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Evaluation of the: dental pulp status is essential for determining appropriate endodontic: therapy. The current
systematic review and meta-analysis was carmied out to compare the diagnostic accuracy of pulp vitality and
pulp sensibility tests in pulpal health in ¢ t teeth. PubMed/MEDLINE, Cochrane Central
Register of Controlled Trials, Web of Science, Google Scholar and Open Grey databases were searched
mdtwn reviewers aﬁer assEslng eligibility criteria extracted the data. True-positive, false-positive, true-
fal! ificity values were extracted or calculated if not present for each
study. Quality of selected studies was evaluated based on QUADAS 2 tool. Mets-analysis was performed in
MetaDTA: Diagrostic Test Accuracy Mets-Analysis v2.0 and Review Manager 5.3 using a bivariate model
for the itivity and specificity and summary points, summary ROC curve, confidence region,
and Tegion Wers C d. Tem articles were included for qualitative synthesis and out that 5 for
meta-analysis. The pooled diagnostic odd's rafio for pulse oximeter (PO), electric pulp tester (EFT), cold
test (CT) and heat test (HT) was 628.5, 10.75, 17.24 and 3.47 raspectively. Pair-wise comparison
demonstrated a higher pooled mean sensitivity and specificity with PO (83%, 88%) compared with EPT
({78.0%, 74%). Comparizon between PO and CT and between PO and HT also demonstrated a higher
pooled mean sensitivity and specificity for PO. Summary points on receiver operating characteristic curves
confirmed the ability of PO to comrectly screen negatives in presenting patients as compared to EPT, CT and
HT but, no study was rated good on quality PO can be consi d as the most
diagnostic method as compared to EPT, CT and HT. This review provided information about the reliability
and diagnostic amuau; ufusng pub ultallty and smslbiny test for assessing pulp status, thus guiding
and ing the need for high-quality studies.
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Point 1: Check that all keywords are Pubmed MESH terms.

Answer 1: As suggested by the respected reviewer, we have modified the keywords and omitted.

Point 2: In the infroduction section, some considerations must be added on the clinical staging, even
quickly, of the pulp pathology, from the acute phases up to the root resorption associated with apical
granulomas, an important aspect to difierentiate diagnosis and therapy. also in ight of the evaluation of
vitality tests. In this regard, | suggest to insert in the reference section the following scientific work wiich
could be of help to the reader: [doi: 10. 1047 / 514315927615014713].

Answer 2: Thank you for the helpful fip, Referes! As indicated, we changed the infroduction secfion and
inserted the reference (Ref. 2, in the new version).

Point 3: Are there exclusion criteria in tenms of the language in which the scientific papers were written?

Answer 3: We would Illcelnrmhfymeﬂefereeﬂ\alwe specified this in the search strategy section (2.2),
where we solely in English.

Point 4: An important aspect to consider in the discussion section is the role of bioactive materials in the
preservation of pulp vitality. In this regard, | recommend including the following scientific work in the
reference section: [doi 10.3390/hidren3030433].

Answer 4: A concluding paragraph has been added at the end of the discussion section, therefore we have
included reference n. 38 as recommended by the Referee.
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{ )} Extensive editing of English language and style required

{x) Moderate English changes required

{ } English language and style are fine/minor spell check required
{ } | am not qualified to assess the quality of English in this paper

Is the work a significant contribufion to the field?

Is the work well organized and comprehensively

described?

Is the work scientifically sound and not

misleading?

Are there appropriate and adequate references to
redated

and previous work?

Is the English used comrect and readable?



Comments and  Syctematic literature review with well-performed and structured meta-analysis
‘Suggestions for Authors.

Only a few criticisms
-Check that all keywords are Pubmed MESH terms

-In the infroduction section, some considerations must be added on the clinical staging, ewen
quickly, of the pulp pathology, from the acute phases up to the root resorption associated with
apical granulomas, an important aspect to differentiate diagnosis and therapy, also in light of the
evaluation of vitality tests. in this regard, | suggest to insert in the: reference section the following
scienfific work which could be of help to the reader

Chieruzzi M, Pagano 5, De Cardlis C, Eramo 5, Kenny JM. Scanning Electron Microscopy
Evaluation of Dental Root Resomption Associsted With Granuloma. Microsc Microanal. 2015; 21
{5): 1264-1270. doi: 10.1017 / S1431927615014713

-Are there exclusion criteria in terms of the: language in which the scientific papers were written?

-An important aspect to consider in the discussion section is the role of bioactive materials in the
preservation of pulp vitality

In this regard, | recommend including the following scientific work in the reference section:

Lardani L, Derchi G, Marchio V, Carli E. One-Year Clinical Performance of Activa ™ Bioactive-
Restorative Compaosite in Primary Molars. Children (Based). 2022; 8 (3) 433. Publishad 2022 Mar
18. doi: 10.3380 / childrenf0320433
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Ewaluation of the dental pulp status is ial for determining iate er ie: therapy. The current

st tic: review and mets- lysis was camied out to compare the diagnostic accuracy of pulp vitality and
pulp sensibility tests in assessing pulpal health in permanent teeth. PubMed/MEDLIME, Cochrane Cendral
Register of Controlled Trisls, Web of Science, Google Scholar and Open Grey databases were searched
and two reviewsrs sfter assessing eligibility criteria esdracted the data. True-positive, false-positive, frus-
negative, false-negative, sensitivity, specificity values were extracted or calculated if not present for each
study. Quality of sedected studies was evaluated based on QUADAS 2 tool. Mets-analysis was performed in
MetaDTA: Disgnostic Test Accuracy Meta-Analysis v2.0 and Review Manager 5.3 using a bivariate model
parameter for the sensitivity and specificity and summary points, summary ROC curve, confidence region,
and prediction region were calculated. Ten articles were included for qualitative synthesis and out that 5 for
meta-analysis. The pooled diagnostic odd's rafio for pulse oximeter (PO, electric pulp tester (EFT), cold
test (CT) and heat test (HT) was 828.5, 10.75, 17.24 and 3.47 i Pair-wise cor i
demonstrated a higher pooled mean sensitivity and specificity with PO (83%, 98%) compared with EPT
{78.0%, 74%). Comparison between PO and CT and between PO and HT alse demonstrated a higher
pooled mean sensitivity and specificity for PO. Summary points on recefver operating characteristic curves
confirmed the ability of PO fo comectly screen negatives in presenting patients as compared to EFT, CT and
HT but, no study was rated good on quality PO can be i as the most
diagnostic method as compared to EPT, CT and HT. This review provided information about the reliability
and diagnostic accuracy of using pulp vitslity and sensibility test for assessing pulp status, thus guiding

inicians to make avi based decizions and suggesting the need for high-guality studies.

{PROSPERO reg mo: CRD42020213741).

Reviewer 2_Round 1

Point 1: Abstract: The abstract is too long (it exceeds 300 words). As stated in the author's guidelines, the
ahstract should be about 200 words in length. Please, reduce it.

Answer 1: We appreciate the Referee’s advise! We attempted to considerably shorten the abstract. It could
not be much shorter because this is a systematic review and meta-analysis. The prior abstract was slmost
300 words long and has now been condensed to 233 words; further reduction is impossible. This revised
wversion, hopefully, is now acceptable!

Point 2: Keywords: | suggest adding the keyword "dentistry” and organizing the keywords alphabetically.

Answer 2: We've included the ded keyword and i the key
Point 3: Introduction:

= As stated in the author's guidelines, | suggest that consecutive bibliographic references, e.g. [6.7.8].



SMOUK DE Ci2a NKE IS [0-5]. FIease. cNeck IS aspect INFUGNoUT Ne ManusCnpr where Necessary.
| suggest reducing the length of the introduction.

| suggest placing this paragraph "A systematic review and meta-analysis diagnostic that focused. ..
comparing the diagnostic accuracy of pulp vitality and pulp sensibility test had been published.” in the
"Discussion” section.

= Grammar check is recommended.

Answer 3: - Thank you for your helpful suggestions! We altered the way references are mentioned
throughout the manuscript in the ameanded version, as indicated.

- We attemnpted to trim the introduction part, however removing more of it might lower the weight of this
section. Furthermare, the other distinguished Refieree advised adding a paragraph in the beginning, which
we have now updated.

- We thank the Referes for the valuable comment, however this is the basis for the present Systematic
Review and Meta-analysis. We regret and will defer the i ion to this R 1 dation.

- On the amended version, we ran a rigorous grammatical check.
Point 4: Matenals and Methods:

* | suggest naming subsection 2.8 "Quantitative analysis and synthesis of the mets-anahysis".
= | suggest giving the names of the producer, cily and state of the software used to perform the siatisiical
analysis.

Answer 4: - We thank the referee for the helpful advice and now the suggested point is changed.
- We have just added the necessary producer, city and state of the software used for our stafistical analysis.
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\Voiume, page range.

Thank you for the effort.

Submission Date 01 July 2022
Date of this review 10 Jul 2022 23:22:36

Disclaimer  Terms and Conditions




: M R agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
SIT

UNIVER Y

[IJERPH] Manuscript ID: ijerph-1821953 - Submission Received

1 pesan

Editorial Office <ijerph@mdpi.com> 1 Juli 2022 pukul 18.52

Balas Ke: ijerph@mdpi.com

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto <agron.meto@ual.edu.al>, Ankita Mohanty
<ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>,
Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi
<d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo <Ifiorilo@unime.it>, Mohmed Isaqgali Karobari
<dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, "Ajinkya M. Pawar"
<ajinkya@drpawars.com>

Dear Dr. Wahjuningrum,

Thank you very much for uploading the following manuscript to the MDPI
submission system. One of our editors will be in touch with you soon.

Journal name: International Journal of Environmental Research and Public
Health

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and
Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay
Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida
Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,
Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,
ankitamohanty094@gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

You can follow progress of your manuscript at the following link (login
required):
https://susy.mdpi.com/user/manuscripts/review_info/71b0dd176a45302d094fa8b0be49d857

The following points were confirmed during submission:

1. IJERPH is an open access journal with publishing fees of 2500 CHF for an
accepted paper (see https://www.mdpi.com/about/apc/ for details). This
manuscript, if accepted, will be published under an open access Creative
Commons CC BY license (https://creativecommons.org/licenses/by/4.0/), and |
agree to pay the Article Processing Charges as described on the journal
webpage (https://www.mdpi.com/journal/ijerph/apc). See
https://www.mdpi.com/about/openaccess for more information about open access
publishing.

Please note that you may be entitled to a discount if you have previously
received a discount code or if your institute is participating in the MDPI
Institutional Open Access Program (IOAP), for more information see
https://www.mdpi.com/about/ioap. If you have been granted any other special
discounts for your submission, please contact the IJERPH editorial office.

2. | understand that:

a. If previously published material is reproduced in my manuscript, | will
provide proof that | have obtained the necessary copyright permission.
(Please refer to the Rights & Permissions website:
https://www.mdpi.com/authors/rights).

b. My manuscript is submitted on the understanding that it has not been
published in or submitted to another peer-reviewed journal. Exceptions to

this rule are papers containing material disclosed at conferences. | confirm
that | will inform the journal editorial office if this is the case for my
manuscript. | confirm that all authors are familiar with and agree with
submission of the contents of the manuscript. The journal editorial office
reserves the right to contact all authors to confirm this in case of doubt. |

will provide email addresses for all authors and an institutional e-mail
address for at least one of the co-authors, and specify the name, address and
e-mail for invoicing purposes.

If you have any questions, please do not hesitate to contact the IJERPH
editorial office at ijerph@mdpi.com



Kind regards,

IJERPH Editorial Office

St. Alban-Anlage 66, 4052 Basel, Switzerland
E-Mail: ijerph@mdpi.com

Tel. +41 61 683 77 34

Fax: +41 61 302 89 18

*** This is an automatically generated email ***



: M R agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
SIT

UNIVER Y

[IJERPH] Manuscript ID: ijerph-1821953 - Assistant Editor Assigned

1 pesan

Cynthia Mei <cynthia.mei@mdpi.com> 6 Juli 2022 pukul 07.50
Balas Ke: cynthia.mei@mdpi.com

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Cynthia Mei <cynthia.mei@mdpi.com>, Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto
<agron.meto@ual.edu.al>, Ankita Mohanty <ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>,
Sanjay Miglani <sanjaymig@yahoo.com>, Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke
<a.luke@ajman.ac.ae>, Dunia Al Hadi <d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo
<Ifiorillo@unime.it>, Mohmed Isaqali Karobari <dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-
w@fkg.unair.ac.id>, "Ajinkya M. Pawar" <ajinkya@drpawars.com>, I[JERPH Editorial Office <ijerph@mdpi.com>

Dear Dr. Wahjuningrum,

Your paper has been assigned to Cynthia Mei, who will be your main point of
contact as your paper is processed further.

Journal: International Journal of Environmental Research and Public Health
Manuscript ID: ijerph-1821953

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and
Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay
Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida
Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,
Ajinkya M. Pawar *

Received: 01 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,
ankitamohanty094@gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

You can find it here:
https://susy.mdpi.com/user/manuscripts/review_info/71b0dd176a45302d094fa8b0be49d857

Best regards,

Cynthia Mei

Section Managing Editor

E-Mail: cynthia.mei@mdpi.com

IJERPH: http://www.mdpi.com/journal/ijerph/

We are pleased to announce that IJERPH has been ranked with an improved
Impact Factor of 4.614.

IJERPH (IF: 4.614, ISSN 1660-4601) is calling for Special Issue Proposals for
the Summer of 2022:
https://www.mdpi.com/journalproposal/sendproposalspecialissue/ijerph. To
request further information, please contact the IJERPH Editorial Office
(cynthia.mei@mdpi.com).

Topical Advisory Panel is open for application. Welcome to join us!
https://www.mdpi.com/journal/ijerph/topical_advisory_panel_application

IJERPH is seeking nominations and applications for the position of Section
Editor-in-Chief (SEiC) for the following Sections:
https://www.mdpi.com/journal/ijerph/announcements/3712

New Section Announcement—"Health-Related Quality of Life and Well-Being”
More information regarding this Section can be found via the following link:
https://www.mdpi.com/journal/ijerph/sections/health-related_quality_of_life_and_well-being

Disclaimer: MDPI recognizes the importance of data privacy and protection. We
treat personal data in line with the General Data Protection Regulation

(GDPR) and with what the community expects of us. The information contained
in this message is confidential and intended solely for the use of the

individual or entity to whom they are addressed. If you have received this
message in error, please notify me and delete this message from your system.
You may not copy this message in its entirety or in part, or disclose its

contents to anyone.



. MAR agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
UNIVERSITY

[IJERPH] Manuscript ID: ijerph-1821953 - Major Revisions(by 28 July 2022)

1 pesan

IJERPH Editorial Office <ijerph@mdpi.com> 22 Juli 2022 pukul 11.08
Balas Ke: cynthia.mei@mdpi.com

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto <agron.meto@ual.edu.al>, Ankita Mohanty
<ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>,
Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi
<d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo <[fiorillo@unime.it>, Mohmed Isaqgali Karobari
<dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, "Ajinkya M. Pawar"
<ajinkya@drpawars.com>, IJERPH Editorial Office <ijerph@mdpi.com>

Dear Dr. Wahjuningrum,
Thank you again for your manuscript submission:

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and
Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay
Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isagali Karobari, Dian Agustin Wahjuningrum *,
Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,

ankitamohanty094 @gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, drisag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental

Your manuscript has now been reviewed by experts in the field. Please find
your manuscript with the referee reports at this link:

https://susy.mdpi.com/user/manuscripts/resubmit/71b0dd176a45302d094fa8b0be49d857

Please revise the manuscript according to the referees' comments and upload
the revised file by 28 July 2022.

Please use the version of your manuscript found at the above link for your
revisions.

(I) Please check that all references are relevant to the contents of the
manuscript.

(1) Any revisions to the manuscript should be marked up using the “Track
Changes” function if you are using MS Word/LaTeX, such that any changes can
be easily viewed by the editors and reviewers.

(II1) Please provide a cover letter to explain, point by point, the details

of the revisions to the manuscript and your responses to the referees’
comments.

(IV) If you found it impossible to address certain comments in the review
reports, please include an explanation in your rebuttal.

(V) The revised version will be sent to the editors and reviewers.

If one of the referees has suggested that your manuscript should undergo
extensive English revisions, please address this issue during revision.

Do not hesitate to contact us if you have any questions regarding the
revision of your manuscript. We look forward to hearing from you soon.

Kind regards,

Cynthia Mei

Section Managing Editor

E-Mail: cynthia.mei@mdpi.com

IJERPH: http://www.mdpi.com/journal/ijerph/

We are pleased to announce that IJERPH has been ranked with an improved
Impact Factor of 4.614.

IJERPH (IF: 4.614, ISSN 1660-4601) is calling for Special Issue Proposals for
the Summer of 2022:
https://www.mdpi.com/journalproposal/sendproposalspecialissue/ijerph. To



request further information, please contact the IJERPH Editorial Office
(cynthia.mei@mdpi.com).

Topical Advisory Panel is open for application. Welcome to join us!
https://www.mdpi.com/journal/ijerph/topical_advisory_panel_application

IJERPH is seeking nominations and applications for the position of Section
Editor-in-Chief (SEiC) for the following Sections:
https://www.mdpi.com/journal/ijerph/announcements/3712

New Section Announcement—“Health-Related Quality of Life and Well-Being”
More information regarding this Section can be found via the following link:
https://www.mdpi.com/journal/ijerph/sections/health-related_quality_of_life_and_well-being

Disclaimer: MDPI recognizes the importance of data privacy and protection. We
treat personal data in line with the General Data Protection Regulation

(GDPR) and with what the community expects of us. The information contained
in this message is confidential and intended solely for the use of the

individual or entity to whom they are addressed. If you have received this

m ge in error, pl notify me and delete this message from your system.
You may not copy this message in its entirety or in part, or disclose its

contents to anyone.




MA agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
UNIVERSITY

[IJERPH] Manuscript ID: ijerph-1821953 - Manuscript Resubmitted

1 pesan

IJERPH Editorial Office <ijerph@mdpi.com> 27 Juli 2022 pukul 23.35
Balas Ke: Cynthia Mei <cynthia.mei@mdpi.com>, [JERPH Editorial Office <ijerph@mdpi.com>

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto <agron.meto@ual.edu.al>, Ankita Mohanty
<ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>,
Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi
<d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo <[fiorillo@unime.it>, Mohmed Isaqali Karobari
<dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, "Ajinkya M. Pawar"
<ajinkya@drpawars.com>

Dear Dr. Wahjuningrum,

Thank you very much for resubmitting the modified version of the following
manuscript:

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and

Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay

Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,

Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,
ankitamohanty094@gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, Ifiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental
https://susy.mdpi.com/user/manuscripts/review_info/71b0dd176a45302d094fa8b0be49d857

A member of the editorial office will be in touch with you soon regarding
progress of the manuscript.

Kind regards,

IJERPH Editorial Office

Postfach, CH-4020 Basel, Switzerland
Office: St. Alban-Anlage 66, CH-4052 Basel
Tel. +41 61 683 77 34 (office)

E-mail: ijlerph@mdpi.com
https://www.mdpi.com/journal/ijerph/

*** This is an automatically generated email ***



‘ M B agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
-

UNIVER X

[IJERPH] Manuscript ID: ijerph-1821953 - Revised Version Received

1 pesan

IJERPH Editorial Office <ijerph@mdpi.com> 28 Juli 2022 pukul 07.34
Balas Ke: cynthia.mei@mdpi.com

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto <agron.meto@ual.edu.al>, Ankita Mohanty
<ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>,
Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi
<d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo <[fiorillo@unime.it>, Mohmed Isagali Karobari
<dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, "Ajinkya M. Pawar"
<ajinkya@drpawars.com>, IJERPH Editorial Office <ijerph@mdpi.com>

Dear Dr. Wahjuningrum,
Thank you very much for providing the revised version of your paper:

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and

Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay

Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,

Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,

ankitamohanty094 @gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, lfiorilo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental
https://susy.mdpi.com/user/manuscripts/review_info/71b0dd176a45302d094fa8b0be49d857

We will continue processing your paper and will keep you informed about the
status of your submission.

Kind regards,

Cynthia Mei

Section Managing Editor

E-Mail: cynthia.mei@mdpi.com

IJERPH: http://www.mdpi.com/journal/ijerph/

We are pleased to announce that IJERPH has been ranked with an improved
Impact Factor of 4.614.

IJERPH (IF: 4.614, ISSN 1660-4601) is calling for Special Issue Proposals for
the Summer of 2022:
https://www.mdpi.com/journalproposal/sendproposalspecialissue/ijerph. To
request further information, please contact the IJERPH Editorial Office
(cynthia.mei@mdpi.com).

Topical Advisory Panel is open for application. Welcome to join us!
https://www.mdpi.com/journal/ijerph/topical_advisory_panel_application

IJERPH is seeking nominations and applications for the position of Section
Editor-in-Chief (SEiC) for the following Sections:
https://www.mdpi.com/journal/ijerph/announcements/3712

New Section Announcement—"Health-Related Quality of Life and Well-Being”
More information regarding this Section can be found via the following link:
https://www.mdpi.com/journal/ijerph/sections/health-related_quality_of_life_and_well-being

Disclaimer: MDPI recognizes the importance of data privacy and protection. We
treat personal data in line with the General Data Protection Regulation

(GDPR) and with what the community expects of us. The information contained
in this message is confidential and intended solely for the use of the

individual or entity to whom they are addressed. If you have received this
message in error, please notify me and delete this message from your system.
You may not copy this message in its entirety or in part, or disclose its

contents to anyone.



‘ M R agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
SIT

UNIVER Y

[IJERPH] Manuscript ID: ijerph-1821953 - Accepted for Publication

1 pesan

IJERPH Editorial Office <ijerph@mdpi.com> 3 Agustus 2022 pukul 07.39
Balas Ke: Cynthia Mei <cynthia.mei@mdpi.com>, IJERPH Editorial Office <ijerph@mdpi.com>

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto <agron.meto@ual.edu.al>, Ankita Mohanty
<ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>,
Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi
<d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo <[fiorillo@unime.it>, Mohmed Isaqgali Karobari
<dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, "Ajinkya M. Pawar"
<ajinkya@drpawars.com>, IJERPH Editorial Office <ijerph@mdpi.com>, Cynthia Mei <cynthia.mei@mdpi.com>

Dear Dr. Wahjuningrum,

Congratulations on the acceptance of your manuscript, and thank you for
submitting your work to IJERPH:

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and

Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay

Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,

Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,
ankitamohanty094@gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental
https://susy.mdpi.com/user/manuscripts/review_info/71b0dd176a45302d094fa8b0be49d857

We will now edit and finalize your paper, which will then be returned to you
for your approval. Within the next couple of days, an invoice concerning the
article processing charge (APC) for publication in this open access journal
will be sent by email from the Editorial Office in Basel, Switzerland.

If, however, extensive English edits are required to your manuscript, we will
need to return the paper requesting improvements throughout.

We encourage you to set up your profile at SciProfiles.com, MDPI's
researcher network platform. Articles you publish with MDPI will be linked to
your SciProfiles page, where colleagues and peers will be able to see all of
your publications, citations, as well as other academic contributions.

We also invite you to contribute to Encyclopedia (https://encyclopedia.pub),
a scholarly platform providing accurate information about the latest research
results. You can adapt parts of your paper to provide valuable reference
information, via Encyclopedia, for others both within the field and beyond.

Kind regards,

Cynthia Mei

Section Managing Editor

E-Mail: cynthia.mei@mdpi.com

IJERPH: http://www.mdpi.com/journal/ijerph/

We are pleased to announce that IJERPH has been ranked with an improved
Impact Factor of 4.614.

IJERPH (IF: 4.614, ISSN 1660-4601) is calling for Special Issue Proposals for
the Summer of 2022:
https://www.mdpi.com/journalproposal/sendproposalspecialissue/ijerph. To
request further information, please contact the IJERPH Editorial Office
(cynthia.mei@mdpi.com).

Topical Advisory Panel is open for application. Welcome to join us!
https://www.mdpi.com/journal/ijerph/topical_advisory_panel_application

IJERPH is seeking nominations and applications for the position of Section
Editor-in-Chief (SEiC) for the following Sections:
https://www.mdpi.com/journal/ijerph/announcements/3712



New Section Announcement—"Health-Related Quality of Life and Well-Being”
More information regarding this Section can be found via the following link:
https://www.mdpi.com/journal/ijerph/sections/health-related_quality_of life_and_well-being

Disclaimer: MDPI recognizes the importance of data privacy and protection. We
treat personal data in line with the General Data Protection Regulation

(GDPR) and with what the community expects of us. The information contained
in this message is confidential and intended solely for the use of the

individual or entity to whom they are addressed. If you have received this
message in error, please notify me and delete this message from your system.
You may not copy this message in its entirety or in part, or disclose its

contents to anyone.



‘ M B agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
o

UNIVER h ¢

[IJERPH] Manuscript ID: ijerph-1821953 - APC Invoice

1 pesan

MDPI Billing <billing@mdpi.com> 3 Agustus 2022 pukul 08.03
Balas Ke: mag.wang@mdpi.com

Kepada: Alexander Maniangat Luke <a.luke@ajman.ac.ae>

Cc: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>, Cynthia Mei <cynthia.mei@mdpi.com>, Billing Dpt
<billing@mdpi.com>, IJERPH Editorial Office <ijerph@mdpi.com>

Dear Dr. Luke,

Please find attached the invoice for your recently accepted paper. Follow

this link to adjust the currency, change the address, or add comments, as

necessary:
https://susy.mdpi.com/user/manuscript/71b0dd176a45302d094fa8b0be49d857/invoice/1759865.

For immediate payment by credit card, visit hitps://payment.mdpi.com/1759865.

If you would like to use a different method of payment, click here:
https://www.mdpi.com/about/payment. Please include the invoice ID
(ijerph-1821953) as reference in any transaction.

APC invoice amount: 2500.00 CHF

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and
Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay
Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isaqgali Karobari, Dian Agustin Wahjuningrum *,
Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,
ankitamohanty094@gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental

We will publish your accepted paper in open access format immediately upon
receipt of the article processing charge (APC) and completion of the editing
process.

If you encounter any problems revising the invoice or cannot access the link,
please contact invoices@mdpi.com

Only official emails sent by MDP| (@mdpi.com) are valid. Please check that
the sender’s email is affiliated with @mdpi.com. We do not authorise any
third party to provide email services. MDPI is the sole service provider, and
therefore cannot be held liable for actions performed by any third party.

Thank you very much for your support of open access publishing.

Kind regards,
Ms. Mag Wang
MDPI Billing Team

MDPI AG,

St. Alban-Anlage 66
4052 Basel, Switzerland
Tel. +41 61 683 77 34

Please check our Billing FAQ: https://www.mdpi.com/about/apc_faq
E-mail Accounting: invoices@mdpi.com
http://www.mdpi.com/

4 Invoice_MDPI_ijerph-1821953_2500.00CHF.pdf
31K



‘ MAR agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
UNIVERSITY

[IJERPH] Manuscript ID: ijerph-1821953 - Final Proofreading Before Publication

2 pesan

IJERPH Editorial Office <ijerph@mdpi.com> 3 Agustus 2022 pukul 17.08
Balas Ke: Jingli Chen <jingli.chen@mdpi.com>

Kepada: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>

Cc: Swadheena Patro <swadheena.patro@kids.ac.in>, Agron Meto <agron.meto@ual.edu.al>, Ankita Mohanty
<ankitamohanty094@gmail.com>, Viresh Chopra <chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>,
Antarikshya Das <drantarikshyadas@gmail.com>, Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi
<d.alhadi@ajman.ac.ae>, Aida Meto <aida.meto@ual.edu.al>, Luca Fiorillo <[fiorillo@unime.it>, Mohmed Isaqgali Karobari
<dr.isag@gmail.com>, Dian Agustin Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, "Ajinkya M. Pawar"
<ajinkya@drpawars.com>, IJERPH Editorial Office <ijerph@mdpi.com>, jingli.chen@mdpi.com, Cynthia Mei
<cynthia.mei@mdpi.com>

Dear Dr. Wahjuningrum,

We invite you to proofread your manuscript to ensure that this is the final
version that can be published and confirm that you will require no further
changes:

At MDPI, we believe in the fast dissemination of sound, valid scientific
knowledge. Once accepted for publication, we aim to ensure that research is
published as soon as possible.

Please upload the final proofed version of your manuscript within 24 hours,
and please remember that we are able to be flexible with this timeframe
should you alert us. If you need more time, please inform the Assistant
Editor of the expected date that you will be able to return the proofread
version.

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and
Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay
Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,
Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,

ankitamohanty094 @gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental

Please read the following instructions carefully before proofreading:

1) Download the manuscript from the link provided at the end of this message
and upload the final proofed version via the second link. If you experience
any difficulties, please contact the IJERPH Editorial Office.

2) Please use Microsoft Word's built-in track changes function to highlight

any changes you make, or send a comprehensive list of changes in a separate
document. Note that this is the *last chance* to make textual changes to the
manuscript. Some style and formatting changes may have been made by the
production team, please do not revert these changes.

3) All authors must agree to the final version. Check carefully that authors'
names and affiliations are correct, and that funding sources are correctly
acknowledged. Incorrect author names or affiliations are picked up by
indexing databases, such as the Web of Science or PubMed, and can be
difficult to correct.

After proofreading, final production will be carried out. Note that changes

to the position of figures and tables may occur during the final steps.

Changes can be made to a paper published online only at the discretion of the
Editorial Office.

Please download the final version of your paper for proofreading here:

https://susy.mdpi.com/user/manuscripts/proof/file/71b0dd176a45302d094fa8b0be49d857



and upload here:
https://susy.mdpi.com/user/manuscripts/resubmit/71b0dd176a45302d094fa8b0be49d857

This manuscript includes supplementary materials, which you can find at the
second link, above. Please note that citations and references in
Supplementary files are permitted provided that they also appear in the
reference list of the main text. Please ensure that you proofread your
supplementary materials and upload them together with the manuscript.

We look forward to hearing from you soon.
Kind regards,

Ms. Jingli Chen
Production Editor
E-Mail: jingli.chen@mdpi.com

DR Pawar <ajinkya@drpawars.com> 4 Agustus 2022 pukul 00.53
Kepada: Jingli Chen <jingli.chen@mdpi.com>

Cc: Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id>, Swadheena Patro <swadheena.patro@kids.ac.in>, Agron
Meto <agron.meto@ual.edu.al>, Ankita Mohanty <ankitamohanty094@gmail.com>, Viresh Chopra
<chopra.viresh@gmail.com>, Sanjay Miglani <sanjaymig@yahoo.com>, Antarikshya Das <drantarikshyadas@gmail.com>,
Alexander Maniangat Luke <a.luke@ajman.ac.ae>, Dunia Al Hadi <d.alhadi@ajman.ac.ae>, Aida Meto
<aida.meto@ual.edu.al>, Luca Fiorillo <lIfiorillo@unime.it>, Mohmed Isaqgali Karobari <dr.isag@gmail.com>, Dian Agustin
Wahjuningrum <dian-augustin-w@fkg.unair.ac.id>, IJERPH Editorial Office <ijerph@mdpi.com>, Cynthia Mei
<cynthia.mei@mdpi.com>

Dear Chen,
We need more one day to address to all the comments raised.
Please be generous enough to grant us that.

Best Regards,
Ajinkya

Dr. Ajinkya M. Pawar
B.D.S., M.D.S., Fellow PFA (USA), PhD Scholar (India)
Conservative Dentistry and Endodontics

Faculty, Nair Hospital Dental College, Mumbai

Academic Editor, PLOS ONE - Q1 Journal

Academic Editor, PeerJ Life and Environment - Q1 Journal

Editor, BioMed Central Oral Health - Q2 Journal

Associate Editor, Endodontology - An official journal of Indian Endodontic Society

email:- ajinkya@drpawars.com
Contact No:- +919867636233, +917666232222

ORCID ID: orcid.org/0000-0003-3985-5674
Google Scholar ID: https://scholar.google.co.in/citations?user=5UrP6W4AAAAJ&hl=en
Researchgate ID: https://www.researchgate.net/profile/Ajinkya_Pawar5

"It always seems impossible until it is done."
On 03-Aug-2022, at 3:38 PM, IJERPH Editorial Office <ijerph@mdpi.com> wrote:

Dear Dr. Wahjuningrum,
[Kutipan teks disembunyikan]



2 MA agustin wahjuningrum Dian <dian-agustin-w@fkg.unair.ac.id>
UNIVERSITY

[IVERPH] Manuscript ID: ijerph-1821953 - Proofreading - Form Updated

1 pesan

Dian Agustin Wahjuningrum <dian-agustin-w@fkg.unair.ac.id> 4 Agustus 2022 pukul 12.31
Balas Ke: dian-agustin-w@fkg.unair.ac.id

Kepada: Cynthia Mei <cynthia.mei@mdpi.com>

Cc: ijerph@mdpi.com, Jingli Chen <jingli.chen@mdpi.com>, dian-agustin-w@fkg.unair.ac.id

Dear Editor,
Proofreading has been completed for the following manuscript:

Manuscript ID: ijerph-1821953

Type of manuscript: Review

Title: Diagnostic accuracy of pulp vitality tests and pulp sensibility tests

for assessing pulpal health in permanent teeth — A systematic review and
Meta-analysis.

Authors: Swadheena Patro, Agron Meto, Ankita Mohanty, Viresh Chopra, Sanjay
Miglani, Antarikshya Das, Alexander Maniangat Luke *, Dunia Al Hadi, Aida

Meto, Luca Fiorillo, Mohmed Isaqali Karobari, Dian Agustin Wahjuningrum *,
Ajinkya M. Pawar *

Received: 1 July 2022

E-mails: swadheena.patro@kids.ac.in, agron.meto@ual.edu.al,
ankitamohanty094@gmail.com, chopra.viresh@gmail.com, sanjaymig@yahoo.com,
drantarikshyadas@gmail.com, a.luke@ajman.ac.ae, d.alhadi@ajman.ac.ae,
aida.meto@ual.edu.al, [fiorillo@unime.it, dr.isag@gmail.com,
dian-augustin-w@fkg.unair.ac.id, ajinkya@drpawars.com

Submitted to section: Digital Health,
https://www.mdpi.com/journal/ijerph/sections/Digital_Health

Clinical and Experimental Approaches in Dental Health
https://www.mdpi.com/journal/ijerph/special_issues/clinical_experimental_approaches_dental

You can find it here:
https://susy.mdpi.com/user/assigned/process_form/71b0dd176a45302d094fa8b0be49d857

Kind regards,

IJERPH Editorial Office

Postfach, CH-4020 Basel, Switzerland
Office: St. Alban-Anlage 66, CH-4052 Basel
Tel. +41 61 683 77 34 (office)

E-mail: ijlerph@mdpi.com
https://www.mdpi.com/journal/ijerph/

*** This is an automatically generated email ***



0 N O U1 hN R

10
11
12
13
14
15
16

18
19
20
21
22

24
25

26

29
30

31
32

33
34

35
36
37

38

39
40
41
42
43
44

88
89
90

91

92
93

r International Journal of
Environmental Research

L JI and Public Health

Systematic Review

Diagnostic Accuracy of Pulp Vitality Tests and Pulp
Sensibility Tests for Assessing Pulpal Health in Permanent
Teeth: A Systematic Review and Meta-Analysis

Swadheena Patro !, Agron Meto 2\, Ankita Mohanty !, Viresh Chopra 2, Sanjay Miglani 4, Antarikshya Das 1,
Alexander Maniangat Luke 5,6, , Dunia Al Hadi 5’6, Aida Meto %7 , Luca Fiorillo 289

Mohmed Isaqali Karobari

45
46
47
48
49
50
51
52
53
54
55
56
check for >7
updates 58
59

60

Academic Editor: Paul B. Tchour@vbu

Citation:

Received: 63
Accepted: 64

Published: 65
66
Publisher’s Note: MDPI stays neg%ral

with regard to jurisdictional clai$8in
published maps and institutionafs#¥il-

iations. 70
71
:
73

Copyright: © 2022 by the au?ars.
Licensee MDPI, Basel, Switze d.
This article is an open access article
distributed under the terms_and
conditions of the Creative Commbons

Attribution (CC BY) license (httzg//
79

80
81
82
83
84
85
86
87

creativecommons.org/licenses/by/
4.0/).

’
11,« 12,

, Dian Agustin Wahjuningrum and Ajinkya M. Pawar

Department of Conservative Dentistrty and Endodontics, Kalinga Institute of Dental

Sciences, KIIT University, Bhubaneswar 751024, India

Department of Dentistry, Faculty of Dental Sciences, University of Aldent, 1007 Tirana, Albania
Department of Adult Restorative Dentistry, Oman Dental College, Muscat 116, Oman

Department of Conservative Dentistrty and Endodontics, Faculty of Dentistry, Jamia Millia

Islamia (A Central University), Okhla, New Delhi 110025, India

Department of Clinical Sciences, College of Dentistry, Ajman University,

Ajman P.O. Box 346, United Arab Emirates

Centre of Medical and Bio-Allied Health Sciences Research, Ajman

University, Ajman P.O. Box 346, United Arab Emirates

Department of Dentistry, Faculty of Dental Medicine, University of Western Balkans, 1051 Tirana, Albania
Department of Biomedical and Dental Sciences, Morphological and Functional Images, University of Messina,
98100 Messina, Italy

Multidisciplinary Department of Medical-Surgical and Odontostomatological Specialties,

University of Campania “Luigi Vanvitelli”, 80121 Naples, Italy

Department of Restorative Dentistry & Endodontics, Faculty of Dentistry, University of

Puthisastra, Phnom Penh 12211, Cambodia

Department of Conservative Dentistry, Faculty of Dental Medicine, Universitas Airlingga,

Surabaya City 60132, Indonesia

Department of Conservative Dentistry and Endodontics, Nair Hospital Dental College, Mumbai 400008, India
Correspondence: a.luke@ajman.ac.ae (AM.L.); dian-augustin-w@fkg.unair.ac.id

(D.A.W.); ajinkya@drpawars.com (A.M.P.)

Abstract: The current systematic review and meta-analysis was carried out to compare the diagnostic
accuracy of pulp vitality and pulp sensibility tests in assessing pulpal health. PubMed/MEDLINE,
Cochrane Central Register of Controlled Trials, Web of Science, Google Scholar and Open Grey
databases were searched and after assessing eligibility criteria the data were extracted. True-positive,
false-positive, true-negative, false-negative, sensitivity and specificity values were extracted or
calculated if not presented. Quality of studies was evaluated based on the QUADAS 2 tool. Meta-
analysis was performed in MetaDTA (v2.0; Shinyapps, RStudio PBC, Boston, MA, USA) and Review
Manager 5.3 (RevMan web; The Cochrane Collaboration, London, UK). Ten articles were included
for qualitative synthesis and five for meta-analysis. The pooled diagnostic odds ratio for pulse
oximeter (PO), electric pulp tester (EPT), cold test (CT) and heat test (HT) was 628.5, 10.75, 17.24
and 3.47, respectively. Pairwise comparison demonstrated a higher pooled mean sensitivity and
specificity with PO compared with EPT. Comparison between PO and CT and between PO and
HT also demonstrated a higher pooled mean sensitivity and specificity for PO. Summary points
on receiver operating characteristic curves confirmed the ability of PO to correctly screen
negatives in presenting patients as compared to EPT, CT and HT but no study was rated as good
on quality assessment. PO can be considered as the most accurate diagnostic method as
compared to EPT, CT and HT. This review provides information about the reliability and diagnostic
accuracy of using pulp vitality and sensibility tests for assessing pulp status.

Keywords: dental pulp; dental pulp test; dentistry; pulp vitality; pulse oximeter
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45
46
47 1. Introduction
48 In endodontics, dental pulp testing is a significant and essential diagnostic aid since
49 diagnosis is an integral aspect of treatment planning. [ 1]. The gold standard of determining
50 vitality status of pulp is directly inspecting it by histological section examination. However,
51 as the pulp is enclosed by a calcified barrier, this cannot be carried out before starting
52 endodontic therapy [2].
53 Inflammatory mediator components found in pulps exposed to caries or other lesions,
54 such as prostaglandins, superoxide dismutase, tumor necrosis factor alpha (TNF-a),
55 sub- stance P and matrix metalloproteinases (MMPs), may indicate pulp state and can
56 predict the outcome of pulp capping or pulpotomy treatments. When the pain
57 presentation is
58 inconsistent and abnormal, with the potential of referred or nonodontogenic pain, pulp test-
59 ing can aid in accurate diagnosis through a confirmation or exclusion procedure. Changes
60 in intra-pulp pressure have a significant impact on sensory nerves of varying dimensions,
61 with pressure increases preferentially blocking larger diameter A-delta fibers and activat-
62 ing smaller diameter C-fibers. As C-fibers are more resistant to hypoxia, they may still
63 function when the pulp degenerates due to the underlying pathology. When there is a
64 complete absence of response to a stimulation, pulp necrosis is likely to have advanced.
65 It should also be highlighted that the subjective nature of pain, individual variability in
66 pain threshold and pain modulation processes make it difficult to obtain an exact history of
67 clinical symptoms [1,3].
68 Since the pulp tissue cannot be directly inspected, indirect methods that determine the
69 state of pulpal health by assessing the condition of the nerves within the dental pulp, such as
70 pulp sensibility tests, must be employed. The most commonly used pulp sensibility tests are
71 thermal tests and electrical tests that stimulate the pulpal nerves either by the flow of
72 dentinal fluid at temperature variations, which leads to movement of the odontoblast
73 processes and consequently mechanically stimulating the pulpal nerves, or by conducting
74 electrical current through the tooth, giving an electrical stimulation to the nerves of the pulp
75 [4,5].
76 The principal mechanism of the electric pulp test is to instigate an ionic change
77 across the neural membrane by electrical stimuli which influences action potential with
78 a fast-jumping action at the nodes of Ranvier in myelinated nerves [6]. The current pulp
79 sensibility testing methods indirectly monitor pulp vitality by merely assessing the neural
80 response and do not take into account the vascular circulation, resulting in false-
81 positive responses for teeth that have temporarily or permanently lost their sensory
82 function and are nonresponsive to these tests despite having an intact vasculature [7-9].
83 The limitations of pulp sensibility testing were overcome by pulp vitality testing
84 methods such as pulse oximetry (PO), laser Doppler flowmetry (LDF) and ultrasound
85 Doppler flowmetry (UDF) which assess pulpal blood flow without relying on the patients’
86 responses and are thought to deliver more accurate pulp status [10-12]. PO assesses the
87 oxygen saturation inside the pulp chamber using a noninvasive catheter with two diodes
88 adjusted to the teeth whereas LDF and UDF assess the vascular flow of the dental pulp
89 through “the concentration and velocity of blood cells”, reflecting the signs of blood flow
90 and pulp vitality [13-15].
91 Due to the obvious technological difficulties, there have been conflicting
92 interpretations of the accuracy of pulp testing using PO and LDF. PO requires custom-
93 made probes, and interferences due to the overhead xenon arc lamps as well as
94 excessive carbon dioxide in the bloodstream may interfere with deoxygenation values,
95 resulting in false results. In the case of LDF, when the laser pathway is interfered with or
96 obstructed, false results may be achieved suggesting no blood flowing in that region.
97 Similarly, the amount of signal contamination or noise from nonpulp sources, primarily
98 the periodontium, may suggest the presence of pulp blood flow, leading to false readings
99 [16,17]. Considering that there is currently no evidence supporting the use of pulp
100 vitality testing over sensibility tests, a qualitative and quantitative synthesis of previously
101 performed diagnostic accuracy studies is warranted.
102 Sensitivity and specificity best define the validity of a diagnostic test, while its clinical

103 usefulness in a given population is best described by its positive and negative predictive
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values (PPVs and NPVs) [18]. Sensitivity is the proportion of cases identified correctly using
the diagnostic test whereas specificity is the proportion of noncases identified correctly
using the diagnostic test. Meanwhile, the positive predictive value is the proportion of
positive test results that are cases and negative predictive value is the proportion of
negative test results that are noncases [19].

A systematic review and meta-analysis diagnostic that focused on the accuracy of
cold pulp testing (CPT), heat pulp testing (HPT), electric pulp testing (EPT), LDF and PO
has been published by Mainkar and Kim, and concluded that LDF and PO were the most
accurate diagnostic methods and HPT was the least accurate diagnostic method [19].
The review was based on searches conducted till 2016 but no comparative evaluation
between pulp vitality and pulp sensibility test was conducted. Lima et al. [15] also
conducted a systematic review to evaluate the efficacy of vitality tests (PO and LDF) in
the pulpal diagnosis of traumatized teeth in comparison with sensibility tests. In this
review, only traumatized teeth were included and it was based on searches conducted till
2018, but no quantitative analysis was conducted. A preliminary electronic search
revealed that since their publication, many more studies comparing the diagnostic
accuracy of pulp vitality and pulp sensibility tests have been published.

Therefore, this study aimed to perform a systematic review and meta-analysis of
clinical studies to assess and compare the diagnostic accuracy of pulp vitality and pulp
sensibility tests in assessing pulpal health in permanent teeth.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review and meta-analysis were registered in PROSPERO
(CRD42020213741) and conducted according to the Preferred Reporting Items for
Systematic Review and Meta- Analyses (PRISMA) statement [20]. The following focused
question in the patient, interven- tion, comparison and outcome (PICO) format was
proposed: “Is there a difference in the diagnostic accuracy of pulp vitality and pulp
sensibility tests in assessing pulpal health in permanent teeth”?

2.2. Search Strategy

A comprehensive electronic search was carried out on databases, such as PubMed/
MEDLINE, Cochrane Central Register of Controlled Trials and Web of Science until
December 2020 to retrieve articles in the English language. A specific electronic search
of journals, presented in Table 1, was conducted. The searches in the clinical trials
database, cross-referencing and searches of gray literature were conducted using
Google Scholar, Greylist and OpenGrey. Medical subject headings (MeSH) terms,
keywords and other free terms combined with Boolean operators (OR, AND) were used
for searching articles. The identical keywords were used for all search platforms
following the syntax rules of each database. The search strategy and population,
interventions, comparisons, outcomes and study design (PICOS) tool are presented in
Table 1.

2.3. Inclusion Criteria Outline According to the PICOS Strategy

Population (P): Studies with patients having at least one permanent tooth in the
mandibular or maxillary region, having carious teeth, symptomatic or asymptomatic
irreversible pulpitis (IP) that needed endodontic access, traumatized teeth irrespective of
sex, age, race or socioeconomic status. As reference standards, histologic analysis,
direct clinical observation (access cavity) or presence of root canal filling (only to confirm
nonvital teeth) to confirm the pulp diagnosis of a study sample were used.

Interventions (I): Studies assessing the diagnostic accuracy of pulp vitality tests (laser
Doppler flowmetry (LDF), ultrasound Doppler flowmetry, pulse oximetry, thermometry)
in permanent teeth.

Comparison (C): Studies assessing the diagnostic accuracy of pulp vitality tests (ther-
mal (hot or cold), electric pulp tester) in permanent teeth.
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Outcome (0): The main outcome measures of this systematic review were to
assess the pool estimates of sensitivity, specificity, PPV, NPV, likelihood ratio (LR) and
diagnostic odds ratio of individual test groups as well as to compare the vitality and
sensibility test estimates and the SROC curve.

Study design (S): In vivo studies—observational studies or clinical trials—comparing
the diagnostic accuracy of both pulp vitality and pulp sensibility tests in assessing pulpal

health in permanent teeth.

Table 1. The search strategy and PICOS tool.

Search strategy

rocus?d 174
Question,

Is there a difference in the diagnostic accuracy of pulp vitality and pulp

_~"""7175  sensibility tests in assessing pulpal health in permanent teeth?2

Search strategy

Population (#1)

(Human teeth [Text Word]) OR “tooth”[MeSH Terms] OR teeth [Text
Word]) OR lower teeth [Text Word] OR upper teeth [Text Word] OR
“molar”[MeSH Terms] OR molar [Text Word] OR posterior teeth [Text
Word] OR anterior teeth [Text Word] OR premolar [Text Word] OR
“incisor”[MeSH Terms] OR incisor [Text Word] OR canine [MeSH] OR
Root canal [Text Word]) OR permanent teeth [Text Word])

Intervention (#2)

(‘Pulp vitality test’ [Text Word] OR Laser-Doppler flowmetry [MeSH
Terms] OR Doppler-Laser Flowmetry [Text Word] OR Laser Doppler
Velocimetry [Text Word] OR ultrasound Doppler flowmetry [Text
Word] OR pulse oximetry [Text Word] OR thermometry [Text Word])

Comparisons (#3)

(Pulp vitality tests [Text Word] OR Thermal test [Text Word] OR Hot
test [Text Word] OR Cold test [Text Word] OR electric pulp tester [Text

Outcomes (#4)

Word])

(Diagnostic accuracy [Text Word] OR Sensitivity [Text Word] OR
Accuracy [Text Word] OR Specificity [Text Word] OR Pulpal health [Text
Word] OR Pulp vitality [Text Word])

Study design (#5)

(Clinical study [Text Word] OR Clinical trial [MeSH] OR randomized
controlled studies [Text Word] OR randomized control trials [MeSH] OR
randomized control clinical trial MeSH OR non-randomized control
trials [Text Word] OR Quasi experimental studies [Text Word] OR
before and after study design [Text Word] OR cohort studies [Text
Word] OR in vivo study [Text Word] OR Cross-sectional study [Text

Search  9pg¢
Combinati2dy

word])

#1 AND #2 AND #3 AND #4 AND #5

Database search

Language No restriction (Articles in English language or other language where
English translation is possible.)

l}ile e PubMed/MEDLINE, Cochrane Central Register of Controlled Trials, Web

atghgses of Science, Open grey, Google scholar

Journals Journal of Endodontics, International Endodontic Journal, Australian
Endodontic Journal, Clinical Oral Investigations, Journal of Conservative
Dentistry, Journal of American Dental Association

Period 223

of Publi2adion Studies published between 1 January 2007 to 31 December 2020.

2.4. Exclusion Criteria

*  Articles published in non-English language.

. Nonclinical studies, in vitro studies and animal studies.

*  Studies reporting about a single intervention without a comparison group.
*  Studies on deciduous teeth.

*  Studies not fully available in the database.
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235
236 = Article reporting only abstracts, of which full text articles were not available.
237 = Studies not reporting primary outcomes of accuracy, sensitivity and specificity as well
238 as where primary outcomes are not possible to calculate from the given raw data.
239 . Case reports, case series, reviews and in-studies.
240 2.5. Screening Process
241 The search and screening, according to the previously established protocol, were
242 conducted by two review authors (S.P. and AM.P.). After the initial retrieval, duplicates
243 were removed using Covidence software (Veritas Health Innovation, Melbourne, Australia.
244 Available at www.covidence.org), and the titles and abstracts of all the results were
245 screened by 2 authors (S.P. and A.M.). Full texts were retrieved for those articles that
246 met the eligibility criteria by the same 2 authors (S.P. and AM.). The list of excluded
247 articles at the initial retrieval was cross-checked by all the authors and disagreements were
248 resolved by discussing amongst all. In the second phase, the full manuscripts were read
249 and those articles that did not meet the inclusion criteria were excluded with consensus.
250 The level of agreement between the two reviewers, calculated by Cohen’s kappa (k),
251 was 0.90 for titles and abstracts and 0.92 for full texts. The differences among
252 authors/reviewers were resolved by a third author (S.M.) after discussion. Some studies
253 included both “permanent teeth” and “deciduous teeth”. If the results for the subset of
254 permanent teeth of such studies were exclusively presented and met the eligibility
255 criteria, they were considered for quantitative synthesis. A study was excluded if it was
256 not possible to obtain separate results of individual study groups. For the clarification of
257 doubts and missing data of the included studies, the respective authors were contacted
258 by email.
259 2.6. Data Extraction
260 The following data were extracted from the included studies by two independent
261 re- viewing authors (SM. and S.P.) using pilot-tested customized data extraction forms:
262 study identification number, place of study, ethical approval, informed consent, funding
263 and registration, number of operators, sample size, age of the patient, pathology of
264 teeth, type of teeth, pulp vitality tests and pulp sensibility tests used, diagnostic
265 accuracy outcomes assessed, authors’ conclusions. The numerical data were compiled from
266 each study and the missing data related to true positive (TP), true negative (TN), false
267 negative, false positive, sensitivity, specificity, positive predictive value (PPV), negative
268 predictive value (NPV), positive and negative likelihood ratio were converted and
269 calculated using Review Man- ager (RevMan web V 5.3, The Cochrane Collaboration,
270 available at revman.cochrane.org), where appropriate.
271 2.7. Assessments of the Risk of Bias and Quality
272 The selected studies were submitted to the QUADAS-2 (Bristol Medical School, Bristol,
273 UK), methodological quality assessment tool following the recommendations of Cochrane,
274 the UK National Institute for Health and Clinical Excellence and the Agency for Healthcare
275 Quality and Research for use in systematic reviews of diagnostic accuracy studies. Two
276 aspects, risk of bias and applicability of concerns, were assessed by the QUADAS-2 tool
277 based on three domains of patient selection, index test and reference standard. The fourth
278 domain of flow and timing was also used for the assessment of the risk of bias in addition
279 to these three domains [21].
280 2.8. Quantitative Analysis and Synthesis of the Meta-Analysis
281 A meta-analysis was performed according to the methods of the Cochrane DTA Hand-
282 book [22] using the MetaDTA: Diagnostic Test Accuracy Meta-Analysis v2.0 [23] and Review
283 Manager. The vitality and sensibility tests (index test) were compared with the reference
284 test to determine true-positive, false-positive, false-negative and true-negative values. Sen-
285 sitivity, specificity, positive predictive value and negative predictive value were calculated,

286 and a 95% confidence interval was applied where appropriate. A bivariate model param-
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eter for the sensitivity and specificity of each test was used to calculate summary points,
the confidence region and the prediction region. The bivariate type of model maintains
the 2-dimensional nature of the data considering the correlation between sensitivity
and specificity instead of converting sensitivity and specificity pairs from individual
studies into a solo marker of diagnostic accuracy. The parameter estimates of logit
sensitivity and specificity with SEs, random-effect variances in logit sensitivity and
specificity and the covariance between them were used. Summary estimates of sensitivity
and specificity were computed by an inverse transformation of logit estimates to the
original receiver operating characteristic (ROC) scale. A bivariate summary ROC curve
for vitality and sensibility tests with summary operating points and 95% confidence
regions was plotted using logit sensitivity and specificity estimates and their respective
variances [24].

3. Results
3.1. Literature Search

The initial electronic database search resulted in a total of 989 titles
(PubMed/MEDLINE and Cochrane library resulted in 295 titles and Google Scholar
resulted in 694 titles, hand searching of the reference lists of the selected studies did not
deliver additional papers) and, after removal of duplicates, 789 titles remained. Out of these
789 articles, 764 were removed at the initial screening after reading the titles and
abstracts. Following examination and discussion by the reviewers, 25 articles were
selected for full-text evaluation. Following pre-screening and application of the
eligibility criteria, 10 studies with an inappropriate comparison group, 3 with an
inappropriate study design and 2 with an inappropriate study outcome were included in
the qualitative analysis, while 5 studies were included in the meta-analysis. Figure 1
depicts a flowchart of the search results.

)
=] Records identified through database Additional records identified
=
9 searching through other sources
:‘E (n=295) (n=694)
)
=]
—
v
Records after duplicates removed
S/
— (n=789)
%-o
g v
w
Records screened Records excluded
(n=789) (n=764)
S ‘
( ) v 5
> Full-text articles excluded,
: Full-text articles assessed =
:a | with reasons (n=15)
?b tor eligibility L. .
£ - Studies with inappropriate
= (m=25)
comparison group (n= 10)
L Studies with inappropriate
Studies included in study design (n=3)
N )
qualitative synthesis Studies with inappropriate
(n=10)
study outcome (n=2)
=
)
o
S
©
(=1
= . ¥
Studies included in
quantitative synthesis
(meta-analysis)
(n=5)
-/

Figure 1. PRISMA flow diagram.
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The general characteristics of 10 studies [7,10-12,16,25-29] are presented in Table 2.
All included studies were unicentric trials published between 2007 and 2020. Notably, five
investigations were executed in India [7,12,25,27,29], one in the United Kingdom [28], one
in Ohio [26], one in Iran [11], one in Australia [16] and one in Turkey [10]. All the included
studies were diagnostic accuracy studies conducted on permanent teeth. The age of the par-
ticipants ranged from 6-74 years. In nine studies [10-12,16,25,27-29], ethical approval was
obtained, whereas informed consent was gained in eight studies [7,10-12,25-28]. Only
three studies [7,10,16] provided financing information, and only one study [28] was a
registered clinical trial. Pulp vitality was examined utilizing PO in six investigations
[7,11,12,25,27,29] and LDF in three investigations [16,26,28], whereas in one study [10],
both PO and LDF were employed to assess pulp vitality. In all the studies which assessed
pulp vitality using PO, the systemic oxygen saturation (Sa0O,) of the left index finger was
measured first, which served as the control for the Sa0O, values measured on the teeth.
The results of the vitality tests were compared to the sensibility test, including the pain
response to cold [7,11,12,16,25-29], electrical pulp tests [7,10-12,16,25-29] and heat test
[11,12,29]. The brands and models of the PO, LDF and EPT differed among investigations, as
did the method utilized in CT and HT. The cold test was assessed using Endo-Ice refrigerant
spray/1, 1, 1, 2-tetrafluoroethane spray [7,11,12,16,25,27,29] and ethyl chloride [28] while
for heat tests, a rubber cup [12] and gutta-percha [12,23] were used. The selected studies
either reported values for sensitivity and specificity or provided sufficient data to enable
calculations of TP, TN, FP, FN, sensitivity and specificity and are presented in Table 3. The
PPV, NPV, positive and negative likelihood ratio (LR+, LR-), prevalence and diagnostic
odds ratio for included studies along with the pooled estimates for PO, EPT, CT and HT
are presented in Table 2.

3.2. Quality Assessment of the Included Studies

The quality assessment results of the included studies are presented in Figure 2. With
the exception of one study, all other studies were found to have an unclear risk of bias; since
convenience sampling was applied in all, the description of patients before inclusion in the
studies was different. The index test in the QUADAS-2 tool for six studies was associated
with a low risk of bias, while the remaining four studies showed an unclear risk of bias as
interpretation of results with knowledge of the results of the reference standard was not
mentioned. Regarding the reference standard, five studies showed low risk of bias, and
five studies were identified with unclear risk of bias as there was no mention about the
reference standard test used. The flow and timing characteristics were associated with a
low risk of bias for five studies, and four studies and one study were identified as unclear
and high risk of bias, respectively.

3.3. Quantitative Analysis and Synthesis of Results

A quantitative synthesis (meta-analysis) was carried out on the selected five
studies [7,10,11,27,29]. In the study by Janani et al. [12] for PO and the studies which
assessed the diagnostic accuracy for LDF [10,16,26,28], TP, FP, TN, TP values cannot be
calculated from the given data, hence the studies were not included in the meta-analysis
and only qualitative analysis was carried out (Table 3). The PO was compared with EPT,
HT and CT separately. Subsequently, a total of three forest plots and summary ROC curves
were made separately to calculate the sensitivity and specificity of the vitality and sensibil-
ity tests. The bivariate output box parameter estimates required for input in RevMan to
produce the summary point, 95% confidence region and 95% prediction were calculated
using MetaDTA software (v2.0; Shinyapps, RStudio PBC, Boston, MA, USA).
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Table 2. Study characteristics of included studies.
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Sample Sizg70 Age Range Pul] 374 Pul,
Study ID Place of Stud; P P y i
ly ace of y Teeth/Patiet?1 (Years) 372 Pathology of Teeth Type of Teeth Vitality T@S Sensibililgz Authors’ Conclusions
373 Requiring endodontic e TS 379 Custom-built pulse oximeter
Gopikrishna e 384 therapy for 388 Single-rooted PO 391 cT 393 dental probe is an
2007 (7] 383 India 80/80 Not reported 385 prosthodontic 389 incisors, canines 292 EPT 394 effective, accurate and
386 considerations or 80 and premolars 395 objective method of
387 irreversible pulpitis 396 determining the vitality of
397 permanent teeth.
398 LDF was found to be a more
Karayilmaz and 3 410 412 reliable and effective method
Kirziog lu, 907  Turkey 59/51 12-18 Root canal treated MiteaFteen joo LOF EPT 413 than PO and EPT for
[10] 414 assessing the pulpal status of
415 human teeth.
416 PO is a reliable method in
417 determining the actual status
= Requiring endodontic Single-canal CT 418 of the pulp in endodontics;
}’;‘:‘"‘“‘c"‘ eral, 2012 g, 24/24 18-50 treatment for mandibular PO HT 419 however, CT, HT and EPT
1 prosthodontic reasons premolars EPT 420 are not suitable methods for
421 pulp testing.
422 Customized pulse oximeter
Janani et al,, s 429 CT 432 sensor holder proves to be
2020 [12] 425 India 79 18-56 :‘:q“'"“g ““d°d°1§6‘ Single-rooted teeth PO HT 433 accurate, reliable and
erapy 431 EPT 434 objective in assessing the
426 435 actual condition of the tooth.
427 Suspected or known 436 Carbon dioxide (CO,)
428 to have pulp pathosis; 437 crystals, EPT and LDF were
- Al 440 442 previously received or cT 444 reliable and the most
€en an ott, " 121/20 441 18-74 currently under; Not reported LDF accurate tests, but CO, and
2011 [16] Ausiralia endodontic trea ‘ment; or P EPT EPT were less repeatable yet
provisionally diagnosed less time consuming
as having a healthy pulp than LDF.
In young children, PO
1 i Free of any Permanent maxillary or method was found to be as
muel et al,
%14 25f India 120/30 7-18 dental pathology 450 central and PO EPT 452 accurate as cold test but large
451 lateral incisors 453 variations were seen in
454 electric pulp test.
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Table 2. Cont. 463 471 477
A 4468 pey
Study ID Place of Stud Sample Sizggs Age Range Pulp 473 Pulp . .
udy ace.of y Teeth/Patiengs, (Years) 469 Pathology of Teeth Type of Teeth Vitality Teis Sensibilitd”? Authors’ Conclusions
R 1Ey 481 LDF could not distinguish
Maxillary central 483 CT 485 between healthy and necrotic
Condit, 2015 [26] Columbus, US 85 6-16 Traumatized teeth and lateral incisors LDF 484 EPT 486 pulp tissue among
487 traumatized teeth.
488 PO is an objective, very
489 sensitive and noninvasive
Sharma et al, 493 495 method that can be used as
2015[27] 492 India Not reported 4-15 &mc therapy94 Not reported PO EPT 496 a routine method for
497 assessing the pulp vitality in
498 primary, young permanent
499 and mature permanent
500 teeth.
501 LDF was unable to
502 differentiate between teeth
Ghouth et al., 508 with vital and nonvital pulps
2019 (28] 505 UK 37 8-16 Root canal treated BSEmIReth CDE :gg E:T 509 in children between the ages
510 of 8 and 16 years, with an
511 acceptable level
512 of confidence.
513 The use of custom-made
514 holder is effective in
Ajitha et al,, . . 519 Single-canal incisors, 526 placement of sensor probe
India 30 18-50 216 Requiring endod i and PO 523 CT 527 onto the tooth surface. It
17 therapy indicativ : 524 HT g ¢ .
2020 [29] 518 iaversthle pel ‘%g mandibular 525 EPT 528 aided in evaluating the actual
PUPIEs, premolar teeth 529 pulp status by producing
530 accurate interpretation
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Table 3. Diagnostic accuracy of pulp vitality and sensibility tests for the studies included in meta-analysis.
Index Test Study Id TP FP FN TN Sensitivity Specificity PPV NPV LR+ LR Prevalence
Odds Ratio
e‘iz{"‘z‘;ﬁ;"a 42 2 0 36 100[092,1.00]  095[0.82,099] 09545 1.0000 19.0000 00000 05250 0
Karayilmaz and
Kirdog 48 0 1 0 0.81(0.69,090]  Not estimable 1.0000 0.0000 . - 1.0000 =
lu, 2011
[10]
Dastmalcnt
etal, 5013 [11] 9 0 1 14 090[0.55,1.00]  1.00 (0.77, 1.00] 1.0000 09333 . 0.1000 04167 -
Sh;t;'lnsa[;;fl" 39 0 1 10 0.97[0.87,1.00]  1.00 [0.69, 1.00] 1.0000 0.9091 " 0.0250 0.8000 "
PO A’;{,‘;g fz‘;]]" 38 0 1 40 0.97[0.87,1.00]  1.00[0.91, 1.00] 1.0000 09756 . 0.0256 0.4937 .
Total pooled
i 176 2 14 100 093[0.88,096]  0.98[0.93, 1.00] 098 0.87 47.24 0075 065 6285
For comparison 176 2 14 100 093[0.88,096]  0.98 (0.93, 1.00] 098 087 47.24 0075 065 6285
with EPT
F°’:{’£g‘}"f°“ 89 2 2 90 098(092,100]  0.98 [0.92, 1.00] 097 097 4498 002 049 2249
For comparison
TET * 47 0 1 54 0.98(0.89,1.00]  1.00(0.93,1.00] 1.00 098 . 0.02 047 -
Sﬁ'%ﬁ;’“ 30 3 12 35 071[0.55,0.84]  0.92 (0.79,0.98] 09091 0.7447 9.0476 03102 05250 29.16
Karayilmaz and
Kirdog" 54 0 5 0 092(0.81,097)  Not estimable 1.0000 0.0000 = 2 1.0000 -
Iy, 2011
[10]
astmaicni
563pT etal, 2012 [11] 2 6 7 9 022(0.03,060]  0.60[0.32,0.84] 0.2500 05625 05556 1.2963 03750 043
566 b 35 5 6 4 085(0.71,094]  044[014,079] 08750 04000 15366 03293 08200 466
567
569 AJ;:;?, fz';f" 30 13 9 27 077[061,089]  0.68(0.51,0.81] 06977 0.7500 2.3669 03419 04937 692
570
572 Total pocled 151 27 39 75 079(0.73,0.85]  0.74[0.64,0.82] 0.8483 06579 3.0023 02792 0650 10.75

estimates
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Table 3. Cont.
Index Test Study Id P FP FN TN Sensitivity Specificity PPV NPV LR+ LR- Prevalence 35‘:114'“;:23
Gopikrishna
etal, 2007 [7] 34 3 8 35 0.81[0.66,091]  0.92[0.79, 0.98] 09189 0.8140 10.2540 0.2068 0.5250 49.58
Dastmalchi
etal, 2012 [11] 6 7 3 8 067[0.30,093]  0.53[0.27,0.79] 04615 0.7273 14286 0.6250 0.3750 228
cr Ajitha et al
S0 % 31 7 8 33 0.79[0.64,091]  0.82[0.67,0.93] 0.8158 0.8049 45421 0.2486 04937 1827
Total pocled 71 17 19 76 079[0.69,0.87]  0.82[0.72,0.89] 0.81 0.80 431 0.25 0.49 17.24
estimates
Dastmalchi 5 6 4 9 0.56 [0.21,0.86]  0.60 [0.32, 0.84] 04545 0.6923 1.3889 0.7407 0.3750 1.87
etal, 2012 [11]
Ajitha et al.,
HT 21 8 18 32 054[037,070]  0.80[0.64,091] 0.7241 0.6400 2.6923 0.5769 04937 466
_2020[29]
Total pooled 26 14 22 41 0.54[0.39,0.69]  0.75[0.61, 0.85] 0.65 065 2.12 0.61 0.46 347

* Only studies with comparisons included.
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598 Figure 2. The quality assessment results of the included studies [7,10-12,16,25-29]. (a) Individual
599 studies and (b) Within studies.
600 3.4. Diagnostic Accuracy of PO and EPT
601 The pooled diagnostic accuracy values from five studies [7,10,11,27,29] for PO and
602 EPT were obtained from the raw TP, TN, FP and FN values for each study. A summary of
603 the pooled diagnostic accuracy values is presented in Table 2. Forest plots demonstrating
604 the sensitivity (left) and specificity (right) of PO and EPT are presented in Figure 3.
605 Bivariate meta-analysis demonstrated a higher pooled mean sensitivity with PO (93%;
606 95% confidence interval, 88.0% to 96.0%) compared with EPT (79.0%; 95% confidence
607 interval, 73.0% to 85.0%). A higher pooled mean specificity with PO (98%; 95% confidence
608 interval, 93% to 100%) was also observed as compared to EPT (74.0%; 95% confidence
609 interval, 64.0% to 82.0%). Figure 4 illustrates the calculated summary ROC curves, including

610 the summary operating points for sensitivity and specificity and 95% confidence ellipsoids.
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Figure 3. Forest plots demonstrating the sensitivity (left) and specificity (right) [7,10-12,27].
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Figure 4. Bivariate meta-analysis of pooled mean sensitivity with PO and EPT [6,10-12,27].

3.5. Diagnostic Accuracy of PO and CT
The pooled diagnostic accuracy values from three studies [7,11,29] for PO and CT
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620 were obtained from the raw TP, TN, FP and FN values for each study. A summary of the
621 pooled diagnostic accuracy values is presented in Table 2. Forest plots demonstrating the
622 sensitivity (left) and specificity (right) of PO and CT are presented in Figure 5.
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Bivariate meta-analysis (Figure 6) demonstrated a higher pooled mean sensitivity
with PO (98%; 95% confidence interval, 92.0% to 100.0%) compared with CT (79.0%;
95% confidence interval, 69.0% to 87.0%). A higher pooled mean specificity with PO
(98%; 95% confidence interval, 92.0% to 100.0%) was also observed as compared to
CT (82.0%; 95% confidence interval, 72.0% to 89.0%).
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Figure 6. Bivariate meta-analysis of pooled mean sensitivity with PO and CT.
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3.6. Diagnostic Accuracy of PO and EPT

The pooled diagnostic accuracy values from two studies [11,12] for PO and HT were
obtained from the raw TP, TN, FP and FN values for each study. A summary of the pooled
diagnostic accuracy values is presented in Table 2. Forest plots demonstrating the
sensitivity and specificity of PO and EPT are presented in Figure 7.
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Figure 7. Forest plots demonstrating the sensitivity and specificity of PO and EPT [11,12].

Bivariate meta-analysis (Figure 8) demonstrated a higher pooled mean sensitivity
with PO (98%; 95% confidence interval, 89.0% to 100.0%) compared with HT (54.0%;
95% confidence interval, 39.0% to 69.0%). A higher pooled mean specificity with PO (100%;
95% confidence interval, 93% to 100%) was also observed as compared to HT (75.0%;
95% confidence interval, 61.0% to 85.0%).
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The summary curve and 95% prediction region cannot be computed for CT and HT as
the covariance estimates were zero.

4, Discussion

The evaluation of the dental pulp status is essential for determining an appropriate
endodontic therapy. The aim of this systematic review and meta-analysis was to
evaluate the diagnostic accuracy of pulp vitality and pulp sensibility tests in assessing
pulpal health of permanent teeth.

Diagnostic accuracy relates to the ability of a test to correctly identify or exclude
a target condition [30]. The review included 10 clinical studies published from 2007 to
2020 conducted in various countries which directly compared both the techniques. The
age of the included patients was 7-74 years of both genders. Hence, the results of this
systematic review can be applicable to a varied population range and in conditions as close
as possible to those observed in daily clinical practice. The clinical conditions and the
methodologies applied in the studies differed considerably. Among the included studies,
the patients required endodontic therapy for prosthodontic considerations or irreversible
pulpitis; traumatized teeth; teeth free of any dental pathology or teeth with complete
endodontic fillings, thus eliminating the risk of so-called spectrum bias implying that
the study population may represent patients who would be exposed to the test in daily
clinical practice [31].

In the present review, pulp vitality was assessed using PO and LDF. The CT, HT and
EPT were used as pulp sensibility tests. The pulp sensibility tests evaluate the pulp’s
nerve response rather than its vascularity [11]. Due to its significant resistance to
inflammation, nerve tissue may remain responsive even after surrounding tissues have
deteriorated, resulting in a false-positive response [12]. The presence of blood flow within
the pulp is a reliable and true indicator of the pulp vitality as it reflects the degree of
pulpal disease [11,12].

The overall results of the included studies demonstrated that the PO and LDF pulp
vitality tests are more reliable methods in determining the actual status of the pulp in
endodontics as compared to the pulp sensibility tests as all the individual studies demon-
strated the same results [7,10-12,16,25,27,29] except in the study by Ghouth et al. [28] and
Condit [26]. These studies stated that LDF was unable to differentiate between teeth with
vital and nonvital pulps, showing a high probability for false results [26,28]. The studies
examining the feasibility of LDF in clinical practice observed variable and uncertain results
when the test conditions were not highly standardized [26,28]. Additionally, Karayilmaz
and Kirziog™lu [10] stated that the ability of PO in determining the vitality of healthy
teeth was better than that of EPT, but it was inaccurate in determining the vitality of teeth
with complete root canal fillings.

The sequence of pulp sensibility tests varied among individual studies. The application
of EPT followed by thermal testing is a common sequence of pulp testing [32]. However,
according to Pantera et al. [33], the sequence of pulp tests had no effect on the results
of the tests when EPT and ethyl chloride were reversely used. Among the majority of
included studies accessing accuracy of PO, custom-made specific dental probes were used
which allows the maintenance of a constant path length for the light emitted from the
LED and received by the photoreceptor sensor, thus enabling accurate readings [7,11,12,29].
To obtain the oxygen saturation of the tooth, Sharma et al. [27] employed an ear probe,
whereas Samuel et al. [25] used a customized ear probe based on the anatomical shape
of permanent incisors.

Test accuracy is estimated by comparing results of an index test with a reference
standard, sometimes known as a “gold” standard, to give the number of true positives,
false positives, false negatives and true negatives. The reference standard is used to verify
the presence or absence of the target condition and may be a single test or a combination of
tests [30,34]. Direct visual inspection during access cavity preparation was considered as a
reference test in most of the studies for nonvital teeth. In the study by Ghouth et al. [ 28],
a standardized reference standard of either pulpal extirpation or a completed root canal
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705 treatment was used. In studies assessing the accuracy of LDF, the tested tooth was paired

706 with contralateral heathy teeth for flux comparison.

707 Ideally, test comparisons should focus on studies that have direct comparison with the

708 index tests. Such direct comparisons ensure an unbiased comparison, but due to the limited

709 availability of comparative studies, such analyses are not always feasible [34], whereas an
710 indirect comparison uses all eligible studies that have assessed at least one of the tests of
711 interest. However, the difference in accuracy is prone to confounding due to differences in

712 patient and study characteristics [34]. In the quantitative synthesis of this review, direct

713 pairwise comparison of pulp vitality and pulp sensibility tests was carried out.

714 The main outcome measures of this systematic review were to assess the pool estimates

715 of sensitivity, specificity, PPV, NPV, likelihood ratio and diagnostic odds ratio of individual
716 test groups as well as to compare the vitality and sensibility test estimates and the SROC
717 curve.

718 Sensitivity represents the ability of a test to detect disease in patients who have the
719 disease [19]. Thus, the test’s ability to identify nonvital teeth is indicated by sensitivity of a
720 pulp vitality test. It is defined as a ratio, the number of persons with a positive test
721 result who have the disease divided by the number of tested persons with the disease
722 [7,35]. The total pooled sensitivity estimate of PO was 93% while the total pooled
723 sensitivity estimates of PO paired with EPT, CT and HT were 93%, 98% and 98%
724 respectively. The total pooled sensitivity estimates of EPT, CT and HT were 79%, 79%
725 and 54%. Specificity, conversely, denotes the ability of a test to detect the absence of
726 disease. It is defined as a ratio, the number of patients with negative test results without
727 the disease divided by the number of tested patients without the disease [7,35]. The total
728 pooled specificity estimates of PO as well as paired estimates with EPT and CT were
729 98% and for HT they were 100% while the total pooled specificity estimates of EPT, CT
730 and HT were 74%, 82% and 75%, respectively. A statistically significant difference was
731 observed between the pooled estimates of
732 PO as compared to EPT, CT and HT, suggesting the usefulness of PO for identifying vital

733 teeth as well as not recommending CT and HT as a primary pulp testing method, but a

734 combination of EPT with another thermal test can be considered. These results are similar
735 to the study conducted by Mainkar and Kim [19] who demonstrated that PO was the

736 most accurate pulp testing method and HPT was the least accurate while EPT has low
737 sensitivity and high specificity, suggesting that it is less likely to correctly identify
738 nonvital teeth, but more likely to correctly identify vital teeth.

739 According to the Deeks and Altman criteria, if the diagnostic odds ratio is greater than

740 20, with the LR+ in excess of unity and the LR- being less than unity, the results suggest

741 that PO as compared to EPT, CT and HT is the most accurate diagnostic method in this

742 systematic review; it shows consistently high diagnostic accuracy values from all included

743 studies with little heterogeneity and, if possible, should be used by clinicians [36].

744 A bivariate random-effects model used in our meta-analysis assumes two levels of
745 distribution of variance. First, a binomial distribution and logistics transformation of
746 proportions preserve the shared characteristics within each study that link sensitivity
747 and specificity, capturing the correlation between the two, as well as the absolute

748 values observed in each study. The second level reflects the heterogeneity between

749 studies in addition to that explained by the variability of sampling at the first level,

750 assuming this heterogeneity is due to random study effects [24,37,38].

751 When the ROC curve originates from the left-hand border and reaches the top border
752 of the ROC space, away from the 45-degree diagonal line, the test is considered to be
753 accurate. This demonstrated that the pulse oximeter test was reliable in determining
754 the actual pulp state [29]. The summary points on SROC curves also confirm the ability
755 of PO to correctly classify screen negatives in presenting patients (i.e., health) as compared
756 to EPT, CT and HT.

757 Intriguingly, the comparison of this study to previous English language systematic

758 reviews [5,14,15,19] revealed some resemblances and some remarkable differences

759 with respect to paired comparison between pulp vitality and pulp sensibility tests as well as

760 the outcome measurements assessed. The main difference between the current and

761 previous
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reviews is that a paired comparative assessment of pulp vitality and sensibility tests for
vital and nonvital teeth was conducted along with their quantitative synthesis using a
bivariate random-effects model [19]. The start and end of the search period also differed in
the present study as compared to previous ones.

Nevertheless, the present review has some limitations. The clinical disparity
among the selected studies could not be completely avoided. The sample size of the
studies was small, thus lacking statistical power. Individual tooth type (incisor, canine,
premolar and molar) and arch analysis were not attempted due to the limited number
of tooth types included and the variation in the number of teeth in the maxilla and
mandible.

It was also difficult to rule out clinical variability caused by age, gender model of
PO, LDF, EPT, methodologies utilized for HT and CT, landmark selection and software
capabilities. Additionally, there were few investigations on LDF, which limited its inclusion
in quantitative synthesis. Furthermore, vitality tests have technical limitations, such as
monitoring gingival blood flow that requires the use of a dental dam and the patient’s head
to be stabilized in relation to the probe, both of which were lacking in the research method-
ology involved. There are no high-scoring studies for methodological validity, therefore
future high-quality in vivo studies examining the diagnostic accuracy of pulp viability
and pulp sensitivity testing with consistent outcome parameters should be performed.

Biocompatible and bioactive materials have recently been consistently recommended
for the protection of the dentin—pulp complex due to their capacity to induce healing and
regeneration of dental tissue. Their bioactivity is amongst the most beneficial properties for
the maintenance and preservation of pulp vitality, supporting the use of these materials in
vital dental procedures [39].

5. Conclusions

The current systematic review and meta-analysis indicated that, in diverse clinical
situations, PO is the most accurate diagnostic tool when compared to EPT, CT and HT. Due
to the lack of evidence, the diagnostic accuracy of LDF remains uncertain. However, the
plurality of published endodontic studies use EPT, CT and HT as standard procedures
for pulp viability as PO and LDF are not commonly accessible to all professionals and, if
available, are rarely used due to their high cost and technical difficulties.
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Abstract: The current systematic review and meta-analysis was carried out to compare the diagnostic
accuracy of pulp vitality and pulp sensibility tests in assessing pulpal health. PubMed/MEDLINE,
Cochrane Central Register of Controlled Trials, Web of Science, Google Scholar and Open Grey
databases were searched and after assessing eligibility criteria the data were extracted. True-positive,
false-positive, true-negative, false-negative, sensitivity and specificity values were extracted or
calculated if not presented. Quality of studies was evaluated based on the QUADAS 2 tool. Meta-
analysis was performed in MetaDTA (v2.0; Shinyapps, RStudio PBC, Boston, MA, USA) and Review
Manager 5.3 (RevMan web; The Cochrane Collaboration, London, UK). Ten articles were included
for qualitative synthesis and five for meta-analysis. The pooled diagnostic odds ratio for pulse
oximeter (PO), electric pulp tester (EPT), cold test (CT) and heat test (HT) was 628.5, 10.75, 17.24
and 3.47, respectively. Pairwise comparison demonstrated a higher pooled mean sensitivity and
specificity with PO compared with EPT. Comparison between PO and CT and between PO and
HT also demonstrated a higher pooled mean sensitivity and specificity for PO. Summary points
on receiver operating characteristic curves confirmed the ability of PO to correctly screen negatives
in presenting patients as compared to EPT, CT and HT but no study was rated as good on quality
assessment. PO can be considered as the most accurate diagnostic method as compared to EPT, CT
and HT. This review provides information about the reliability and diagnostic accuracy of using pulp
vitality and sensibility tests for assessing pulp status.
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1. Introduction

In endodontics, dental pulp testing is a significant and essential diagnostic aid since
diagnosis is an integral aspect of treatment planning. [1]. The gold standard of determining
vitality status of pulp is directly inspecting it by histological section examination. However,
as the pulp is enclosed by a calcified barrier, this cannot be carried out before starting
endodontic therapy [2].

Inflammatory mediator components found in pulps exposed to caries or other lesions,
such as prostaglandins, superoxide dismutase, tumor necrosis factor alpha (TNF-«), sub-
stance P and matrix metalloproteinases (MMPs), may indicate pulp state and can predict
the outcome of pulp capping or pulpotomy treatments. When the pain presentation is
inconsistent and abnormal, with the potential of referred or nonodontogenic pain, pulp test-
ing can aid in accurate diagnosis through a confirmation or exclusion procedure. Changes
in intra-pulp pressure have a significant impact on sensory nerves of varying dimensions,
with pressure increases preferentially blocking larger diameter A-delta fibers and activat-
ing smaller diameter C-fibers. As C-fibers are more resistant to hypoxia, they may still
function when the pulp degenerates due to the underlying pathology. When there is a
complete absence of response to a stimulation, pulp necrosis is likely to have advanced.
It should also be highlighted that the subjective nature of pain, individual variability in
pain threshold and pain modulation processes make it difficult to obtain an exact history of
clinical symptoms [1,3].

Since the pulp tissue cannot be directly inspected, indirect methods that determine the
state of pulpal health by assessing the condition of the nerves within the dental pulp, such as
pulp sensibility tests, must be employed. The most commonly used pulp sensibility tests are
thermal tests and electrical tests that stimulate the pulpal nerves either by the flow of dentinal
fluid at temperature variations, which leads to movement of the odontoblast processes and
consequently mechanically stimulating the pulpal nerves, or by conducting electrical current
through the tooth, giving an electrical stimulation to the nerves of the pulp [4,5].

The principal mechanism of the electric pulp test is to instigate an ionic change
across the neural membrane by electrical stimuli which influences action potential with
a fast-jumping action at the nodes of Ranvier in myelinated nerves [6]. The current pulp
sensibility testing methods indirectly monitor pulp vitality by merely assessing the neural
response and do not take into account the vascular circulation, resulting in false-positive
responses for teeth that have temporarily or permanently lost their sensory function and
are nonresponsive to these tests despite having an intact vasculature [7-9]. The limitations
of pulp sensibility testing were overcome by pulp vitality testing methods such as pulse
oximetry (PO), laser Doppler flowmetry (LDF) and ultrasound Doppler flowmetry (UDF)
which assess pulpal blood flow without relying on the patients” responses and are thought
to deliver more accurate pulp status [10-12]. PO assesses the oxygen saturation inside the
pulp chamber using a noninvasive catheter with two diodes adjusted to the teeth whereas
LDF and UDF assess the vascular flow of the dental pulp through “the concentration and
velocity of blood cells”, reflecting the signs of blood flow and pulp vitality [13-15].

Due to the obvious technological difficulties, there have been conflicting interpretations
of the accuracy of pulp testing using PO and LDE PO requires custom-made probes, and
interferences due to the overhead xenon arc lamps as well as excessive carbon dioxide in
the bloodstream may interfere with deoxygenation values, resulting in false results. In the
case of LDF, when the laser pathway is interfered with or obstructed, false results may
be achieved suggesting no blood flowing in that region. Similarly, the amount of signal
contamination or noise from nonpulp sources, primarily the periodontium, may suggest
the presence of pulp blood flow, leading to false readings [16,17]. Considering that there is
currently no evidence supporting the use of pulp vitality testing over sensibility tests, a
qualitative and quantitative synthesis of previously performed diagnostic accuracy studies
is warranted.

Sensitivity and specificity best define the validity of a diagnostic test, while its clinical
usefulness in a given population is best described by its positive and negative predictive
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values (PPVs and NPVs) [18]. Sensitivity is the proportion of cases identified correctly using
the diagnostic test whereas specificity is the proportion of noncases identified correctly
using the diagnostic test. Meanwhile, the positive predictive value is the proportion of
positive test results that are cases and negative predictive value is the proportion of negative
test results that are noncases [19].

A systematic review and meta-analysis diagnostic that focused on the accuracy of
cold pulp testing (CPT), heat pulp testing (HPT), electric pulp testing (EPT), LDF and PO
has been published by Mainkar and Kim, and concluded that LDF and PO were the most
accurate diagnostic methods and HPT was the least accurate diagnostic method [19]. The
review was based on searches conducted till 2016 but no comparative evaluation between
pulp vitality and pulp sensibility test was conducted. Lima et al. [15] also conducted a
systematic review to evaluate the efficacy of vitality tests (PO and LDF) in the pulpal
diagnosis of traumatized teeth in comparison with sensibility tests. In this review, only
traumatized teeth were included and it was based on searches conducted till 2018, but no
quantitative analysis was conducted. A preliminary electronic search revealed that since
their publication, many more studies comparing the diagnostic accuracy of pulp vitality
and pulp sensibility tests have been published.

Therefore, this study aimed to perform a systematic review and meta-analysis of
clinical studies to assess and compare the diagnostic accuracy of pulp vitality and pulp
sensibility tests in assessing pulpal health in permanent teeth.

2. Materials and Methods
2.1. Protocol and Registration

This systematic review and meta-analysis were registered in PROSPERO (CRD42020213741)
and conducted according to the Preferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA) statement [20]. The following focused question in the patient, interven-
tion, comparison and outcome (PICO) format was proposed: “Is there a difference in the
diagnostic accuracy of pulp vitality and pulp sensibility tests in assessing pulpal health in
permanent teeth”?

2.2. Search Strategy

A comprehensive electronic search was carried out on databases, such as PubMed/
MEDLINE, Cochrane Central Register of Controlled Trials and Web of Science until
December 2020 to retrieve articles in the English language. A specific electronic search of
journals, presented in Table 1, was conducted. The searches in the clinical trials database,
cross-referencing and searches of gray literature were conducted using Google Scholar,
Greylist and OpenGrey. Medical subject headings (MeSH) terms, keywords and other free
terms combined with Boolean operators (OR, AND) were used for searching articles. The
identical keywords were used for all search platforms following the syntax rules of each
database. The search strategy and population, interventions, comparisons, outcomes and
study design (PICOS) tool are presented in Table 1.

2.3. Inclusion Criteria Outline According to the PICOS Strategy

Population (P): Studies with patients having at least one permanent tooth in the
mandibular or maxillary region, having carious teeth, symptomatic or asymptomatic
irreversible pulpitis (IP) that needed endodontic access, traumatized teeth irrespective of
sex, age, race or socioeconomic status. As reference standards, histologic analysis, direct
clinical observation (access cavity) or presence of root canal filling (only to confirm nonvital
teeth) to confirm the pulp diagnosis of a study sample were used.

Interventions (I): Studies assessing the diagnostic accuracy of pulp vitality tests (laser
Doppler flowmetry (LDF), ultrasound Doppler flowmetry, pulse oximetry, thermometry)
in permanent teeth.

Comparison (C): Studies assessing the diagnostic accuracy of pulp vitality tests (ther-
mal (hot or cold), electric pulp tester) in permanent teeth.
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Outcome (O): The main outcome measures of this systematic review were to assess
the pool estimates of sensitivity, specificity, PPV, NPV, likelihood ratio (LR) and diagnostic
odds ratio of individual test groups as well as to compare the vitality and sensibility test
estimates and the SROC curve.

Study design (S): In vivo studies—observational studies or clinical trials—comparing
the diagnostic accuracy of both pulp vitality and pulp sensibility tests in assessing pulpal
health in permanent teeth.

Table 1. The search strategy and PICOS tool.

Search strategy

Focused Is there a difference in the diagnostic accuracy of pulp vitality and pulp
Question sensibility tests in assessing pulpal health in permanent teeth?

Search strategy

Population (#1) (Human teeth [Text Word]) OR “tooth”[MeSH Terms] OR teeth [Text

Word]) OR lower teeth [Text Word] OR upper teeth [Text Word] OR
“molar”[MeSH Terms] OR molar [Text Word] OR posterior teeth [Text
Word] OR anterior teeth [Text Word] OR premolar [Text Word] OR
“incisor”[MeSH Terms] OR incisor [Text Word] OR canine [MeSH] OR Root
canal [Text Word]) OR permanent teeth [Text Word])

Intervention (#2)

(‘Pulp vitality test’ [Text Word] OR Laser-Doppler flowmetry [MeSH
Terms] OR Doppler-Laser Flowmetry [Text Word] OR Laser Doppler
Velocimetry [Text Word] OR ultrasound Doppler flowmetry [Text Word]
OR pulse oximetry [Text Word] OR thermometry [Text Word])

Comparisons (#3)

(Pulp vitality tests [Text Word] OR Thermal test [Text Word] OR Hot test
[Text Word] OR Cold test [Text Word] OR electric pulp tester [Text Word])

QOutcomes (#4)

(Diagnostic accuracy [Text Word] OR Sensitivity [Text Word] OR Accuracy
[Text Word] OR Specificity [Text Word] OR Pulpal health [Text Word] OR
Pulp vitality [Text Word])

Study design (#5)

(Clinical study [Text Word] OR Clinical trial [MeSH] OR randomized
controlled studies [Text Word] OR randomized control trials [MeSH] OR
randomized control clinical trial MeSH OR non-randomized control trials
[Text Word] OR Quasi experimental studies [Text Word] OR before and
after study design [Text Word] OR cohort studies [Text Word] OR in vivo
study [Text Word] OR Cross-sectional study [Text Word])

Search
Combination

#1 AND #2 AND #3 AND #4 AND #5

Database search

Language No restriction (Articles in English language or other language where
English translation is possible.)

Electronic PubMed /MEDLINE, Cochrane Central Register of Controlled Trials, Web

Databases of Science, Open grey, Google scholar

Journals Journal of Endodontics, International Endodontic Journal, Australian
Endodontic Journal, Clinical Oral Investigations, Journal of Conservative
Dentistry, Journal of American Dental Association

Semoe Studies published between 1 January 2007 to 31 December 2020

of Publication ’

2.4. Exclusion Criteria

e  Articles published in non-English language.

Nonclinical studies, in vitro studies and animal studies.

Studies reporting about a single intervention without a comparison group.
Studies on deciduous teeth.

Studies not fully available in the database.
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e  Article reporting only abstracts, of which full text articles were not available.
Studies not reporting primary outcomes of accuracy, sensitivity and specificity as well
as where primary outcomes are not possible to calculate from the given raw data.

o Casereports, case series, reviews and in-studies.

2.5. Screening Process

The search and screening, according to the previously established protocol, were
conducted by two review authors (S.P. and A.M.P.). After the initial retrieval, duplicates
were removed using Covidence software (Veritas Health Innovation, Melbourne, Australia.
Available at www.covidence.org), and the titles and abstracts of all the results were screened
by 2 authors (S.P. and A.M.). Full texts were retrieved for those articles that met the
eligibility criteria by the same 2 authors (S.P. and A.M.). The list of excluded articles at
the initial retrieval was cross-checked by all the authors and disagreements were resolved
by discussing amongst all. In the second phase, the full manuscripts were read and those
articles that did not meet the inclusion criteria were excluded with consensus. The level
of agreement between the two reviewers, calculated by Cohen’s kappa (k), was 0.90 for
titles and abstracts and 0.92 for full texts. The differences among authors/reviewers were
resolved by a third author (S.M.) after discussion. Some studies included both “permanent
teeth” and “deciduous teeth”. If the results for the subset of permanent teeth of such
studies were exclusively presented and met the eligibility criteria, they were considered
for quantitative synthesis. A study was excluded if it was not possible to obtain separate
results of individual study groups. For the clarification of doubts and missing data of the
included studies, the respective authors were contacted by email.

2.6. Data Extraction

The following data were extracted from the included studies by two independent re-
viewing authors (5.M. and S.P.) using pilot-tested customized data extraction forms: study
identification number, place of study, ethical approval, informed consent, funding and
registration, number of operators, sample size, age of the patient, pathology of teeth, type
of teeth, pulp vitality tests and pulp sensibility tests used, diagnostic accuracy outcomes
assessed, authors’ conclusions. The numerical data were compiled from each study and the
missing data related to true positive (TP), true negative (TN), false negative, false positive,
sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
positive and negative likelihood ratio were converted and calculated using Review Man-
ager (RevMan web V 5.3, The Cochrane Collaboration, available at revman.cochrane.org),
where appropriate.

2.7. Assessments of the Risk of Bias and Quality

The selected studies were submitted to the QUADAS-2 (Bristol Medical School, Bristol,
UK), methodological quality assessment tool following the recommendations of Cochrane,
the UK National Institute for Health and Clinical Excellence and the Agency for Healthcare
Quality and Research for use in systematic reviews of diagnostic accuracy studies. Two
aspects, risk of bias and applicability of concerns, were assessed by the QUADAS-2 tool
based on three domains of patient selection, index test and reference standard. The fourth
domain of flow and timing was also used for the assessment of the risk of bias in addition
to these three domains [21].

2.8. Quantitative Analysis and Synthesis of the Meta-Analysis

A meta-analysis was performed according to the methods of the Cochrane DTA Hand-
book [22] using the MetaDTA: Diagnostic Test Accuracy Meta-Analysis v2.0 [23] and Review
Manager. The vitality and sensibility tests (index test) were compared with the reference
test to determine true-positive, false-positive, false-negative and true-negative values. Sen-
sitivity, specificity, positive predictive value and negative predictive value were calculated,
and a 95% confidence interval was applied where appropriate. A bivariate model param-
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eter for the sensitivity and specificity of each test was used to calculate summary points,
the confidence region and the prediction region. The bivariate type of model maintains
the 2-dimensional nature of the data considering the correlation between sensitivity and
specificity instead of converting sensitivity and specificity pairs from individual studies
into a solo marker of diagnostic accuracy. The parameter estimates of logit sensitivity and
specificity with SEs, random-effect variances in logit sensitivity and specificity and the
covariance between them were used. Summary estimates of sensitivity and specificity were
computed by an inverse transformation of logit estimates to the original receiver operating
characteristic (ROC) scale. A bivariate summary ROC curve for vitality and sensibility
tests with summary operating points and 95% confidence regions was plotted using logit
sensitivity and specificity estimates and their respective variances [24].

3. Results
3.1. Literature Search

The initial electronic database search resulted in a total of 989 titles (PubMed /MEDLINE
and Cochrane library resulted in 295 titles and Google Scholar resulted in 694 titles, hand
searching of the reference lists of the selected studies did not deliver additional papers) and,
after removal of duplicates, 789 titles remained. Out of these 789 articles, 764 were removed
at the initial screening after reading the titles and abstracts. Following examination and
discussion by the reviewers, 25 articles were selected for full-text evaluation. Following
pre-screening and application of the eligibility criteria, 10 studies with an inappropriate
comparison group, 3 with an inappropriate study design and 2 with an inappropriate study
outcome were included in the qualitative analysis, while 5 studies were included in the
meta-analysis. Figure 1 depicts a flowchart of the search results.

G o)
=
,‘g Records identified through database Additional records identified
] 3
1 searching through other sources
= (n=295) (n=694)
)
°
=
A
Records after duplicates removed
—
(n=789)
&0
=
=
@
@ A
é
Records screened Records excluded
(n=789) (n=764)
— |
= Full-text articles excluded,
% Full-text articles assessed | with reasons (n=15)
ED foreligibility Studies with inappropriate
o =25
H (n ) comparison group (n=10)
; Studies with inappropriate
Studies included in study design (n=3)
qualitative synthesis Studies with inappropriate
=10
(n ) study outcome (n=2)
o
@
©
: |
°
=
-
Studies included in
quantitative synthesis
(meta-analysis)
@=5)
—

Figure 1. PRISMA flow diagram.
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The general characteristics of 10 studies [7,10-12,16,25-29] are presented in Table 2.
All included studies were unicentric trials published between 2007 and 2020. Notably, five
investigations were executed in India [7,12,25,27,29], one in the United Kingdom [28], one
in Ohio [26], one in Iran [11], one in Australia [16] and one in Turkey [10]. All the included
studies were diagnostic accuracy studies conducted on permanent teeth. The age of the par-
ticipants ranged from 6-74 years. In nine studies [10-12,16,25,27-29], ethical approval was
obtained, whereas informed consent was gained in eight studies [7,10-12,25-28]. Only three
studies [7,10,16] provided financing information, and only one study [28] was a registered
clinical trial. Pulp vitality was examined utilizing PO in six investigations [7,11,12,25,27,29]
and LDF in three investigations [16,26,28], whereas in one study [10], both PO and LDF
were employed to assess pulp vitality. In all the studies which assessed pulp vitality
using PO, the systemic oxygen saturation (5aO,) of the left index finger was measured
first, which served as the control for the SaO, values measured on the teeth. The results
of the vitality tests were compared to the sensibility test, including the pain response to
cold [7,11,12,16,25-29], electrical pulp tests [7,10-12,16,25-29] and heat test [11,12,29]. The
brands and models of the PO, LDF and EPT differed among investigations, as did the
method utilized in CT and HT. The cold test was assessed using Endo-Ice refrigerant
spray/1,1, 1, 2-tetrafluoroethane spray [7,11,12,16,25,27,29] and ethyl chloride [28] while
for heat tests, a rubber cup [12] and gutta-percha [12,23] were used. The selected studies
either reported values for sensitivity and specificity or provided sufficient data to enable
calculations of TP, TN, FP, FN, sensitivity and specificity and are presented in Table 3. The
PPV, NPV, positive and negative likelihood ratio (LR+, LR-), prevalence and diagnostic
odds ratio for included studies along with the pooled estimates for PO, EPT, CT and HT
are presented in Table 2.

3.2. Quality Assessment of the Included Studies

The quality assessment results of the included studies are presented in Figure 2. With
the exception of one study, all other studies were found to have an unclear risk of bias; since
convenience sampling was applied in all, the description of patients before inclusion in the
studies was different. The index test in the QUADAS-2 tool for six studies was associated
with a low risk of bias, while the remaining four studies showed an unclear risk of bias as
interpretation of results with knowledge of the results of the reference standard was not
mentioned. Regarding the reference standard, five studies showed low risk of bias, and
five studies were identified with unclear risk of bias as there was no mention about the
reference standard test used. The flow and timing characteristics were associated with a
low risk of bias for five studies, and four studies and one study were identified as unclear
and high risk of bias, respectively.

3.3. Quantitative Analysis and Synthesis of Results

A quantitative synthesis (meta-analysis) was carried out on the selected five
studies [7,10,11,27,29]. In the study by Janani et al. [12] for PO and the studies which
assessed the diagnostic accuracy for LDF [10,16,26,28], TP, FP, TN, TP values cannot be
calculated from the given data, hence the studies were not included in the meta-analysis
and only qualitative analysis was carried out (Table 3). The PO was compared with EPT,
HT and CT separately. Subsequently, a total of three forest plots and summary ROC curves
were made separately to calculate the sensitivity and specificity of the vitality and sensibil-
ity tests. The bivariate output box parameter estimates required for input in RevMan to
produce the summary point, 95% confidence region and 95% prediction were calculated
using MetaDTA software (v2.0; Shinyapps, RStudio PBC, Boston, MA, USA).
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Table 2. Study characteristics of included studies.
Sample Size Age Range Pulp Pulp , N
Study ID Place of Study Teeth/Patient (Years) Pathology of Teeth Type of Teeth Vitality Tests Sensibility Tests Authors’ Conclusions
Requiring endodontic Customebuilt pulse oximeter
—_—_ therapy for Single-rooted dental probe is an effective,
;}&gﬂ;ishna eval, India 80/80 Not reported prosthodontic incisors, canines PO EIIT accurate and objective
considerations or for and premolars method of determining the
irreversible pulpitis vitality of permanent teeth.
LDF was found to be a more
4 . reliable and effective method
Karaylimaz and, Turkey 59/51 12-18 Root canal treated Maxillary LDE EPT than PO and EPT for
Kirzioglu, 2011 [10] anterior teeth PO =
assessing the pulpal status of
human teeth.
PO s a reliable method in
) 3 N determining the actual status
. Requiring endodontic Single-canal CT : 25
2;’152";‘1“]’1“'“ etals ypan 24/24 18-50 treatment for mandibular PO HT phepuie b e
prosthodontic reasons premolars EPT notsuiteble mothods i
pulp testing,
Customized pulse oximeter
3 sz : CT sensor holder proves to be
Janani etal, India 79 18-56 Requiring endodontic Single-rooted teeth PO HT accurate, reliable and
2020 [12] therapy P RS
EPT objective in assessing the
actual condition of the tooth.
Suspected or known to Carbon dioxide (CO,)
have pulp pathosis; crystals, EPT and LDF were
previously received or reliable and the most
%‘ﬁ"[‘;‘;‘l" Abbott, A ustralia 121/20 18-74 currently undergoing  Not reported LDF CE[T,T accurate tests, but CO; and
endodontic treatment; or EPT were less repeatable yet
provisionally diagnosed less time consuming
as having a healthy pulp than LDF.
In young children, PO
Sainiielétal FiceioE Permanent maxillary T method was found to be as
& India 120/30 7-18 any central and PO accurate as cold test but large
2014 [25] dental pathology i EPT
lateral incisors

variations were seen in
electric pulp test.
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Table 2. Cont.

Study ID

Sample Size

Flice'of Study Teeth/Patient

Age Range
(Years)

Pathology of Teeth

Type of Teeth

Pulp
Vitality Tests

Pulp
Sensibility Tests

Authors’ Conclusions

Condit, 2015 [26]

Columbus, US 85

6-16

Traumatized teeth

Maxillary central
and lateral incisors

LDF

CT
EPT

LDF could not distinguish
between healthy and necrotic
pulp tissue among
traumatized teeth.

Sharma etal.,
2015 [27]

India Not reported

415

Requiring
endodontic therapy

Not reported

EPT

PO is an objective, very
sensitive and noninvasive
method that can be used as a
routine method for assessing
the pulp vitality in primary,
young permanent and
mature permanent teeth.

Ghouth et al.,
2019 [28]

8-16

Root canal treated

Permanent
anterior teeth

LDF

LDF was unable to
differentiate between teeth
with vital and nonvital pulps
in children between the ages
of 8and 16 years, with an
acceptable level

of confidence.

Ajitha etal,,
2020 [29]

India 30

18-50

Requiring endodontic
therapy indicative of
irreversible pulpitis

Single-canal incisors,
canine and
mandibular
premolar teeth

z30

The use of custom-made
holder is effective in
placement of sensor probe
onto the tooth surface. It
aided in evaluating the actual
pulp status by producing
accurate interpretation

of results.
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Table 3. Diagnostic accuracy of pulp vitality and sensibility tests for the studies included in meta-analysis.
Index Test Study Id TP FP N ™N Sensitivity Specificity PPV NPV LR+ LR- Prevalence g:i“;:::
Gopikrishna
e 2 2 0 36 1.00[0.92,100]  0.95[082,099] 09545 1.0000 19.0000 0.0000 05250 0
Karayilmaz and
Kirzioglu, " 0 1 0 0.81[0.69,090]  Notestimable 1.0000 0.0000 - - 1.0000 -
2011 [10]
Dastmalchi
et T 9 0 1 14 0.90[055,1.00]  1.00[0.77,1.00] 10000 09333 . 0.1000 04167 .
Shm’"]';alze;]al" 39 0 1 10 097[0.87,1.00]  1.00[0.69,1.00] 1.0000 0.9091 - 0.0250 0.8000 -
PO A%i(;;‘g [*‘2‘931“' 38 0 1 40 097 [0.87,1.00]  1.00{091,1.00] 1.0000 09756 . 0.0256 04937 .
Total pooled
otal pock 176 2 14 100 0.93[0.88,096]  0.98[0.93,1.00] 0.98 087 4724 0.075 065 6285
Toropopeln 17 2 14 100 0.93[0.88,096]  0.98[0.93,1.00] 098 087 4724 0075 065 6285
F"'Vj;’ﬂ’:‘g;‘r' o 89 2 2 098[0.92,1.00]  098[092,1.00] 097 097 1498 0.02 049 2249
For comparison
oo 4 0 1 5 098[0.89,1.00]  1.00[0.93,1.00] 1.00 098 2 002 047 2
Gopikrishna
N o 30 3 12 0.71[055,0.84]  092[0.79,098] 09091 0.7447 9.0476 03102 05250 2916
Karayilmaz and
Kirzioglu, 54 0 5 0 092[0.81,097]  Notestimable 1.0000 0.0000 - - 1.0000 -
2011 [10]
Dastmalchi
ot etar oA I 2 6 7 9 0.22[0.03,060]  060[0.32,0.84] 02500 05625 0.5556 12963 03750 0.43
S“;“m‘;a[g;]a‘-' 35 5 6 4 0.85[0.71,094]  0.44[0.14,0.79] 08750 0.4000 15366 03293 0.8200 166
ftha [e,';]"' 13 9 7 077[0.61,089]  068[051,081) 06977 07500 2.3669 03419 04937 692
Total pockd 151 27 39 7 0.79[0.73,0.85]  0.74[0.64,052] 08483 0.6579 3.0023 02792 0.650 1075
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Table 3. Cont.
Index Test Study Id ™ FP FN ™ Sensitivity Specificity PPV NPV LR+ LR~ Prevalence gj’ﬂ s";:g;
Gopikrishna
etan 2007 7] 34 3 8 35 0.81[0.66,091]  0.92[0.79,098] 09189 08140 102540 02068 05250 49.58
Dastmalchi
etat, 2012 [11] 6 7 3 8 0.67[0.30,093]  053[027,0.79] 04615 07273 1.4286 06250 0.3750 228
cT -
A%‘(‘]‘z‘g [e,‘j}' 31 7 8 3 0.79[0.64,091]  0.82[0.67,0.93] 08158 0.8049 45421 0.2486 0.4937 18.27
Total pooled 71 17 19 76 0.79[0.69,0.87]  082[0.72,0.89] 081 080 431 025 049 1724
estimates
Dastmalchi
etal, 2012 [11] 5 6 4 9 0.56[0.21,0.86]  0.60[032,0.84] 04545 06923 1.3889 07407 0.3750 187
Ajithaet al,,
HT 200 129 21 8 18 32 0.54[0.37,0.70]  0.80[0.64,091] 07241 0.6400 2.6923 05769 0.4937 466
Total pooled
ot el 2 14 22 41 054[0.39,0.69]  075[0.61,0.85] 0.65 065 212 061 046 347

* Only studies with comparisons included.
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Figure 2. The quality assessment results of the included studies [7,10-12,16,25-29]. (a) Individual
studies and (b) Within studies.

3.4. Diagnostic Accuracy of PO and EPT

The pooled diagnostic accuracy values from five studies [7,10,11,27,29] for PO and
EPT were obtained from the raw TP, TN, FP and FN values for each study. A summary of
the pooled diagnostic accuracy values is presented in Table 2. Forest plots demonstrating
the sensitivity (left) and specificity (right) of PO and EPT are presented in Figure 3.

Bivariate meta-analysis demonstrated a higher pooled mean sensitivity with PO (93%;
95% confidence interval, 88.0% to 96.0%) compared with EPT (79.0%; 95% confidence
interval, 73.0% to 85.0%). A higher pooled mean specificity with PO (98%; 95% confidence
interval, 93% to 100%) was also observed as compared to EPT (74.0%; 95% confidence
interval, 64.0% to 82.0%). Figure 4 illustrates the calculated summary ROC curves, including
the summary operating points for sensitivity and specificity and 95% confidence ellipsoids.
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Gopikrishna et al 2007

Janani et al 2020

Karayilmaz and Kirzioglu 2011
Sharma et al 2015
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Study

Dastmalchi et al 2012
Gopikrishna et al 2007

Janani et al 2020

Karayilmaz and Kirzioglu 2011
Sharma et al 2015

TP FP FN TN Sensitivity (95% CI)
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42 2 0 36 1.00[0.92,1.00]
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48 0 11 0 0.81[0.69, 0.90]
3 0 110 0.97 [0.87,1.00]
TP FP FN TN Sensitivity (95% CI)

2 6 7 89 0.22[0.03, 0.60)
30 3 12 35 0.71[0.55, 0.84]
30 13 9 27 0.77[0.61,0.89]
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3% 5 6 4 0.85(0.71,0.94]
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Figure 3. Forest plots demonstrating the sensitivity (left) and specificity (right) [7,10-12,27].
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Figure 4. Bivariate meta-analysis of pooled mean sensitivity with PO and EPT [6,10-12,27].

3.5. Diagnostic Accuracy of PO and CT

The pooled diagnostic accuracy values from three studies [7,11,29] for PO and CT
were obtained from the raw TP, TN, FP and FN values for each study. A summary of the
pooled diagnostic accuracy values is presented in Table 2. Forest plots demonstrating the
sensitivity (left) and specificity (right) of PO and CT are presented in Figure 5.
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Pulse oximeter

Study TP FP FN TN Sensitivity (95% CI) Specificity (95% Cl)  Sensitivity (95% CI) Specificity (95% CI)
Dastmalchi et al 2012 9 0 1 14 0.90 [0.55, 1.00] 1.00 [0.77,1.00] —_— —a
Gopikrishna et al 2007 42 2 0 36 1.00[0.92, 1.00] 0.95[0.82, 0.99] - —=
Janani et al 2020 38 0 1 40 0.97 [0.87,1.00] 1.00[0.91,1.000 ' ' ; —!| —t ; ' : —.'
0020406081 0020406081
Cold test
Study TP FP FN TN Sensitivity (95% CI) Specificity (95% Cl) Sensitivity (95% Cl) Specificity (95% CI)
Dastmalchi et al 2012 6 7 3 8 0.67 [0.30,0.93] 0.53[0.27,0.79] . — e
Gopikrishna et al 2007 34 3 8 35 0.81 [0.66, 0.91] 0.92 [0.79, 0.98] —— —-
Janani et al 2020 3M 7 8 33 0.79 [0.64, 0.91] 0.82 [0.67,0.93] " ] S 4

b0z 040608 1 0020406081
Figure 5. Forest plots demonstrating the sensitivity (left) and specificity (right) of PO and CT [7,11,29].

Bivariate meta-analysis (Figure 6) demonstrated a higher pooled mean sensitivity
with PO (98%; 95% confidence interval, 92.0% to 100.0%) compared with CT (79.0%;
95% confidence interval, 69.0% to 87.0%). A higher pooled mean specificity with PO
(98%; 95% confidence interval, 92.0% to 100.0%) was also observed as compared to CT
(82.0%; 95% confidence interval, 72.0% to 89.0%).
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Figure 6. Bivariate meta-analysis of pooled mean sensitivity with PO and CT.
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3.6. Diagnostic Accuracy of PO and EPT

The pooled diagnostic accuracy values from two studies [11,12] for PO and HT were
obtained from the raw TP, TN, FP and FN values for each study. A summary of the pooled
diagnostic accuracy values is presented in Table 2. Forest plots demonstrating the sensitivity
and specificity of PO and EPT are presented in Figure 7.

Pulse oximeter

Study TP FP FN TN Sensitivity (95% Cl) Specificity (95% Cl)  Sensitivity (95% CI) Specificity (95% CI)
Dastmalchi et al 2012 3 0 1 14 0.90 [0.55, 1.00] 1.00(0.77,1.00] — — 8
Janani etal 2020 3 0 1 40 0.97 [0.87,1.00] 1o0p08t,t00p  , ., ., .-®, ., L L . W
0020406081 0020406081
Heat test
Study TP FP FN TN Sensitivity (95% Cl) Specificity (95% Cl)  Sensitivity (95% Cl) Specificity (95% CI)
Dastmalchi etal 2012 5 6 4 9 0.56 [0.21, 0.86) 0.60[0.32, 0.84] — —
dananctal 2020 1 818 32 054[037,070]  080[0.64,091] __, T®— —

0 020406081 0020406081
Figure 7. Forest plots demonstrating the sensitivity and specificity of PO and EPT [11,12].

Bivariate meta-analysis (Figure 8) demonstrated a higher pooled mean sensitivity
with PO (98%; 95% confidence interval, 89.0% to 100.0%) compared with HT (54.0%;
95% confidence interval, 39.0% to 69.0%). A higher pooled mean specificity with PO (100%;
95% confidence interval, 93% to 100%) was also observed as compared to HT (75.0%;
95% confidence interval, 61.0% to 85.0%).
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Figure 8. Bivariate meta-analysis pooled mean sensitivity with PO and HT.
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The summary curve and 95% prediction region cannot be computed for CT and HT as
the covariance estimates were zero.

4. Discussion

The evaluation of the dental pulp status is essential for determining an appropriate
endodontic therapy. The aim of this systematic review and meta-analysis was to evaluate
the diagnostic accuracy of pulp vitality and pulp sensibility tests in assessing pulpal health
of permanent teeth.

Diagnostic accuracy relates to the ability of a test to correctly identify or exclude
a target condition [30]. The review included 10 clinical studies published from 2007 to
2020 conducted in various countries which directly compared both the techniques. The
age of the included patients was 7-74 years of both genders. Hence, the results of this
systematic review can be applicable to a varied population range and in conditions as close
as possible to those observed in daily clinical practice. The clinical conditions and the
methodologies applied in the studies differed considerably. Among the included studies,
the patients required endodontic therapy for prosthodontic considerations or irreversible
pulpitis; traumatized teeth; teeth free of any dental pathology or teeth with complete
endodontic fillings, thus eliminating the risk of so-called spectrum bias implying that
the study population may represent patients who would be exposed to the test in daily
clinical practice [31].

In the present review, pulp vitality was assessed using PO and LDFE. The CT, HT and
EPT were used as pulp sensibility tests. The pulp sensibility tests evaluate the pulp’s nerve
response rather than its vascularity [11]. Due to its significant resistance to inflammation, nerve
tissue may remain responsive even after surrounding tissues have deteriorated, resulting in a
false-positive response [12]. The presence of blood flow within the pulp is a reliable and true
indicator of the pulp vitality as it reflects the degree of pulpal disease [11,12].

The overall results of the included studies demonstrated that the PO and LDF pulp
vitality tests are more reliable methods in determining the actual status of the pulp in
endodontics as compared to the pulp sensibility tests as all the individual studies demon-
strated the same results [7,10-12,16,25,27,29] except in the study by Ghouth et al. [28] and
Condit [26]. These studies stated that LDF was unable to differentiate between teeth with
vital and nonvital pulps, showing a high probability for false results [26,28]. The studies
examining the feasibility of LDF in clinical practice observed variable and uncertain results
when the test conditions were not highly standardized [26,28]. Additionally, Karayilmaz
and Kirzioglu [10] stated that the ability of PO in determining the vitality of healthy teeth
was better than that of EPT, but it was inaccurate in determining the vitality of teeth with
complete root canal fillings.

The sequence of pulp sensibility tests varied among individual studies. The application
of EPT followed by thermal testing is a common sequence of pulp testing [32]. However,
according to Pantera et al. [33], the sequence of pulp tests had no effect on the results
of the tests when EPT and ethyl chloride were reversely used. Among the majority of
included studies accessing accuracy of PO, custom-made specific dental probes were used
which allows the maintenance of a constant path length for the light emitted from the
LED and received by the photoreceptor sensor, thus enabling accurate readings [7,11,12,29].
To obtain the oxygen saturation of the tooth, Sharma et al. [27] employed an ear probe,
whereas Samuel et al. [25] used a customized ear probe based on the anatomical shape of
permanent incisors.

Test accuracy is estimated by comparing results of an index test with a reference
standard, sometimes known as a “gold” standard, to give the number of true positives,
false positives, false negatives and true negatives. The reference standard is used to verify
the presence or absence of the target condition and may be a single test or a combination of
tests [30,34]. Direct visual inspection during access cavity preparation was considered as a
reference test in most of the studies for nonvital teeth. In the study by Ghouth et al. [28],
a standardized reference standard of either pulpal extirpation or a completed root canal
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treatment was used. In studies assessing the accuracy of LDF, the tested tooth was paired
with contralateral heathy teeth for flux comparison.

Ideally, test comparisons should focus on studies that have direct comparison with the
index tests. Such direct comparisons ensure an unbiased comparison, but due to the limited
availability of comparative studies, such analyses are not always feasible [34], whereas an
indirect comparison uses all eligible studies that have assessed at least one of the tests of
interest. However, the difference in accuracy is prone to confounding due to differences in
patient and study characteristics [34]. In the quantitative synthesis of this review, direct
pairwise comparison of pulp vitality and pulp sensibility tests was carried out.

The main outcome measures of this systematic review were to assess the pool estimates of
sensitivity, specificity, PPV, NPV, likelihood ratio and diagnostic odds ratio of individual test
groups as well as to compare the vitality and sensibility test estimates and the SROC curve.

Sensitivity represents the ability of a test to detect disease in patients who have the
disease [19]. Thus, the test’s ability to identify nonvital teeth is indicated by sensitivity of a
pulp vitality test. It is defined as a ratio, the number of persons with a positive test result
who have the disease divided by the number of tested persons with the disease [7,35]. The
total pooled sensitivity estimate of PO was 93% while the total pooled sensitivity estimates
of PO paired with EPT, CT and HT were 93%, 98% and 98% respectively. The total pooled
sensitivity estimates of EPT, CT and HT were 79%, 79% and 54%. Specificity, conversely,
denotes the ability of a test to detect the absence of disease. It is defined as a ratio, the
number of patients with negative test results without the disease divided by the number of
tested patients without the disease [7,35]. The total pooled specificity estimates of PO as
well as paired estimates with EPT and CT were 98% and for HT they were 100% while the
total pooled specificity estimates of EPT, CT and HT were 74%, 82% and 75%, respectively.

A statistically significant difference was observed between the pooled estimates of
PO as compared to EPT, CT and HT, suggesting the usefulness of PO for identifying vital
teeth as well as not recommending CT and HT as a primary pulp testing method, but a
combination of EPT with another thermal test can be considered. These results are similar
to the study conducted by Mainkar and Kim [19] who demonstrated that PO was the most
accurate pulp testing method and HPT was the least accurate while EPT has low sensitivity
and high specificity, suggesting that it is less likely to correctly identify nonvital teeth, but
more likely to correctly identify vital teeth.

According to the Deeks and Altman criteria, if the diagnostic odds ratio is greater than
20, with the LR+ in excess of unity and the LR- being less than unity, the results suggest
that PO as compared to EPT, CT and HT is the most accurate diagnostic method in this
systematic review; it shows consistently high diagnostic accuracy values from all included
studies with little heterogeneity and, if possible, should be used by clinicians [36].

A bivariate random-effects model used in our meta-analysis assumes two levels of
distribution of variance. First, a binomial distribution and logistics transformation of
proportions preserve the shared characteristics within each study that link sensitivity
and specificity, capturing the correlation between the two, as well as the absolute values
observed in each study. The second level reflects the heterogeneity between studies in
addition to that explained by the variability of sampling at the first level, assuming this
heterogeneity is due to random study effects [24,37,38].

When the ROC curve originates from the left-hand border and reaches the top border
of the ROC space, away from the 45-degree diagonal line, the test is considered to be
accurate. This demonstrated that the pulse oximeter test was reliable in determining the
actual pulp state [29]. The summary points on SROC curves also confirm the ability of PO
to correctly classify screen negatives in presenting patients (i.e., health) as compared to EPT,
CT and HT.

Intriguingly, the comparison of this study to previous English language systematic
reviews [5,14,15,19] revealed some resemblances and some remarkable differences with
respect to paired comparison between pulp vitality and pulp sensibility tests as well as the
outcome measurements assessed. The main difference between the current and previous
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reviews is that a paired comparative assessment of pulp vitality and sensibility tests for
vital and nonvital teeth was conducted along with their quantitative synthesis using a
bivariate random-effects model [19]. The start and end of the search period also differed in
the present study as compared to previous ones.

Nevertheless, the present review has some limitations. The clinical disparity among
the selected studies could not be completely avoided. The sample size of the studies was
small, thus lacking statistical power. Individual tooth type (incisor, canine, premolar and
molar) and arch analysis were not attempted due to the limited number of tooth types
included and the variation in the number of teeth in the maxilla and mandible.

It was also difficult to rule out clinical variability caused by age, gender model of
PO, LDF, EPT, methodologies utilized for HT and CT, landmark selection and software
capabilities. Additionally, there were few investigations on LDF, which limited its inclusion
in quantitative synthesis. Furthermore, vitality tests have technical limitations, such as
monitoring gingival blood flow that requires the use of a dental dam and the patient’s head
to be stabilized in relation to the probe, both of which were lacking in the research method-
ology involved. There are no high-scoring studies for methodological validity, therefore
future high-quality in vivo studies examining the diagnostic accuracy of pulp viability and
pulp sensitivity testing with consistent outcome parameters should be performed.

Biocompatible and bioactive materials have recently been consistently recommended
for the protection of the dentin—pulp complex due to their capacity to induce healing and
regeneration of dental tissue. Their bioactivity is amongst the most beneficial properties for
the maintenance and preservation of pulp vitality, supporting the use of these materials in
vital dental procedures [39].

5. Conclusions

The current systematic review and meta-analysis indicated that, in diverse clinical
situations, PO is the most accurate diagnostic tool when compared to EPT, CT and HT. Due
to the lack of evidence, the diagnostic accuracy of LDF remains uncertain. However, the
plurality of published endodontic studies use EPT, CT and HT as standard procedures
for pulp viability as PO and LDF are not commonly accessible to all professionals and, if
available, are rarely used due to their high cost and technical difficulties.
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