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Abstract
Background  This study aimed to evaluate the efficacy and safety of dentin hypersensitivity (DH) treatment using a 
newly developed device based on a powder jet deposition (PJD) technique that creates a hydroxyapatite (HAP) layer 
on the dentin surface, thereby alleviating the hypersensitivity. The effect of the PJD treatment was compared with 
that of conventional treatment using Teethmate Desensitizer (TMD; calcium-phosphate containing material with TTCP 
(Ca4(PO4)2O) and DCPA (CaHPO4)), which has been used clinically in Japan with well-confirmed effectiveness.

Materials and methods  A randomized controlled trial was conducted including 35 patients who had symptoms of 
DH in two or more quadrants. Two test teeth were selected per patient (70 teeth in total) and randomly assigned to 
PJD or TMD treatment. The efficacy was evaluated using the improvement rate for air and scratch pain according to 
the scores obtained via visual analog scale 12 weeks after treatment. The safety assessment was performed focusing 
on gingival index (GI) and spontaneous pain. The t-test was used to analyze the non-inferiority of PJD treatment 
compared to TMD treatment.

Results  The improvement rate of air pain was 69.0% for PJD and 69.7% for TMD. The improvement rate of scratch 
pain was 80.8% for PJD and 81.7% for TMD. Non-inferiority with a margin of 10% was not observed for both air and 
scratch pain. No change was observed in GI from baseline and the improvement rate of spontaneous pain for PJD was 
higher than that for TMD.

Conclusion  Non-inferiority of PJD to TMD treatment was not observed in this study; however, it was not statistically 
demonstrated, and the results were thus interpreted as inconclusive. PJD did improve the DH symptoms, as did TMD. 
PJD’s therapeutic effect was most likely attributable to the deposition of a HAP layer on the tooth surface, which 
would alleviate hypersensitivity for at least 12 weeks without causing severe adverse events.

Trial registration  UMIN-CTR. ID: UMIN000025022. date: 02/12/2016.
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Background
Dentin hypersensitivity (DH) is caused by the exposure 
of dentin because of defection of enamel or cementum 
[1]. It is defined as “an exaggerated sensitivity of vital 
dentine exposed to thermal, chemical and tactile stim-
uli” [2]. Transient sharp pain occurs when stimulation is 
applied to the area. Nearly 30% of Japanese are affected 
by hypersensitivity [3]. The most accepted theory regard-
ing the pathogenesis of DH is hydrodynamic theory 
[4–6]. According to it, when stimulation is applied to 
the surface of the dentin, the flow of fluid occurs in the 
dentine tubules. This causes pressure and excites the free 
nerve endings in dental pulp [7–9]. Recently, odonto-
blasts might well play an important role in the pathogen-
esis mechanisms of DH [10–12]. These findings suggest 
that chemical mediators are released from odontoblasts 
despite the absence of physical synapses, and paracrine 
cell-cell communication plays an important role in the 
occurrence of DH [13]. In any case, external environmen-
tal stimuli caused DH, DH treatment is thus focused on 
obturating the dentine tubules [14]. There are various 
methods for this such as crystal/salt precipitation and 
sealing with laser irradiation or resin materials [15–17]. 
However, crystals of fluoride, potassium nitrate, and cal-
cium hydroxide show low sealing properties for dentine 
tubules [18–20]. Additionally, the long-term effectiveness 
is uncertain, and retreatment is sometimes required [21].

To solve these problems, we focused on the powder 
jet deposition (PJD) technique [22–25] as a new method 
for treating DH. PJD is a method whereby a thin layer of 
hydroxyapatite (HAP) is formed on the material surface 
by injecting fine HAP particles at high speed. The HAP 
layer can be formed on the tooth surface using the PJD 
technique. The formation of the HAP layer is due to par-
ticles with high kinetic energy colliding with the sub-
strate, and some particles are plastically deformed and 
repeatedly attached to the substrate [26, 27]. We have 
developed a medical device named PJD-UNIT (SANGI 

CO., LTD. Japan) that can efficiently form a layer of 
HAP on the tooth surface (Fig.  1). PJD UNIT consisted 
of dedicated HAP powder and the device to deposit it 
on dentin at a high speed. PJD-UNIT consisted of two 
parts: a deposition control device and a handpiece. The 
HAP layer adhered as firmly as composite resin bonded 
to the tooth surface. In addition, the micro-Vickers hard-
ness and corrosion resistance were equivalent to those 
of enamel [26]. Furthermore, the HAP layer after the 
thermal cycle assuming oral environment showed supe-
rior microstructural and mechanical properties [28]. In 
addition, the HAP layer formed on the dentin reduced 
the permeability of dentin tubules more than with com-
mercially available dentin desensitizers [29]. As the HAP 
layer formed by the PJD-UNIT has the same components 
as a tooth and the dentine tubules are filled with HAP, 
it has no harmful effects on the human body [29]. HAP 
layer is transparent and inconspicuous, it does not cause 
aesthetic problems. Therefore, the effect of treatment by 
PJD-UNIT is expected to be the same as or better than 
that of conventional treatment. Previous studies have 
confirmed that no major damage occurred [26, 28, 29].

In addition, we confirmed the safety of soft and hard 
tissues in Beagle dogs (approval number 19MedA-1 6: 
Committee of the Tohoku University Environmental 
& Safety Committee) based on consultation with Japa-
nese regulatory authorities (e.g., the Pharmaceutical 
and Medical Device Agency). Based on these results, we 
obtained certification for the implementation of clinical 
trials. Therefore, we previously conducted an exploratory 
clinical trial to determine the effectiveness and safety of 
the HAP layer formed by the PJD-UNIT in treatment 
of dental caries, DH, and discolored teeth [30]. Based 
on the results, in the treatment of DH, the main symp-
toms of air pain and cold-water pain decreased accord-
ing to the Numerical Rating Scale (NRS) score after 4 
weeks compared with before treatment. In addition, no 
harmful effects were observed in dental pulp. Although 

Fig. 1  Photographs of PJD-UNIT (a) main body and handpiece of PJD-UNIT, (b) application of spraying on the tooth, (c) after application of PJD-UNIT 
(after injection test)
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non-serious adverse events were reported in 2 patients, 
they were not attributable to the PJD-UNIT or device 
malfunction.

Based on the results of preclinical studies and explor-
atory clinical study, the effectiveness and safety of the 
PJD-UNIT for DH were demonstrated. Nevertheless, as 
the exploratory clinical trial was a single-arm trial with 
a limited number of subjects, both the clinical effective-
ness and safety were insufficient in terms of obtaining 
pharmaceutical approval. As mentioned above, the PJD-
UNIT may have advantages in DH treatment over con-
ventional methods because better sealing of dentinal 
tubules with high biocompatible HAP can be achieved 
[29, 30]. Thus, if the therapeutic effect of the PJD-UNIT 
is not worse than conventional treatments, it is clini-
cally valuable. Therefore, we conducted a non-inferiority 
randomized controlled trial to evaluate the efficacy and 
safety of DH treatment using the PJD-UNIT compared 
with that of a commercially available agent, Teethmate 
Desensitizer (TMD; Kuraray Noritake, Japan) [31]. 
TMD contains calcium phosphate, tetracalcium phos-
phate [TTCP; Ca4(PO4)2O], and dicalcium phosphate 
anhydrous (DCPA; CaHPO4), the combination of which 
could spontaneously transform to hydroxyapatite [HAP; 
Ca10(PO4)6(OH)2] [32]. The HAP obturates the dentine 
tubules. Since this is a study to obtain pharmaceutical 
approval in Japan, it is necessary to compare with mate-
rials that have pharmaceutical approval. TMD has been 
approved in Japan, and the efficacy of the latter has been 
scientifically demonstrated [31–38], with long-term sus-
tainability especially demonstrated in vitro [32]. Addi-
tionally clinical studies show their effectiveness and 
safety [31, 35–38]. Therefore, it was employed as a repre-
sentative conventional treatment (i.e., an active control).

Methods
Study design
This study was a single-blind, multi-center (Tohoku Uni-
versity Hospital and Otemachi Kawata Dental Clinic) 
randomized controlled trial with a split-mouth design 
to compare the effect of PJD and TMD treatments. The 
protocol was reviewed and approved by the Institutional 
Review Board of Tohoku University Hospital (reference 
No. 163,006). In addition, this study and the clinical trial 
was performed in accordance with the Declaration of 
Helsinki, the Consolidates Standards of Reporting Tri-
als (CONSORT), and the Good Clinical Practice (GCP) 
guideline. Before starting this study, we consulted the 
Pharmaceutical and Medical Device Agency, a regu-
latory authority in Japan, and obtained clinical trial 
notifications. The clinical trial was registered on the 
University hospital Medical Information Network (ID: 
UMIN000025022. date of first registration: 02/12/2016).

The patient inclusion criteria were as follows: (1) age ≥ 
20 years; (2) informed consent signed by the patient; (3) 
subjects who were able to visit the hospital throughout 
the clinical trial period; (4) presence of DH symptoms in 
two or more quadrants with a visual analog scale (VAS) 
score of 30  mm or larger when air is applied at a pres-
sure of 0.4 ± 0.05 MPa and a flow rate of 15 ± 3 L / min; 
and (5) subjects who agreed not to receive DH treatment 
until completion of the clinical trial even if they had DH 
symptoms in a tooth adjacent to the test tooth. The exclu-
sion criteria were as follows: (1) presence of oral mucosal 
disease; (2) medical history of adverse reactions to local 
anesthesia; (3) pregnancy or possibility thereof; (4) par-
ticipating in another clinical trial; (5) having other pain 
in an oral cavity; (6) taking pain medication; (7) subjects 
considered unsuitable for the trial by the investigators; 
and (8) presence of dental caries, pulp pain, or periodon-
titis with a probing pocket depth of ≥ 5 mm and bleeding 
on probing in a test quadrant.

Random allocation
Patients who visited Tohoku University Hospital or a pri-
vate dental clinic with symptoms of DH were asked to 
enroll in this clinical trial. In total, 40 patients consented 
to be assessed for eligibility. After written informed con-
sent was obtained from the patient, the baseline VAS 
examination was performed by the examiner. As stated in 
inclusion criteria (4), test teeth were selected using split-
mouth design. We examined the tooth that a subject felt 
was the most painful in daily life, and if the VAS value 
was 30 mm or greater, the tooth was designated as “Test 
tooth 1.” We chose “Test tooth 2” in order of priority: 
left–right opposite side, left–right upper–lower opposite 
side, and upper–lower opposite side of “Test tooth 1.” If 
“Test tooth 1” was the anterior part of the tooth, exami-
nation was performed on the anterior part, and if it was 
the molar part, examination was performed on the molar 
part. The tooth with the highest VAS value of 30 mm or 
greater was designated as “Test tooth 2.” The investigator 
then contacted the registration center and the test teeth 
were randomly allocated to one of the two treatments 
(i.e., PJD or TMD). The random allocation was performed 
using an interactive web response system. Figure 2 shows 
the CONSORT flow chart of the clinical trial. “Test tooth 
1” with PJD was assigned to Group 1; “Test tooth 2” with 
PJD was assigned to Group 2. Assignment results were 
only available for the operator, and the patient and evalu-
ator were blinded.

PJD
The PJD-UNIT and HAP powder was provided by SANGI 
CO., LTD. in accordance with a joint research contract 
with Tohoku University. Test treatment was performed 
by operators. We selected three blinded evaluators who 
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were not involved in the test treatment. Following the 
baseline examination and randomized allocation, the test 
teeth were cleaned using a rotary toothbrush with rubber 
cup by operator. Then, to blind the patient, the test tooth 
was subjected to both dummy and test treatments.

For PJD treatment, a dummy treatment was provided 
first. The dummy treatment was performed by applica-
tion of water, instead of TMD, using an applicator brush 
for 40 s. The tooth was then isolated using a rubber dam 
for PJD treatment. The tooth was sprayed with HAP 
powder using the PJD-UNIT for 1 min under the follow-
ing conditions: supply pressure, 0.5 MPa; powder fill vol-
ume, 5 g; and nozzle scan speed, approximately 5 mm/s; 
HAP particle. The distance between the tip of the spray 
nozzle and tooth surface was kept at about 3 mm within 
an allowable range of 1–5  mm. The excess powder was 
vacuumed using extra and intra oral suctions. Finally, 
the HAP layer formed on the tooth surface was polished 
using a diamond paste (Diamond Polisher Paste, GC, 
Japan).

TMD
For TMD treatment, TMD was applied to the tooth sur-
face using an applicator brush for 40 s. A dummy treat-
ment was then performed. The tooth was isolated as 
described above and HAP powder was sprayed using 
the PJD-UNIT onto the rubber dam, instead of the tooth 
surface, under the same conditions as described above. 
Polishing using the diamond paste was performed on the 
non-treated area of the tooth after the dummy treatment.

Evaluation
Evaluations were performed by only blinded evalua-
tors. Operators were not involved in the evaluation. Pulp 
symptom (pain) caused by air application with inclusion 

criteria (3) was defined as “air pain” and by scratch using 
a dental explorer as “scratch pain.” The evaluators per-
formed calibration before the evaluation. In case of air 
pain examination, air pressure and flow rate were con-
trolled to maintain these levels using a PJD-UNIT syringe 
connected to an air pressure and flow rate controller. The 
airflow was checked chronologically using an airflow sen-
sor. The unit syringe was held with the tip about 1  cm 
away from the target area, and air was applied with a 
pressure of 0.4 ± 0.05 MPa and a flow rate of 15 ± 3 L/min. 
In case of scratch pain, the evaluators were trained using 
a pressure gauge to ensure that the scratch force was con-
stant. The tip of an explorer (Multi, YDM Corporation) 
was run with a pressure of about 20 g both ways for about 
1 s.

“Spontaneous pain” for each subject tooth and the 
presence of pain that interferes with daily life were 
recorded. VAS for air, scratch, spontaneous pain and 
gingival index (GI) were recorded by the blinded evalu-
ators the next day, and 1, 4, 8, and 12 weeks after treat-
ment. During the follow-up period, adverse events were 
recorded, and their severity was determined based on the 
National Cancer Institute’s Common Terminology Crite-
ria for Adverse Events (CTCAE), v4.0.

This study’s primary endpoint was improvement rate 
of air pain 12 weeks after treatment. The secondary 
endpoint was improvement of scratch pain 12 weeks 
after treatment. Safety endpoints were adverse events 
(spontaneous pain, GI, other adverse events) and device 
malfunction.

Statistical analysis
Sample size calculation was performed as follows: VAS 
was used as an evaluation item in this clinical trial, 
whereas the NRS was used in the exploratory clinical 

Fig. 2  Flowchart of treatment
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trial. We therefore converted the NRS value to the VAS 
value (NRS value 10 → VAS value 100). The improve-
ment rate of PJD treatment was estimated as 71.3 ± 28.2 
[30]. Additionally, the improvement rate of TMD treat-
ment was estimated as 60.7 ± 13.6 [31]. Based on these 
estimations, the mean air pain improvement rate of the 
PJD treatment group was set as 70.0%, the mean air pain 
improvement rate of the TMD treatment group was set 
as 60.0%, the common standard deviation was set as 
30.0, and the non-inferiority margin was set as 10.0. The 
required number of cases was calculated to be 28, and 35 
was set when considering dropout.

The improvement rate of air pain was calculated as 
follows:

	Improvementofairpain (%) =
VASbeforetreatment − VASaftertreatment

VASbeforetreatment
× 100

Assuming the average improvement of air pain of the 
PJD group as µpjd and that of the TMD group as µtmd, the 
hypothetical structure of the non-inferiority test was as 
follows:

H0: µpjd = µtmd-10
H1: µpjd > µtmd-10
Non-inferiority was verified by unpaired t-test.
For scratch pain, non-inferiority was verified by 

unpaired t-test using a temporary structure similar to the 
primary endpoint.

For adverse events determined to be related to the PJD-
UNIT, the incidence rate was calculated for each treat-
ment. The incidence rate for PJD and TMD treatments 
were statistically compared using Fisher’s exact test.

Results
This study was conducted from January 2017 to Sep-
tember 2017. Forty patients provided written informed 
consent, and 35 patients met the inclusion criteria. We 
excluded a subject who received prohibitive combination 
therapy after completing a clinical trial, evaluating its 
effectiveness. Therefore, evaluation of effectiveness was 
performed for 34 patients and safety evaluation was per-
formed for 35 patients. The mean age of the patients was 
32.9 ± 14.2 years.

Figure  3 shows the tooth before and after treatment 
with the PJD-UNIT. Table 1 shows the VAS and air pain 
improvement rate results. The air pain improvement rate 
was 69.0% for PJD treatment and 69.7% for TMD treat-
ment. Although the mean improvement rates of air pain 
(primary outcome) were similar in both groups, PJD 
failed to meet the non-inferiority criteria (p = 0.196). 
Table  2 shows the VAS and scratch pain improvement 
rate results. The scratch pain improvement rate was 
80.8% for PJD treatment and 81.7% of TMD treatment. 
As in the case of primary outcome, the null-hypothesis 
of non-inferiority test regarding the improvement rate of 
scratch pain was not rejected (p = 0.247).

No severe adverse events or device malfunctions 
were observed. Minor adverse events were reported in 
4 patients, with 2 developing stomatitis and 2 develop-
ing gingivitis (NCI CTCAE Grade 1). All of the patients 
recovered without treatment. We did not perform sta-
tistical analyses, as the number of cases was too small. 
Regarding spontaneous pain, the improvement rate was 

Fig. 3  Before and after treatment with PJD-UNIT. Yellow arrows show the test tooth. PJD treatment was performed on cervix. HAP layer is transparent
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89.5% for PJD treatment and 71.2% for TMD treatment. 
In addition, no change from baseline was observed in GI.

Discussion
This randomized controlled trial failed to demonstrate 
non-inferiority of PJD treatment to TMD treatment. 
However, according to the mean improvement rate of 
DH symptoms, PJD treatment was as effective as TMD 
treatment.

This study was conducted according to the guidelines 
for clinical trials of DH, and the endpoints were set fol-
lowing the guideline [39]. It was suggested that the first 
choice for evaluation of DH would be air pain, and the 
second would be scratch pain (or thermal pain) [39]. In 
addition, a previous clinical study testing TMD used both 
air and scratch pain to evaluate the efficacy of the agent 
[30]. Therefore, we also employed air and scratch pain as 
endpoints in this clinical trial.

The improvement rate of air pain was 69.0% for PJD 
treatment, which was comparable to that reported in 
our previous study (71.3%) [30]. The improvement rate 
of scratch pain was 80.8% for PJD treatment and 81.7% 
for TMD treatment. These findings indicate that the HAP 
layer formed by the PJD-UNIT may have good stability, 
and thus it is effective in DH treatment. However, PJD 
treatment failed to meet the non-inferiority criteria with 
a margin of 10%, and the results were thus inconclusive. 
As we assumed a relatively large variance in the improve-
ment rate of air pain to calculate the sample size as men-
tioned above, the reason for the failure to demonstrate 
non-inferiority might be related to other factors. One 
may be the relatively high improvement rate brought by 

TMD treatment in this study (71.3%), which was higher 
than that reported previously (60.7%) [31]. In addition, 
the baseline VAS of air pain was lower than the reported 
value [40, 41]. Therefore, one of the factors that made the 
effect of TMD treatment different from that reported 
was that the baseline VAS was slightly lower than the 
reported value.

It should be noted that VAS is complicated to use, 
especially with elderly people, and is associated with 
higher error rates [40]. In fact, there were some patients 
with high error rates in using VAS in this clinical trial. 
Although the evaluation methods may have been a factor, 
VAS is most commonly used for pain evaluation [42]. If 
a clearer explanation had been provided to the patients, 
the error rates in VAS might have been lower. Further-
more, the cause of DH was unclear due to the inclusion 
criteria of this study. DH was caused by enamel attrition 
and erosion, corrosion, abrasion, abfraction and soft tis-
sue dehiscence [13]. Therefore, to reduce the influence of 
other factors, for the comparison, we grouped DH based 
on cause. In addition, to ensure that the groups had the 
same level of pain, it was necessary to stratify the teeth 
according to their initial VAS values. These are the limi-
tations of this study. Therefore, it is also necessary to con-
sider setting an upper limit for the VAS value. Moreover, 
new research must be conducted with comparatively 
stricter VAS inclusion criteria, an increased number of 
cases, and an extended evaluation period.

The reason why we failed to demonstrate non-inferior-
ity of PJD compared with TMD was that the treatment 
procedure was performed more strictly than reported 
methods. We used a rubber dam on test teeth, whereas 

Table 1  Change in VAS and improvement rate of air pain
PJD TMD p

n = 34 n = 34
VAS improvement rate VAS improvement rate

baseline 55.5 ± 13.6 (34) 55.6 ± 16.9 (34)
Day 1 27.1 ± 23.2 (34) 52.4 ± 36.2 (34) 22.9 ± 22.5 (34) 58.8 ± 33.2 (34)
1 week 26.5 ± 24.5 (34) 54.6 ± 35.0 (34) 20.4 ± 21.7 (34) 65.0 ± 29.8 (34)
4 weeks 21.7 ± 22.2 (34) 62.1 ± 33.9 (34) 18.2 ± 18.4 (34) 68.4 ± 25.9 (34)
8 weeks 20.3 ± 23.2 (34) 64.1 ± 39.6 (34) 19.3 ± 21.5 (34) 67.9 ± 29.4 (34)
12 weeks 17.7 ± 20.3 (34) 69.0 ± 30.9 (34) 18.1 ± 20.8 (34) 69.7 ± 28.1 (34) 0.196

Table 2  Change in VAS and improvement rate of scratch pain
PJD TMD p

n = 34 n = 34
VAS improvement rate VAS improvement rate

baseline 26.9 ± 19.9 (34) 26.6 ± 19.9 (34)
Day 1 9.1 ± 15.4 (34) 68.4 ± 37.3 (28) 9.8 ± 15.7 (34) 66.9 ± 40.6 (28)
1 week 9.6 ± 15.3 (34) 60.3 ± 77.3 (28) 8.4 ± 13.4 (34) 71.4 ± 31.7 (28)
4 weeks 6.5 ± 10.8 (34) 78.3 ± 22.6 (28) 6.1 ± 10.0 (34) 78.7 ± 26.0 (28)
8 weeks 6.2 ± 10.3 (34) 82.6 ± 22.1 (28) 5.9 ± 8.5 (34) 73.7 ± 45.1 (28)
12 weeks 5.3 ± 9.3 (34) 80.8 ± 26.8 (28) 3.9 ± 5.4 (34) 81.7 ± 31.4 (28) 0.247
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other studies performed the procedure with simple mois-
ture sealing [31]. As mentioned in introduction, TMD is 
based on the principle that calcium phosphate is trans-
formed into HAP [32]. HAP crystals grow when calcium 
phosphate reacts with calcium and phosphate in saliva 
[31, 32]. In addition, TMD may react with saliva and grow 
HAP crystals [32, 33] and the formation of HAPs could 
proceed in the presence of substrate, because saliva in the 
oral cavity is supersaturated with calcium and phosphate 
[32, 33]. Therefore, it is considered that the strict proce-
dure of this trial increased the amount of TMD remain-
ing on the dentin surface and promoted the formation of 
HAP crystals.

The TMD group showed a plateau state after 4 weeks, 
whereas the PJD group showed a sustained improvement 
trend throughout the entire observation period. The HAP 
layer formed by the PJD-UNIT was firmly deposited on 
dentin and some small HAP particles entered the dentine 
tubules [29]. This caused direct sealing of the dentinal 
tubules due to the high-speed collision and deeper pen-
etration of the submicron particles generated by the col-
lision into the dentinal tubules. It is suggested that HAP 
particles inside dentine tubules be mineralized [29]. In 
addition, exposing HAP to saliva also enhanced calcifica-
tion [43, 44]. TMD also formed HAP immediately [32]. 
It was thus considered that TMD formed a HAP layer 
more rapidly than PJD. However, TMD only obdurate the 
dentine tubules [33]. On the other hands, the HAP layer 
formed by PJD has a thickness of 30–40 μm and is uni-
formly formed not only on the dentinal tubules but also 
on the entire surface [26]. In addition, the hardness of the 
HAP layer by PJD is as same as that of the enamel, and 
the bonding strength is the same as that of the composite 
resin and enamel [26, 29].

Akatsuka suggested that the dentinal tubules are a 
calcium-rich environment, and there is a strong possibil-
ity that HA particles deposited inside the tubules could 
enter a recalcification process that generates a strong and 
permanent adhesion between the biomaterial and the 
tooth [29]. Therefore, we estimated that the creation of 
the HAP layer by PJD treatment promoted greater and 
longer calcification of the HAP layer than TMD. PJD is 
thus considered to have a lasting effect of 12 weeks or 
more compared with TMD, and the long-term prognosis 
is equal to that of TMD. However, it is necessary to inves-
tigate this over a longer observational period. Therefore, 
this is another limitation of this study.

Although minor adverse events were observed, they 
were mild and did not require treatment. There are a few 
studies on adverse events encountered during DH treat-
ment. It was reported that desensitizer containing a high 
concentration of calcium sodium phosphosilicate could 
cause gingival inflammation [42, 45]. In DH treatment 
using a laser, pulp symptoms were assessed. We therefore 

also assessed both GI and spontaneous pain as a repre-
sentative pulp symptom. No deterioration was observed 
after PJD treatment regarding both GI and spontaneous 
pain. In fact, the improvement rate of spontaneous pain 
for PJD treatment was slightly better for PJD treatment 
than TMD treatment. Therefore, it can be concluded that 
the safety of DH treatment with the PJD-UNIT is clini-
cally acceptable [46]. For PJD treatment, no deterioration 
was observed regarding the safety endpoint of spontane-
ous pain and GI. Additionally, according to a new theory, 
it has been reported that paracrine cell-cell communica-
tion is one cause of DH [13]. Therefore, we estimate that 
less irritating substances are useful. Since HA is com-
posed of the same component as teeth, obturation of the 
HAP layer is safer and more useful than TMD. Further-
more, the improvement rate of spontaneous pain for PJD 
treatment showed an improvement tendency compared 
with TMD treatment. It was thus considered that the 
PJD-UNIT had sufficient safety for DH treatment.

Conclusion
Non-inferiority of PJD to TMD treatment was not 
observed in this study; however, it was not statistically 
demonstrated, and the results were thus interpreted as 
inconclusive. PJD did improve the DH symptoms, as did 
TMD. PJD’s therapeutic effect was most likely attribut-
able to the deposition of a HAP layer on the tooth sur-
face, which would alleviate hypersensitivity for at least 12 
weeks without causing severe adverse events.

Abbreviations
CONSORT	� Consolidates Standards of Reporting Trials
DCPA	� dicalcium phosphate anhydrous
DH	� dentin hypersensitivity
GCP	� good laboratory practice
GI	� gingival index
HAP	� hydroxyapatite
NRS	� numerical rating scale
PJD	� powder jet deposition
TMD	� Teethmate Densensitizer®
TTCP	� tetracalcium phosphate
UMIN	� University hospital Medical Information Network
VAS	� visual analog scale

Acknowledgements
We are deeply grateful to Prof. Tsunemoto Kuriyagawa, Akihiko Tomie, and 
Chieko Kuji (Tohoku University Graduate School of Biomedical Engineering) 
for in vivo research and helpful discussions and Mr. Ryuji Nakamura (Inter 
Scientific Research Co., Ltd.) for statistical assistance.

Authors’ contributions
Hiroki Hihara: Conceptualization; Formal analysis; Investigation; Methodology; 
Project administration; Validation; Visualization; Roles/Writing - original 
draft; Writing - review & editing. Kuniyuki Izumita: Conceptualization; 
Formal analysis; Investigation; Methodology; Project administration; 
Validation; Visualization; Roles/Writing - original draft; Writing - review & 
editing. Tetsuo Kawata: Conceptualization; Formal analysis; Investigation; 
Methodology; Project administration; Resources; Validation; Writing - review 
& editing. Ryo Akatsuka: Conceptualization; Formal analysis; Investigation; 
Methodology; Project administration; Writing - review & editing. Ryo Tagaino: 
Conceptualization; Formal analysis; Investigation; Methodology; Writing - 
review & editing. Aki Kitaoka: Conceptualization; Formal analysis; Investigation; 



Page 8 of 9Hihara et al. BMC Oral Health          (2023) 23:695 

Methodology; Writing - review & editing. Chie Kayaba: Conceptualization; 
Formal analysis; Investigation; Methodology; Project administration; Data 
Curation; Validation; Resources; Writing - review & editing. Koji Ikeda: 
Conceptualization; Formal analysis; Supervision; Methodology; Project 
administration; Data Curation; Validation; Resources; Writing - review & editing. 
Keiichi Sasaki: Conceptualization; Formal analysis; Supervision; Methodology; 
Project administration; Data Curation; Validation; Resources; Funding 
acquisition; Roles/Writing - original draft; Writing - review & editingAll authors 
read and approved the final manuscript.

Funding
This work was supported by Japan Agency for Medical Research and 
Development (AMED) Grant No. 16lm0103007j0005 and a Japan 
Society for the Promotion of Science (JSPS) Grant-in-Aid for Scientific 
Research < KAKENHI> (No. JP18K17094 and 20K10027).

Availability of data and materials
Restrictions apply to the availability of these data. Data were obtained from 
SANGI CO., LTD. and AMED and are available from the corresponding author 
on reasonable request and with the permission of SANGI CO., LTD. and AMED.

Declarations

Ethical approval and consent to participate
The protocol was reviewed and approved by the Institutional Review Board 
of Tohoku University Hospital (reference No. 163006). In addition, this study 
and the clinical trial were performed in accordance with the Declaration 
of Helsinki, the Consolidates Standards of Reporting Trials (CONSORT), and 
the Good Clinical Practice (GCP) guideline. Written informed consent was 
obtained from all patients included in the study.

Consent for publication
Written informed consent was obtained from all patients for study 
participation and publication.

Competing interests
The PJD-UNIT was provided by SANGI CO., LTD. in accordance with a joint 
research contract with Tohoku University. Keiichi Sasaki and Ryo Akatsuka are 
involved in this contract. The other authors have no conflict of interest. The 
funders had no role in the study design, data collection, and interpretation, or 
the decision to submit this work for publication.

Author details
1Division of Advanced Prosthetic Dentistry, Tohoku University Graduate 
School of Dentistry, 4-1 Seiryo- machi, Aoba-ku, Sendai, Miyagi  
980-8575, Japan
2Perioperative Oral Care Support, Tohoku University Hospital, 4-1 Seiryo-
machi, Aoba-ku, Sendai, Miyagi 980-8575, Japan
3Otemachi Kawata Dental Clinic, 6-19 Otemachi, Aoba-ku, Sendai,  
Miyagi 980-0805, Japan
4Akatsuka Dental Clinic, 2838-1 Mawatari, Hitachinaka, Ibaraki  
312-0012, Japan
5Division of Molecular and Regenerative Prosthodontics, Tohoku 
University Graduate School of Dentistry, 4-1 Seiryo-machi, Aobaku, 
Sendai, Miyagi 980-8575, Japan
6Department of Development Promotion, Clinical Research, Innovation 
and Education Center, Tohoku University Hospital, 1-1 Seiryo-machi, 
Aoba-ku, Sendai, Miyagi 980-8574, Japan
7Tohoku University Graduate School of Dentistry, 4-1 Seiryo-machi, Aoba-
ku, Sendai, Miyagi 980-8575, Japan

Received: 22 May 2023 / Accepted: 20 September 2023

References
1.	 Absi EG, Addy M, Adams D. Dentine hypersensitivity. A study of the patency 

of dentinal tubules in sensitive and non-sensitive cervical dentine. J Clin 
Periodontol. 1987;14(5):280–4.

2.	 Simões TM, Melo KC, Fernandes-Neto JA, Batista AL, da Silva MG, Ferreira AC, 
et al. Use of high- and low-intensity lasers in the treatment of dentin hyper-
sensitivity: a literature review. J Clin Exp Dent. 2021;13(4):e412–7.

3.	 Ito K, Ando K, Akahira N, Otogoto J, Murai S, Suido H, et al. The sensitivity-
reducing effect of a Dental Rinse Containing Aluminum Lactate on Dentinal 
Hypersensitivity. J Japanese Soc Periodontology. 1995;37(2):317–24.

4.	 Brännström M. Sensitivity of dentine. Oral Surg Oral Med Oral Pathol. 
1966;21(4):517–26.

5.	 Brännström M, Lindén LA, Aström A. The hydrodynamics of the dental tubule 
and of pulp fluid. A discussion of its significance in relation to dentinal sensi-
tivity. Caries Res. 1967;1(4):310–7.

6.	 Brännström M, Aström A. The hydrodynamics of the dentine; its possible 
relationship to dentinal pain. Int Dent J. 1972;22(2):219–27.

7.	 Närhi MV, Hirvonen TJ, Hakumäki MO. Responses of intradental nerve fibres 
to stimulation of dentine and pulp. Acta Physiol Scand. 1982;115(2):173–8.

8.	 Närhi MV. Dentin sensitivity: a review. J Biol Buccale. 1985;13(2):75–96.
9.	 Pashley DH, O’Meara JA, Kepler EE, Galloway SE, Thompson SM, Stewart FP. 

Dentin permeability. Effects of desensitizing dentifrices in vitro. J Periodontol. 
1984;55(9):522–5.

10.	 Liu X, Yu L, Wang Q, Pelletier J, Fausther M, Sevigny J, et al. Expression of ecto-
ATPase NTPDase2 in human dental pulp. J Dent Res. 2012;91(3):261–7.

11.	 Magloire H, Maurin JC, Couble ML, Shibukawa Y, Tsumura M, Thivichon-Prince 
B, et al. Topical review. Dental pain and odontoblasts: facts and hypotheses. J 
Orofac Pain. 2010;24(4):335–49.

12.	 Sole-Magdalena A, Martinez-Alonso M, Coronado CA, Junquera LM, Cobo J, 
Vega JA. Molecular basis of dental sensitivity: the odontoblasts are multisen-
sory cells and express multifunctional ion channels. Ann Anat. 2018;215:20–9.

13.	 Liu XX, Tenenbaum HC, Wilder RS, Quock R, Hewlett ER, Ren YF. Pathogenesis, 
diagnosis and management of dentin hypersensitivity: an evidence-based 
overview for dental practitioners. BMC Oral Health. 2020;20(1):220.

14.	 Arrais CA, Chan DC, Giannini M. Effects of desensitizing agents on dentinal 
tubule occlusion. J Appl Oral Sci. 2004;12(2):144–8.

15.	 Schmidlin PR, Sahrmann P. Current management of dentin hypersensitivity. 
Clin Oral Invest. 2013;17:55–9.

16.	 Zhou K, Liu Q, Yu X, Zeng X. Laser therapy versus topical desensitising agents 
in the management of dentine hypersensitivity: a meta-analysis. Oral Dis. 
2021;27(3):422–30.

17.	 Marto CM, Baptista Paula A, Nunes T, Pimenta M, Abrantes AM, Pires AS, et al. 
Evaluation of the efficacy of dentin hypersensitivity treatments-A systematic 
review and follow-up analysis. J Oral Rehabil. 2019;46(10):952–90.

18.	 Pashley D. Dentin permiability, dentin sensitivity, and treatment through 
tubule occlusion. J Endod. 1986;12:465–74.

19.	 Greenhill J, Pashely D. The effets of desensitizing agents on the hydraulic 
conductance of human dentin in vitro. J Dent Res. 1981;60:686–98.

20.	 Addy M, Dowell P. Dentine hypersensitivity - A review. J Clin Periodontol. 
1983;10:351–63.

21.	 da Rosa WL, Lund RG, Piva E, da Silva AF. The effectiveness of current dentin 
desensitizing agents used to treat dental hypersensitivity: a systematic 
review. Quintessence Int. 2013;44(7):535–46.

22.	 Noji M, Sepasy Zahmaty MS, Shibuya T, Yoshihara N, Kuriyagawa T, Sasaki K, 
et al. Characteristics of the hydroxyapatite film deposited on human enamel: 
deposition of a ceramic film by powder jet deposition technique. Int J Abras 
Technol. 2009;2:83–96.

23.	 Shibuya T, Sepasy Zahmaty MS, Mizutani K, Yoshihara N, Yan J, Kuriyagawa T. 
Design of double nozzle type powder jet device optimized for PJD. Key Eng 
Mater. 2009;390:398–403.

24.	 Speasy Zahmaty MS, Mizutani K, Raisee M, Kuriyagawa T, Akatsuka R, Sasaki K. 
Development of Micro-Particle-Deposition Unit-Creation of Hydroxyapatite 
Film on human tooth surface. Int J Mater Sci. 2011;6(4):389–400.

25.	 Izumita K, Akatsuka R, Tomie A, Kuji C, Kuriyagawa T, Sasaki K. Development 
of powder jet deposition technique and New Treatment for discolored Teeth. 
Interface Oral Health Science. 2016;2016:257–67.

26.	 Akatsuka R, Sasaki K, Zahmaty MS, Noji M, Anada T, Suzuki O, et al. Charac-
teristics of Hydroxyapatite Film formed on human enamel with the powder 
jet deposition technique. J Biomedical Mater Res Part B: Appl Biomaterials. 
2011;98:210–6.

27.	 Mizutani M, Kuji C, Ohisa H, Nishimura S, Mizutani K, Akatsuka R, et al. Particle 
fracture behavior and deposition mechanism in powder jet deposition (PJD). 
J Jpn Soc Abras Technol. 2017;61(1):556–61. in Japanese.

28.	 Akatsuka R, Matsumura K, Noji M, Kuriyagawa T, Sasaki K. Evaluation of ther-
mal stress in Hydroxyapatite Film fabricated by Powder Jet Deposition. Eur J 
Oral Sci. 2013;121:504–7.



Page 9 of 9Hihara et al. BMC Oral Health          (2023) 23:695 

29.	 Akatsuka R, Ishihata H, Noji M, Matsumura K, Kuriyagawa T, Sasaki K. Effect of 
hydroxyapatite film formed by powder jet deposition on dentin permeability. 
Eur J Oral Sci. 2012;120(6):558–62.

30.	 Akatsuka R, Izumita K, Nishiyama A, Kayaba C, Kadota S, Hoshi T, et al. Explor-
atory trial to evaluate the Hydroxyapatite Layer formed by a New Dental 
Treatment System. Open J Stomatol. 2015;5(12):281–6.

31.	 Mehta D, Gowda VS, Santosh A, Finger WJ, Sasaki K. Randomized controlled 
clinical trial on the efficacy of dentin desensitizing agents. Acta Odontol 
Scand. 2014;72(8):936–41.

32.	 Thanatvarakorn O, Nakashima S, Sadr A, Prasansuttiporn T, Thitthaweerat S, 
Tagami J. Effect of a calcium-phosphate based desensitizer on dentin surface 
characteristics. Dent Mater J. 2013;32(4):615–21.

33.	 Ishihata H, Kanehira M, Finger WJ, Takahashi H, Tomita M, Sasaki K. Effect of 
two desensitizing agents on dentin permeability in vitro. J Appl Oral Sci. 
2017;25(1):34–41.

34.	 Öncü E, Karabekiroğlu S, Ünlü N. Effects of different desensitizers and lasers 
on dentine tubules: an in-vitro analysis. Microsc Res Tech. 2017;80(7):737–44.

35.	 Moogi P, Rupesh MC, Mehta D, Finger WJ, Sasaki K. A Novel Desensitizer paste 
containing calcium phosphate: Randomized, Placebo-controlled, double-
blinded and 6 months trial. World J Dentistry. 2017;8(6):440–4.

36.	 Shetty R, Bhat AN, Mehta D, Finger WJ. Effect of a calcium phosphate 
desensitizer on pre- and postcementation sensitivity of Teeth prepared for 
Full-Coverage Restorations: a randomized, placebo-controlled clinical study. 
Int J Prosthodont. 2017;30(1):38–42.

37.	 Mehta D, Jyothi S, Moogi P, Finger WJ, Sasaki K. Novel treatment of in-office 
tooth bleaching sensitivity: a randomized, placebo-controlled clinical study. J 
Esthet Restor Dent. 2018;30(3):254–8.

38.	 Usai P, Campanella V, Sotgiu G, Spano G, Pinna R, Eramo S, Saderi L, Garcia-
Godoy F, Derchi G, Mastandrea G, Milia E. Effectiveness of calcium phosphate 

Desensitising Agents in Dental Hypersensitivity over 24 weeks of clinical 
evaluation. Nanomaterials (Basel). 2019;9(12):1748.

39.	 Holland GR, Narhi MN, Addy M, Gangarosa L, Orchardson R. Guidelines for 
the design and conduct of clinical trials on dentine hypersensitivity. J Clin 
Periodontol. 1997;24:808–13.

40.	 Lin PY, Cheng YW, Chu CY, Chien KL, Lin CP, Tu YK. In-office treatment for 
dentin hypersensitivity: a systematic review and network meta-analysis. J Clin 
Periodontol. 2013;40(1):53–64.

41.	 Hjermstad MJ, Fayers PM, Haugen DF, Caraceni A, Hanks GW, Loge JH, et al. 
Studies comparing Numerical Rating Scales, Verbal Rating Scales, and Visual 
Analogue Scales for assessment of pain intensity in adults: a systematic 
literature review. J Pain Symptom Manag. 2011;41:1073–93.

42.	 Zhu M, Li J, Chen B, Mei L, Yao L, Tian J, et al. The Effect of Calcium Sodium 
Phosphosilicate on dentin hypersensitivity: a systematic review and Meta-
analysis. PLoS ONE. 2015;10(11):e0140176.

43.	 Larsen MJ, Pearce EIF. Saturation of human saliva with respect to calcium 
salts. Arch Oral Biol. 2003;48(4):317–22.

44.	 He K, Sawczyk M, Liu C, Yuan Y, Song B, Deivanayagam R, et al. Revealing 
nanoscale mineralization pathways of hydroxyapatite using in situ liquid cell 
transmission electron microscopy. Sci Adv. 2020;6(47):eaaz7524.

45.	 Freda NM, Veitz-Keenan A. Calcium sodium phosphosilicate had some ben-
efit on dentine hypersensitivity. Evid Based Dent. 2016;17(1):12–3.

46.	 Sgolastra F, Petrucci A, Gatto R, Monaco A. Effectiveness of laser in dentinal 
hypersensitivity treatment: a systematic review. J Endod. 2011;37(3):297–303.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿A novel treatment based on powder jet deposition technique for dentin hypersensitivity: a randomized controlled trial
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study design
	﻿Random allocation
	﻿PJD
	﻿TMD
	﻿Evaluation
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


