.016).
Categorical variables were compared using the x” test.
Pearson correlation coefficients were calculated to assess
relationships between diagnostic test parameters (EPT,
PO, and LDF), with statistical significance set at p < 0.05.

Ethics: This study was approved by the local ethics com-
mittee (protocol number: 36/36).

RESULTS

The mean values of the investigated parameters for each
group of teeth are presented in Figure 3. All teeth responded
positively to CPT and HPT. When analyzing the mean
values across all patients for each of the three tests (EPT,
LDE and PO), distinct patterns emerged. For EPT, the av-
erage threshold was 17.7 + 5.4, indicating a typical level of
electrical stimulus required to provoke a sensory response
from the pulp. This reflects the overall excitability of pulpal
nerve fibers across the sample. For PO, the mean oxygen
saturation value was 80.6 £ 1.8%, suggesting consistent
readings of pulpal blood oxygen levels among participants.
Regarding LDE the mean value was 4.6 + 1.6 PU, represent-
ing the average pulpal blood flow. This measure reflects
microcirculatory activity within the pulp and serves as an
important indicator of tissue vitality. Together, these mean
values provide a reliable baseline profile for pulp sensitiv-
ity, oxygen saturation, and vascular perfusion, forming the
basis for comparisons between individual tooth groups.
Statistically significant differences were observed between
the three investigated tooth groups (central incisors, lateral
incisors, and canines) for all parameters, except for cold
and hot pain thresholds.

To identify which tooth group differed significantly, we
performed multiple pairwise comparisons. To account for
the increased risk of Type I errors due to multiple testing, we
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P<0.019

P < 0.001

EPT PO

P < 0.001

LDF

DISCUSSION

Tooth Group
mmm Central Incisor
= Lateral Incisor
== Canine

Achieving an accurate assessment of dental
pulp conditions poses a considerable chal-
lenge in clinical practice, underscoring the
need for improved tools to enhance diag-
nostic precision. To our knowledge, this
is the first study to assess and compare all
available clinical diagnostic tests for testing
pulp vitality within the same research [20].
The analysis of the mean values across dif-
ferent tooth groups revealed distinct patterns
in EPT, PO, and LDEF, while all teeth showed
positive responses to CPT and HPT.

Figure 3. The mean values of the investigated parameters for each tooth group;

SD - standard deviation; EPT - electric pulp testing; PO - pulse oximetry;
LDF - laser Doppler flowmetry

Pulp sensitivity tests (EPT, CPT, HPT)
assess the nerve response of the pulp rather
than its blood flow [20]. Because nerve tissue
is highly resistant to inflammation, it may

0.1

Electric Pulp Test Pulse Oximetry

Dental Test

Laser Doppler Flowmetry

Comparison
--- Significance Threshold (0.05)
mem Central vs Lateral Incisor

still respond even when surrounding tissues
have been degraded, leading to potential
false-positive results [19]. Our EPT results

0.5 === Central Incisor vs Canine
Lo or s Carlne showed variability among the tooth groups,
04 with canines requiring significantly higher
stimulation than central and lateral inci-
Zo3 sors, likely due to the greater pulp chamber

size [21].

To ensure stable placement of the PO sen-
sor on each tooth, a specialized dental pulse
oximeter holder was designed and fabricated
based on the model by Gopikrishna et al.
[12]. It maintained a consistent alignment
between the sensor components and the

Figure 4. Multiple comparisons between tooth groups (least significant difference test)

for electric pulp test, pulse oximetry, and laser doppler flowmetry

applied the Bonferroni correction by dividing the standard
p-value threshold (0.05) by the number of comparisons,
which was 3. Consequently, a difference was considered
statistically significant at p < 0.016. Significant differences
were found between the canine and both incisors in EPT
(p < 0.001), with no difference between the central and
lateral incisors (p = 0.563). In PO, only the central incisor
and canine differed significantly (p = 0.006). For LDE,
significant differences were seen between the central and
lateral incisors and between the lateral incisor and canine
(both p < 0.001), indicating distinct pulpal blood flow in
the lateral incisor. All pairwise comparison results for the
investigated tests (EPT, PO, and LDF) are presented in
Figure 4. The correlation analysis revealed no significant
relationships between the EPT, PO, and LDE Specifically,
the Pearson correlation between the EPT and PO was
-0.067 (p = 0.457), indicating no significant association.
Similarly, no significant correlation was found between
the EPT and LDF (r = 0.013, p = 0.891) or between PO and
LDF (r = 0.029, p = 0.751). The only statistically significant
correlation observed in the analysis was between LDF and
Doppler flow variability, which indicates that higher flow
is associated with greater variability in flow.
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tooth, ensuring a fixed path length for the
light emitted by the LED sensor and received
by the photoreceptor sensor, allowing for ac-
curate readings. The relatively low standard
deviation indicates limited variability, pointing to a stable
physiological range in pulpal oxygenation for the tested
teeth. On the other side, the obtained reference values differ
from those reported by Calil et al. [22], due to their use of
signal amplification 2.5 times higher than standard levels.

Previous research indicated that LDF is among the most
reliable methods for detecting pulp vitality, although its
routine application revealed technical challenges that must
be considered (patient head movement, interference, and
the need for custom-made probes) [20]. These may also
lead to inaccurate representations of pulp health in cases
where the pulp is diseased yet maintains a viable blood
supply [23]. The heterogeneity of blood flow within the
dental pulp [24] may further complicate the acquisition
of consistent measurements. In this study, all blood flow
measurements were standardized by positioning the probe
at least 1 mm away from the gingiva, isolating the area
with a black rubber dam, and placing the probe within
a custom-made splint. This setup aimed to enhance the
accuracy and consistency of the readings by minimizing
movement and isolating the measured area. Our results are
consistent with those obtained using the same type of probe
by Ingolfsson et al. [14]. However, significant differences
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between the central and lateral incisors, as noted by Seasano
et al. [25], can be attributed to the thicker dentin, which
impedes deep photon penetration and direct transmission
to the receiving fiber.

A key factor contributing to the differences between the
results of this and previous studies may lie in variations in
research procedures and the control of influencing factors,
such as sample size. Dastmalchi et al. [20] examined 24
pairs of teeth, Gopikrishna et al. [12] examined 80 teeth,
Karayilmaz and Kirzioglu [13] examined 59 pairs, and Janani
etal. [19] assessed only 29 teeth. On the other hand, in our
study, 150 teeth (75 pairs) have been examined, which may
account for some of the observed differences compared to
the previous investigations.

Gopikrishna et al. [10] studied patients aged 15-40
years, Calil et al. [22] examined individuals 26-38 years
old, Karayilmaz and Kirzioglu [13] focused on those aged
12-18 years, and Dastmalchi et al. [20] examined individuals
18-50 years old. Our study included patients aged 20-40
years, which is in accordance with most of the previously
mentioned studies.

The main strengths of this study include the use of a
single, calibrated operator, as well as the implementation
of duplicate measurements for all tests to minimize mea-
surement errors. All available clinical diagnostic tests were
performed on the same tooth, allowing for a comprehensive
assessment. The sample size was determined based on a pilot
study conducted within the same experimental framework.

A limitation of this study may be the restricted selection
of tooth types. Including all tooth types could improve the
study, but may complicate diagnosis due to multi-root vari-
ability in diagnosis. Future research should place greater
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24.

KomnapaTtueHa npoLueHa KNMHUYKUX AMUjarHOCTUYKUX TECTOBA 32 UCMUTUBAHE
cTaTyca NyAnHor TKuBa u yTephuearbe pedpepeHTHMX Bpe4HOCTU Ko 34PpaBuX

Mnagmx ocoba

Ema Kpyosuh Jlasuh', AnekcaHpap Jakosrbesuh??, Mapuja C. Munuh?, Jyrocnas Vinuh', Henag Hegerskosuh?,

KatapuHa besbuh-/BaHoBuh!

'YHuBep3uteT y beorpagy, Cromatonoluku dakyntet, KniHika 3a 6onect 3yba n eHgopoHuujy, beorpag, Cpbuja;
2YHneep3uTet y beorpagy, CromatonoLky dakynteT, IMnnaHTonowWwKo-ncTpaxusadku Lentap, beorpag, Cpbuja;
3YHuBep3uTeT y beorpagy, CromatonoLuku akyntert, Matonoluka ¢pusnonoruja, beorpag, Cpbuja;

*YHueep3uTet y beorpagy, Cromatonowku dakyntet, Onwwta 1 opanHa dusmonoruja, beorpag, Cpbuja;
YHusep3uTet y beorpagy, Cromatonowwku dakyntet, KnuHuka 3a optoneaujy sunuua, beorpag, Cpbuja

CAMETAK

YBoa/Lnm TpaguuroHanHe anjarHoCTYKe MeTofe 3a MPOLeHy
ceH3nbunuTeTa nynne yobuyajeHo ce KOPUCTE, anv UM YecTo
HefoCTaje MPeLU3HOCT 1 MOY3AaHOCT, AOK CaBpeMeHa AOCTUN-
Hyha npy»ajy HenHBa3nBHe antepHaTte, oKycupajyhu ce Ha
NPOTOK KpBU 1 3acuheHocT nynne KuceoHrkom. OBa cTyayja je
OCMVLLIbEHA Ca LIWSbeM [ja MPOLIEHM 1 YNOpeAm Noy3[aHOCT CBUX
JOCTYMHWX KIMHUYKMX MeTOAa 3a NPOoLIeHy cTaTyca rnynne 1 aa
ycrnocTaBu pedepeHTHe BPeAHOCTU Kog, 30paBiux Miaamnx ocoba.
Metope Ctyanja npeceka obyxsatuna je 25 fobpoBosbalia
(27,8 £ 5,2 roguHe), ogHOCHO 150 roptbux npearbux 3yba.
YyecHuum cy 61nu 3gpasy, HemyLwayn, ca 3aBpLIEHIM PacTom
KOpeHa, ca MUHUMaHM pecTaypaTUBHIM 3axBaTrMa unu 6e3
HbIIX, MAPOLOHTOJIOLKU 3APaBV U Ca PaanorpadCki BULIbYBUM
NyANHUM Komopama. NpuMerseHu Cy pasnnmunTy JUjarHOCTAYKM
TecToBU: enekTpo-TecT (ET), TecT Ha xnagHo (TX) 1 TecT Ha Tonno
(TT), nacepcka ponnep-metpuja npotoka Kpau (JIAMIMK) n nyn-
cHa okcumeTpuja (MO). YTBpheHe cy pedepeHTHe BPeaHOCTU.
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PesynrtaTtu CTaTiCTMYKM 3HaYajHe pasfinke youyeHe cy n3mehy
cBYIX rpyna 3y6a (LeHTpanHu cekyTuh, natepanHu cekytrh un
outbak) 3a ET, JIAMIMK n MO. Hacynpot Tome, TX n TT HCy noka-
3a/I1 CTaTUCTUYKK 3HaYajHe pa3nvke nmehy rpyna 3yba. Mpo-
CeyHe BPeAHOCTU 3a CBe NCMUTaHuKe bune cy: ET-17,7 £ 54,
M0 - 80,6 + 1,8% n NAMIMK - 4,6 + 1,6 jeanHuua nepdysuje.
KopenaumoHa aHanm3sa Huje nokasana CTaTUCTUYKK 3HaYajHe
Be3e n3mehy TecTosa.

3aksmyyak CaBpemeHn AnjarHOCTUYKM TeCTOBM NOKasyjy Be-
NINKM NOTeHLWjan y Mpy»Katby Noy3AaHmjux pesyntaTa. Ycnocra-
B/batbe pedepeHTHNX BPEAHOCTM Of CYLUTVHCKOT je 3Havaja 3a
yHanpeheke anjarHocTnyke npeyunsHoct. OBe BPeAHOCTH He
camo fja he yHanpeanTy KNNHNYKO JOHOLWetbe oanyKa Beh he
MOC/YXUTW U Kao OCHOBA 3a byayha ncTpaxusatba.

KrbyuHe peum: KIIMHMYKe AnjarHOCTUYKE METOAE; lacepcka

Jonnep-MeTpuja NPOToKa KPBK; NMy/ICHa OKCMMETPUja; enek-
Tpo-TecT; 3y6Ha nynna
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