
BJBMS PATHOLOGY

Bosn J Basic Med Sci.  2022;22(3):374-381 374 www.bjbms.org

INTRODUCTION

An accurate assessment of dental pulp vitality in dental 
clinical practice carries pivotal importance since this deter-
mines whether the dentist might opt for a more conservative 
dental treatment, or more radical ones, such as endodontic 
therapy, need to be performed. For this estimation, standard 
sensibility tests to thermal (usually cold) or electric stimuli are 
adopted for clinical use [1]. Unfortunately, such tests provide 
only indirect and subjective information, which depends first 

on the individual’s perceived response to stimuli and second 
on the clinician’s interpretation of the patient’s sensory percep-
tion. In addition, results of the sensibility test are often uncon-
vincing or inconclusive with other clinical findings, which 
make the setting of the diagnosis even more difficult [2].

A considerable disadvantage of sensibility testing methods 
using cold or electric stimuli is that assessing an authentic pulp 
vitality cannot be measured since these methods do not eval-
uate pulpal vascular circulation, only its neural response [3]. 
In comparison to its innervation, the vascular supply of dental 
pulp is a more accurate indicator of proper pulp vitality [4].

The electric pulp tester is a device commonly used for 
applying a known electric current to the inspected tooth, to 
stimulate the closest myelinated A-delta fibers in the dental 
pulp [3]. Positive response to such current only indicates the 
viable neural transmission and the presence of vital nerve 
fibers, but does not prove the health of the tissue or assess any 
potential damage of the vascular supply of the pulp [5].

On the other hand, with the use of a non-invasive pulse 
oximetry monitoring, hemoglobin oxygen saturation in the 
dental pulp can be successfully recorded [6]. Pulse oximetry, 
based on principles of spectrophotometry and optical pleth-
ysmography, serves as an objective test that is not painful nor 
requires any response from the patient [7]. Similarly to pulse 
oximetry, the method of laser Doppler flowmetry [5] and 
other innovative techniques are being described and further 
developed for clinical use of pulpal vitality assessment [8,9].
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ABSTRACT

In dentistry, indirect diagnostic methods such as electrical sensibility testing and pulse oximetry are used to assess the status of the pulp. 
Our study aimed to determine the correlation between hemoglobin oxygen saturation and vascular volume density (Vvasc). We also wanted 
to examine an electrical sensibility test and the volume density of myelinated nerve fibers (Vnerv). Twenty-six intact permanent premolars 
were included in the study. For histological analysis, the pulp tissue was stained with hematoxylin-eosin and immunohistochemically for von 
Willebrand factor and S100 to detect blood vessels and myelinated nerve fibers, respectively. The stereological analysis was used to determine 
the Vvasc and Vnerv. Statistical analysis was done using the Pearson correlation test and Welch’s ANOVA test. Histological analysis showed 
that the pulp tissue was strongly vascularized and innervated. A significant positive correlation was found between Vvasc and hemoglobin 
oxygen saturation levels (p = 0.030). A significant negative correlation was found between Vnerv and the lowest electrical voltage that patient 
felt (p = 0.033). According to the maturity of the dental apex, teeth were divided into a group with open (n = 6, OA group) and closed apex 
(n = 20, CA group). We found that pulps in the CA group had higher Vnerv than the OA group (p = 0.037). In contrast, there were no significant 
differences in Vvasc of the pulp tissue (p = 0.059), oxygen saturation (p = 0.907), or electrical voltage (p = 0.113) between both groups. We can 
conclude that the measurement of pulse oximetry and electrical sensibility test reflects the morphology of healthy pulp tissue independently 
of the maturity of the dental apex.
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MATERIALS AND METHODS

Patients and tests of pulp vitality and sensibility

Twenty-six permanent upper and lower premolars of 
seven patients, aged from 12 to 20  years, were included in 
the study. All teeth were healthy without any visible signs of 
defects (caries, erosions, cracks, wear, etc.). The teeth were 
scheduled for extraction due to orthodontic indication. 
Before extractions, clinical examinations with measure-
ments of hemoglobin oxygen saturation using pulse oximetry 
(SpectrO2, Smiths Medical, OH, USA) and electrosensibility 
tests (CICADA Tech. Dev. Co., Foshan, Guangdong, China) 
were performed by a single investigator, as described pre-
viously [7,21,22]. To avoid any potential disruption in pulpal 
blood circulation due to electrical stimulation, both tests were 
carried out at different appointments.

Hemoglobin oxygen saturation levels were recorded using 
the customized pulse oximetry monitor, connected to its “Y” 
sensor, and placed parallel onto the each of the branch of den-
tal forceps, as shown in Figure 1. This way it was possible to 
achieve close contact between detector and the tooth surface. 
One branch of the forceps, holding the light-emitting sensor, 
was placed on the labial surface of premolar and the other on 
the oral surface of the same tooth. Each tooth that was evalu-
ated was first cleaned and dried with a cotton ball and later iso-
lated with cotton rolls. Since vascularity of the gingival tissue 
is much greater than that of the pulp, pulse oximetry signals 
originating in the gingiva easily overwhelm the pulpal effects. 
To maximally attenuate the signals received by measuring the 
oxygen saturation of the gingival vascular supply (or totally 
eliminate the effect of acquisition of false positive results), 
only the crown of the tooth was carefully placed between 
the forceps and gingival tissue was properly isolated. For the 
importance of attaining undisturbed signal, special attention 
was drawn to maintaining parallel alignment of both diodes 

Histologically, the dental pulp tissue is richly innervated 
and strongly vascularized [5]. The pulp tissue has the highest 
density of unmyelinated C fibers that innervate the pulped 
body of the pulp. Myelinated A-fibers innervate the periph-
ery of the pulp tissue. About 90% of them are thin myelin-
ated A-delta fibers, and the least represented are myelinated 
A-beta fibers [10]. Compared to C fibers, A-delta fibers have 
a lower electrical threshold and respond more quickly to 
stimuli [11].

The electric pulp tester is a device to apply an electric 
current to the tooth surface. It stimulates the intact thin 
myelinated A-delta fibers that innervate the periphery of 
the pulp [3]. The response to stimulation is the most signif-
icant in the area of the tooth surface above the pulp horn 
because there is the highest concentration of axons [5,12]. 
A positive response to electrical stimulation only indicates 
the presence of vital nerve fibers, but does not demonstrate 
tissue health or assess possible vascular pulp supply dam-
age [5].

Dental pulp tissue is known to be highly vascularized [13]. 
Blood volume represents a high percentage of the wet weight 
of pulp tissue [14]. One method for estimating dental pulp vas-
cularity is pulse oximetry [5].

Pulse oximetry is a non-invasive method that, based on 
spectrophotometry and optical plethysmography, allows 
monitoring of hemoglobin oxygen saturation in dental 
pulp [6]. It is an objective method, not painful, and does not 
require any response from the patient [7].

In medicine, histopathological examinations are used 
to confirm the presence and type of a particular disease. 
Histological diagnostic methods cannot be used in routine 
dental practice, as the tooth would be destroyed when a pulp 
sample is taken for examination.

Consequently, dentists are left to rely on the results of 
diagnostic devices, and although the sensibility of these tests 
is high, with false-positive or false-negative results, the conse-
quences can severely affect the teeth prognosis [15]. A tooth 
that has been falsely diagnosed as non-vital by an electric pulp 
tester could be subjected to unnecessary pulp removal and 
root canal treatment, while a tooth that is falsely diagnosed as 
vital may remain untreated, resulting in necrosis of support-
ing tissues and their resorption [1]. In addition, with recent 
advances in vital pulp therapy and the tendency for the pres-
ervation of pulp vitality [16,17] or its regeneration [18,19], it is 
of the outmost importance for clinical diagnosis to correlate to 
the actual pulpal status [20].

The aim of our study was to determine a possible correla-
tion between the pulse oximetry values as a test of pulp vitality 
and the density of blood vessels. We also wanted to examine 
the standard electric sensibility test and the density of myelin-
ated nerves at the top of the pulp.

FIGURE 1. “Y” sensor on each branch of dental forceps placed 
on the dental crown.
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and avoiding any patient movements. Such close contact 
was then secured for at least 45 s, until the value of saturation 
(% SpO2) on the monitor was stable and remained unchanged. 
To obtain the results of pulse oximetry as accurate as possible, 
a finger sensor of another pulse oximetry device was attached 
to the patient’s finger for the entire time of the measuring.

Electrical pulp testing was carried out at a separate 
appointment using an electric pulp tester (CICADA Tech. 
Dev. Co., Foshan, Guangdong, China) with a separate elec-
trode for the attachment to the patient’s lower lip. Toothpaste 
was applied as the conducting medium and the probe was 
placed on an intact tooth occlusal surface. The first (lowest) 
positive patients’ response at the lowest voltage applied was 
recorded as the voltage value (mV), shown on the monitor of 
the tester.

Tissue samples and staining

The preparation process of the extracted teeth is shown in 
Figure 2. Immediately after extraction, apices of all teeth were 
examined to assess the size of their apical diameter. The diam-
eter of the apical foramen was measured using an endodontic 
hand file instrument with a known standardized dimension.

Following this, one-third of the apical part of the root was 
cut off for better penetration of the fixating solution into the 
pulp tissue and fixed in formalin for 24 hours [23]. After 24 
hours, the entire tooth’s vertical (longitudinal) split was done. 
The halves of the tooth with pulp were re-immersed in forma-
lin for another 48 hours. Then, the pulps were gently removed 
from the dental half, dehydrated in alcohol, immersed in 
xylene, embedded in paraffin, and cut into 4.5 µm thick longi-
tudinal step serial sections. The step between the two sections 
was 20 µm thick. Sections were stored at room temperature 
and stained with HE. Blood vessels were shown by immu-
nohistochemical labeling of endothelial cells with anti-von 
Willebrand factor (vWf ) or factor 8-related antigen (Dako 
Denmark, 1:800) [24].

Myelinated A-delta fibers were shown immunohisto-
chemically by staining myelin sheaths with anti-S-100 (Dako 
Denmark, 1:1000). It was reported that much more promi-
nent immunoreactivity of S100 appeared in the cytoplasm of 
myelin-forming Schwann cells than Schwann cells surround-
ing unmyelinated axons [25]. The immunohistochemistry was 
done following the manufacturer’s instructions as described 
previously [26,27].

Image analysis and evaluation of the volume 
density of blood vessels (Vvasc.) and myelinated 
nerve fibers (Vnerv.)

Image analysis was performed under a light microscope 
(Nikon Eclipse E 400), using a camera (Nikon digital sight 

DS-M5) and NIS elements version 3 – documentation com-
puter program. The measurements were performed on three 
sagittal slices of the central part of the dental pulp at the objec-
tive magnification of ×40 for blood vessels in the crown part 
of the pulp tissue. The objective magnification of ×60 for the 

FIGURE 2. The preparation process of the extracted teeth.
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myelinated nerve fibers was used for measurement in the 
sub-odontoblast zones on the occlusal side of the pulp.

The volume density of blood vessels lumen and myelin-
ated nerve fibers was stereological analyzed using the Weibel’s 
test system described previously [28].

Teeth with open and closed apices

According to the diameter of the dental apex, teeth 
were divided into two groups: Teeth with open (n = 6, 
OA group) and closed apex (n = 20, CA group). The apices 
with <0.015  mm diameter were defined as closed (n = 20) 
and more than 0.04 mm as open (n = 6). None of the teeth 
enrolled in the study had apices’ diameters between 
0.015 mm and 0.04.

Ethical statement

The Slovenian national medical ethics committee approved 
the study under protocol number 0120 – 415/2020/6. All 
invited participants received proper information before pro-
cedures and signed the informed consent form.

Statistical analysis

Analyses were performed using Microsoft Excel 2010 and 
Statistical Package for the Social Sciences SPSS 20.

The sample size was determined using the power of the 
study at 0.8 and p-value significance at <0.01. The result for 
appropriate sample size was n = 19. To compensate the poten-
tial dropout, the sample size was set at 26.

The relationship between the volume density of blood ves-
sels and oxygen saturation and the volume density of nerve 
fibers and electrical voltage was tested by Pearson’s coefficient 
of correlation (p < 0.05).

The average values of the measured parameters (volume 
density blood vessels and myelinated nerve fibers, oxygen sat-
uration, and electrical voltage) for the CA (n = 20) and OA 
group (n = 6) were calculated and expressed as the average 
value ± SD. ANOVA and the Welch test (p < 0.05) evaluated 
the statistical significance of the differences between both 
groups to compare unequally sized samples.

RESULTS

Patients and extracted teeth

Twenty-six, normal healthy upper and lower permanent 
premolars of seven patients, were included in the study. Six 
teeth of two patients (both girls aged 12  years) had an open 
apex and 20 teeth of five patients (three girls aged from 15 to 
20 and two boys aged 13 and 15) had closed apex. The charac-
teristics of teeth are listed in Table 1.

Tissue samples

Histological examination of the pulps stained with HE and 
immunohistochemically for vWf and S100 (Figure 3) showed 
the loose connective tissue in the central part of the pulp. The 
peripheral part consisted of the odontoblast and sub-odon-
toblast zones, composed of a cell-free (Weil zone) and a 
cell-rich layer (Hohl zone). The odontoblast zone was often 
torn from the dentin during pulp isolation. The pulp tissue 
had many blood vessels with a thin wall. The main arterioles, 
venues, and nerves run parallel to the long axis of the tooth. 
They were located in the central part of the root canal. Blood 
vessels branched many times at the right angles. Arteries that 
run from these branches often had the caliber greater than the 
vessel they originated. Transversal branches between vessels 
were also seen. In coronary pulp, the axons and blood vessels 
extensively branched. The density of capillary bad and nerves 
plexus increased toward the upper part of the dental pulp in 
the crown.

Correlation between vascular volume density and 
hemoglobin oxygen saturation

The average value of vascular volume density was 0.276 
mm3/mm3 ± 0.159 and oxygen saturation 83.731% ± 5.166. 
The Pearson’s test revealed a significant positive correlation 
between vascular volume density of the pulp tissue and lev-
els of hemoglobin oxygen saturation measured through pulse 
oximetry (r = 0.426, p = 0.030) (Figure 4A).

Correlation between myelinated nerve fibers 
volume density and voltage

The average value of volume density of nerve fibers was 
0.218 mm3/mm3 ± 0.115 and the lowest electrical voltage 
that patient felt, measured with an electric pulp tester was 
15.615 mV ± 9.798. We found a significant negative correla-
tion between the volume density of nerve fibers and voltage 
(r = −0.420, p = 0.033) (Figure 4B).

Comparison between CA and CO group in 
volume density of blood vessels and myelinated 
nerve fibers, results of pulse oximetry, and 
electrical sensibility test

According to the maturity of the dental apex, teeth were 
divided into CA (n = 20) and OA (n = 6). The results of vas-
cular and nerve volume density, oxygen saturation, and elec-
tro-voltage of dental pulps of the CA and OA groups are rep-
resented in Figure 5.

We found that pulps in the CA group had a higher 
density of nerve fibers in the area beneath the odontoblast 
zone (0.234 mm3/mm3 ± 0.116) than the group of teeth 
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with open apices (0.137 mm3/mm3 ± 0.080; P = 0.037) 
(Figures 3 and 5A).

In contrast, there was no significant difference in vascular 
volume density of the pulp tissue between both groups (CA 
group: 0.301 mm3/mm3 ± 0.167 and OA group: 0.193 mm3/
mm3 ± 0.092; p = 0.059) (Figures 3 and 5A).

In addition, there was also no difference in hemoglobin 
oxygen saturation (CA group: 83.80 % ± 5.238 and OA group: 
83.50 % ± 5.394; p = 0.907) (Figure 5B) or in minimal electric 
voltage that patients felt (CA group: 17.30 mV ± 10.378, and 
OA group: 10.00 mV ± 6.648; p = 0.113), between both groups 
of teeth (Figure 5C).

DISCUSSION

In this study, healthy teeth, extracted due to orthodon-
tic indication, were investigated using clinical tests to assess 
whether the vitality and sensibility of dental pulp are actually 
reflected in its morphology.

We found a positive correlation between the volume den-
sity of blood vessels and the pulp tissue’s oxygen saturation 
levels independently on the apex’s maturity. The dental pulp 
is known to be very vascular tissue [13]. Blood volume was 
reported to represent about 3% of the wet weight of pulp tissue 
in rats, similar to breast tumor tissue [14]. In young cats, it was 
reported that 14% of dental pulp volume is occupied by vessels, 
and the average density of the capillary network was found to 
be 1402 mm2 [29,30]. The vascular bed in our study was also 
dense, with very thin walls to their diameters which were also 
observed by the previous studies [13,14].

One of the methods for in vivo showing the vascularity 
of dental pulp is pulse oximetry [5]. It is a clinical method for 
monitoring the oxygen saturation of the hemoglobin. Oxygen 
saturation of blood in tissue is a reflection of the dynamic bal-
ance between oxygen supply and consumption in capillaries, 
arterioles, and venues. It is generally accepted that oxygen sat-
uration is associated with blood perfusion [31].

It is known that pulp vascularity [32] and oxygen satura-
tion [5,22,33,34] are higher in the younger people’s teeth and 
that they decrease with age. In a study involving 120 healthy 
premolars, pulse oximetry showed decreased oxygen satura-
tion in the dental pulp after the age of 35, but after the age of 
40, the reduction in oxygen saturation was significant [34]. 
In our study, participants were aged from 12 to 20 years, and 
the average oxygen saturation of premolars was much lower 
(83.73%) in the groups of patients aged 20-24 years, compared 
to the previously mentioned study (89.71%). Our results of 
pulp oxygenation are similar to measurements of oxygenation 
of 40-year-old patients (80%) from reports mentioned in the 
previous study. However, their results agree with the results 
of a histological study of the dental pulp of 120 patients, where 

TABLE 1. Distribution of specimen included in the study, regarding the tooth type, number of teeth, and apex width

Single‑rooted OA Two‑rooted OA Single‑rooted CA Two‑rooted CA Σ
Tooth type

Upper 1st/2nd premolar (N) 3 10 13
Lower 1st/2nd premolar (N) 3 10 13
Premolars (N) 3 3 10 10 26

FIGURE 3. Crown part of dental pulp with closed (CA group) 
and open apex (OA group) stained with HE (objective magnifi-
cation ×4, bar=300µm), anti-vWf (objective magnification ×4, 
bar=300µm), and anti-S100 (sub-odontoblast zone, objective 
magnification ×20, bar=150µm). Note that the pulp tissue is 
insignificantly more vascularized (HE, vWf) and significantly 
more innervated (S100) in the CA group than in the OA group. 
↑: Vessels with the thin wall; ▲: Branching of the vessels in 
the right angels.

FIGURE 4. (A) Linear correlation between the vascular volume 
density of the pulp tissue (Vvasc) and levels of hemoglobin 
oxygen saturation (SpO2) (R=0.426, p=0.030, Pearson cor-
relation); (B) linear correlation between the volume density of 
nerve fibers (Vnerv) and the lowest electrical voltage (EV) felt 
by the patient (R=−0.420, p=0.033, Pearson correlation).

BA
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a decrease in the vascular density was shown, regarding with 
increase of years of life. The significant drop was especially vis-
ible between 30 and 40 years of age [32].

In the other study, the dental pulp’s oxygen saturation 
by pulse oximetry was measured on incisors with open and 
closed apex. The results showed a higher average value of 
oxygen saturation in teeth with open apex (approximately 
85%) in comparison to teeth with closed ones (approximately 
83%). They found a negative correlation between the stage of 
tooth root development and saturation with oxygen. In our 
study, the pulps were divided into CA and OA groups accord-
ing to the maturity of the apex. Both groups were very sim-
ilar in oxygen saturation values; CA group  83.80% and OA 
group 83.50%. Our values were in a very similar range to the 
previous study on incisors [33] but lower than the study on 
premolars [34]. However, we found no significant difference 
in vascular density of the pulp tissue between the CA and OA 
groups. Moreover, in the pulps of the CA group, an insignifi-
cantly higher vascular volume density was noted than in the 
OA group. Significantly higher blood flow in teeth with newly 
closed apex than open apex was shown in a study where blood 
flow was measured using transmitted-light plethysmography 
at different stages of tooth root development [35]. Further 
studies should be done, as the blood vessels of the dental pulp 
have not yet been fully investigated.

It is known that in addition to rich vascularity, the dental 
pulp tissue is also highly innervated [10]. Our study observed 
that the axons in the crown part of the pulp were exten-
sively branched, but the axons in the radicular part gave off 
only a few branches that have also been reported by other 
authors [10,36]. Mechanical, chemical, thermal, and electrical 
stimulation of exposed dentin or dental pulp elicit just sensa-
tions of pain [10]. The lowest electrical potential through hard 
dental tissues causes excitation in delta myelinated A-delta 
nerve fibers. The result is a sensory perception that can be 
measured by an electrical sensibility test [5,37].

Our study found a significant negative correlation between 
the volume density of myelinated nerve fibers and the lowest 

electrical voltage that the patient felt. We also found a signifi-
cantly higher volume density of nerve fibers in the CA group 
than in the OA group. Our results agree with the previously 
described findings that the pulp of developing teeth has a less 
dense network of nerve fibers, especially myelinated fibers, 
than in a fully formed young tooth. It was also reported that 
the young developing teeth are less sensitive to pain than adult 
teeth [38,39], but we did not find significant differences in the 
electric test of sensibility between both groups. In our experi-
ment, teeth sensibility to electric current in the OA group was 
even insignificantly higher. In the OA group, we only had six 
teeth out of two patients, resulting in a significant impact of 
individual differences in pain perception [2], and we attributed 
deviations in our results from those reported in the literature 
to the subjectivity of our two subjects.

According to our knowledge, just a few studies analyzed 
pulp histology and compared it with clinical tests. In the 
1960s and 1970s, the association between pulp histological 
status (normal, inflamed, and necrotic) and the result of the 
electrical sensibility test was investigated. However, no signif-
icant correlation was found [37,40-43], except the association 
between necrotic pulp and the absence of sensation in the 
electrical test [37,40].

We need to be careful in interpreting our results, as not 
many patients were included in the study, especially in the OA 
group. The latter is the major limitation of this study. However, 
the results of our study are important as they show the results 
of clinical tests and histological analysis of the same teeth in 
humans.

CONCLUSION

We found that healthy teeth with a closed apex had a 
higher volume density of nerve fibers in the upper part of the 
dental pulp than intact teeth with an open apex, but there were 
no differences in the perception of the lowest electrical voltage 
felt by the patient as there are large individual differences in 
sensitivity. However, we found no significant differences in 

FIGURE 5. The differences between the CA and OA groups in (A) vascular (Vvasc) and nerve fibers (Vnerv) volume density of the 
pulp tissue; (B) oxygen saturation (SpO2) and (C) the lowest electrical voltage (EV) felt by the patient. (*Significantly different; 
ANOVA, Welch test [p<0.05]).

CBA
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dental pulp vascularity and oxygen saturation of dental pulp 
tissue between teeth with closed and open apex, confirming 
the findings that pulse oximetry is a more objective method 
than electrical sensibility test.

Regardless of the openness of the apex, we found a posi-
tive correlation between the volume density of blood vessels 
and the degree of saturation of pulp tissue with oxygen. We 
also found a significant negative correlation between nerve 
fiber volume density and the lowest electrical voltage felt by 
the patient. We can conclude that the measurement of pulse 
oximetry and electrical sensibility test reflects the morphol-
ogy of healthy pulp tissue independently of the maturity of the 
dental apex.
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