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Coronary Artery Disease (CAD)

Stenosis



The diagnost ic chal lenge of   CAD

CAD is very 
common 

We are not 
catching all  

But we are 
testing to many

More than 50% of people 
dying suddenly from CAD 
have no earlier symptoms of 
CAD*

*) AHA Heart Disease and Stroke Statistics-2006 update **Winther, Simon, et al. "Diagnostic performance of an acoustic-based
system for coronary artery disease risk stratification." Heart (2017): 
heartjnl-2017



Current 
Diagnostic tools  
Coronary Angiography (CAG) is the gold 
standard, but invasive

Non-invasive test



Hear t  sounds and CAD murmurs

As in other arteries a stenosis causes turbulent flow, which makes noise (Murmurs)

These sounds are weak, but detectable using advanced signal processing 



Heart sounds and CAD 
murmurs
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Noise from stenotic coronary arteries
•Not audible in most cases 
•Up to 1000 times weaker than 
other heart sounds

Frequency spectrum (M. Akey et. al.) 



Detection of coronary artery disease 
with an electronic stethoscope

Initial concept:
Posts-tenotic turbulence causes weak abnormal sounds

With mathematical analysis we can identify these 
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Mathematic
al analysis

Indication 
of a 

stenosis

No 
indication of 
a stenosis



The CADScore Algorithm
CADScore  Algorithm

Diastole

Identify 
acoustic 
features

Filter Combine 
features 

- 99: High risk

- 0: Low risk

CADscore



Test set results from 
electronic stethoscope: 

59 subjects

Classification criteria:
Positive angiographic result:   >=30% diameter 
occlusion

Classification results: Total accuracy 75%
Sensitivity 89%

Specificity 54%
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Score for test subjects:  



U s i n g  h e a r t  s o u n d s  f o r  t h e  
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A good idea - So what?
Should we go to Venture capital, 
Industry or the university?

We had an immature technology and concept

We needed 

Money, research, access to patients, technical engineering, 
business engineering and patenting assistance.

We chose the university Business incubator and later I started as a 
PhD student 

We started seeking for an industrial partner 

?



The Coloplast collaboration 2007

Coloplast innovation
• A lab for new technologies 

• Contacted by coincidence  

We needed to attach the microphone to the 
chest

Public–private research 
collaboration grant 

• Budget: 2 mill €

• Aim: proof of concept and development 
of a prototype



Acarix a Spin off 2009 
Founded in 2009 as a spin off from Coloplast

Shares holders
• Coloplast 

• AAU

• Acarix management team  (Former Coloplast)

• AAU scientists  

Founder & CEO
Peter Samuelsen

Founder & COO
Claus BV Christensen 



1. Round of Venture capital 2010

4 mill € from 3 venture founds
• Seed capital (DK)
• Seventure (FR)
• Sunstone Capital (DK)



A noisy road from lab to clinic

Our fist major study: 
729 Subjects referred for coronary angiography at 
Rigshospitalet, DK

We excluded more than 70% of the subjects due to ambient 
noise and other disturbances of the signals  

We redesigned the hardware and added a room 
microphone for active noise cancelation

Since then we have tested in more than 2500 subjects 

Room microphone for 
active noise cancelation 
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Abstract Optimizing risk assessment may reduce use of

advanced diagnostic testing in patients with symptoms

suggestive of stable coronary artery disease (CAD).

Detection of diastolic murmurs from post-stenotic coronary

turbulence with an acoustic sensor placed on the chest wall

can serve as an easy, safe, and low-cost supplement to

assist in the diagnosis of CAD. The aim of this study was to

evaluate the diagnostic accuracy of an acoustic test (CAD-

score) to detect CAD and compare it to clinical risk strat-

ification and coronary artery calcium score (CACS). We

prospectively enrolled patients with symptoms of CAD

referred to either coronary computed tomography or inva-

sive coronary angiography (ICA). All patients were tested

with the CAD-score system. Obstructive CAD was defined

as more than 50 % diameter stenosis diagnosed by quan-

titative analysis of the ICA. In total, 255 patients were

included and obstructive CAD was diagnosed in 63 patients

(28 %). Diagnostic accuracy evaluated by receiver oper-

ating characteristic curves was 72 % for the CAD-score,

which was similar to the Diamond–Forrester clinical risk

stratification score, 79 % (p = 0.12), but lower than

CACS, 86 % (p\ 0.01). Combining the CAD-score and

Diamond–Forrester score, AUC increased to 82 %, which

was significantly higher than the standalone CAD-score

(p\ 0.01) and Diamond–Forrester score (p\ 0.05).

Addition of the CAD-score to the Diamond–Forrester score

increased correct reclassification, categorical net-reclassi-

fication index = 0.31 (p\ 0.01). This study demonstrates

the potential use of an acoustic system to identify CAD.

The combination of clinical risk scores and an acoustic test

seems to optimize patient selection for diagnostic

investigation.
Keywords Coronary artery disease ! Angina pectoris !

Heart sounds ! Cardiovascular diagnostic technic !

Sensitivity and specificity
Introduction

In patients presenting with symptoms suggestive of stable

angina pectoris, several diagnostic strategies can be used to

obtain a correct diagnosis. Primary clinical risk stratifica-

tion, e.g. the updated Diamond–Forrester score, is often

performed for patient selection to non-invasive imaging or

invasive coronary angiography [1]. However, the growing

concern regarding increasing health expenses has increased

the need for cost-effective diagnostic strategies for diag-

nosing coronary artery disease (CAD).

The detection of diastolic murmurs from post-stenosis

coronary turbulence reported already in the 1960s was

proposed for safe, cost-effective, and easy non-invasive

evaluation of patients with suspected CAD [2]. Advances

in computer and acoustic technology have facilitated the

automated detection and analysis of diastolic heart sounds

from which a risk assessment of CAD is calculated. Several

research groups are currently involved in establishing sig-

nal processing techniques and coronary artery microbruit
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Acoustic Features for the Identification
of Coronary Artery Disease

Samuel E. Schmidt∗, Claus Holst-Hansen, John Hansen, Egon Toft, and Johannes J. Struijk

Abstract—Goal: Earlier studies have documented that coronary

artery disease (CAD) produces weak murmurs, which might be

detected through analysis of heart sounds. An electronic stetho-

scope with a digital signal processing unit could be a low cost and

easily applied method for diagnosis of CAD. The current study

is a search for heart sound features which might identify CAD.

Methods: Nine different types of features from five overlapping

frequency bands were obtained and analyzed using 435 recordings

from 133 subjects. Results: New features describing an increase in

low-frequency power in CAD patients were identified. The features

of the different types were relatively strongly correlated. Using a

quadratic discriminant function, multiple features were combined

into a CAD-score. The area under the receiving operating charac-

teristic for the CAD score was 0.73 (95% CI: 0.69–0.78). Conclu-

sion: The result confirms that there is a potential in heart sounds for

the diagnosis of CAD, but that further improvements are necessary

to gain clinical relevance.Index Terms—Coronary artery disease, feature selection, heart

sounds, signal processing.

I. INTRODUCTIONC ORONARY artery disease (CAD) is the most common

cause of death in the western world. Myocardial infarction

or acute heart failure may be the first symptoms, the seriousness

of which underlines the urgency of an early diagnosis of the dis-

ease. Current diagnostic methods include coronary angiography,

CT, and physiological stress tests. Common for these methods

is that they are comprehensive and expensive and thereby suited

for specialized clinical departments only. An inexpensive and

easy to use diagnostic modality would add greatly to the capabil-

ities of smaller medical centers and the general practitioners to

detect CAD. Moreover, a precise assessment in the early phase

may also allow for an efficient referral and thereby reduce the

number of demanding examinations.
Previous studies have shown that heart sounds contain weak

murmurs caused by turbulent flow in the coronary arteries, and

that those murmurs are indicators of CAD [1]–[4]. The murmurs

are rarely audible, but algorithms to automatically detect them

through signal analysis have been proposed [5].
Manuscript received September 29, 2014; revised February 17, 2015; ac-

cepted April 13, 2015. Date of publication May 12, 2015; date of current

version October 16, 2015. This work was supported in part by the Danish

National Advanced Technology Foundation and Acarix a/s. Asterisk indicates

corresponding author.∗S. E. Schmidt is with the Medical Informatics Group, Department of Health

Science and Technology, Aalborg University, 9100 Aalborg, Denmark (e-mail:

sschmidt@hst.aau.dk).C. Holst-Hansen is with the center for Cardiovascular Research, Aalborg

Hospital, Arhus University Hospitals.
J. Hansen, E. Toft, and J. J. Struijk are with the Aalborg University.

Digital Object Identifier 10.1109/TBME.2015.2432129

Cardiovascular murmurs are characterized by nonstationary

wide band noise, arising from the turbulent blood colliding with

the arterial wall [6], which is in agreement with the findings that

show that CAD is associated with increased diastolic energy

above 200–300 Hz [7]–[9]. In addition, cardiovascular murmur

may contain narrow band signal components, which is thought

to originate from the resonance frequency of the arterial wall.

Jin-Zhao et al. modeled the resonance frequency of coronary

arteries and found two resonance frequency peaks, around 50–

100 Hz and around 150–200 Hz [10]. In comparison with normal

arteries, in stenosed arteries the low frequency peak moved

to lower frequencies and the high frequency peak moved to

higher frequencies. In addition, the power of the low frequency

peak was decreased and the power of the high frequency peak

was increased in the presence of a stenosis. Empirical studies

confirmed the increased frequency and amplitude of the band-

limited high frequency component [4], [11]. Multiple methods

have been applied for identification of the broadband component

and of the resonance related components. This includes spectral

estimation methods such as fast Fourier transform [1], wavelet

analysis [12], fast tracking filters [13], and parametric models

[14].
Early methods for the acoustic detection of CAD used custom

made sensitive and fragile recording equipment, which is not

compatible with a clinical environment. The goal of the current

study is to develop a method for noninvasive detection of CAD

with a commercially available electronic stethoscope. Since the

current literature is inconsistent in regards to frequency bands

and features to analyze, the focus of the current study is to

analyze and compare a wide range of features extracted from

several frequency bands of heart sound recordings.

II. METHODA. Data Collection
Bedside recordings were made from the fourth intercostal

space at the left sternal border on the chest of patients using

an electronic stethoscope (3M Littmann E4000). This stetho-

scope has a flat frequency response from 20–1000 Hz and a

spectrum analysis shows that the noise floor is at least 15–20 dB

lower than the power of the diastole sound up to 1000 Hz.

Each recording was 8 s long corresponding to the capacity of

the stethoscope. Patients were asked to breathe normally during

the heart sound acquisition and between one and six recordings

were collected from each subject. To avoid overrepresentation of

some subjects, a maximum of four recordings were selected per

individual. The sample rate was 4000 samples per second. The

recordings were subsequently transferred to a portable PC. The

0018-9294 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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ABSTRACT

Objective Diagnosing coronary artery disease (CAD) 

continues to require substantial healthcare resources. 

Acoustic analysis of transcutaneous heart sounds of 

cardiac movement and intracoronary turbulence due to 

obstructive coronary disease could potentially change 

this. The aim of this study was thus to test the diagnostic 

accuracy of a new portable acoustic device for detection 

of CAD.
Methods We included 1675 patients consecutively 

with low to intermediate likelihood of CAD who had 

been referred for cardiac CT angiography. If significant 

obstruction was suspected in any coronary segment, 

patients were referred to invasive angiography and 

fractional flow reserve (FFR) assessment. Heart sound 

analysis was performed in all patients. A predefined 

acoustic CAD-score algorithm was evaluated; 

subsequently, we developed and validated an updated 

CAD-score algorithm that included both acoustic features 

and clinical risk factors. Low risk is indicated by a CAD-

score value ≤20.

Results Haemodynamically significant CAD assessed 

from FFR was present in 145 (10.0%) patients. In the 

entire cohort, the predefined CAD-score had a sensitivity 

of 63% and a specificity of 44%. In total, 50% had an 

updated CAD-score value ≤20. At this cut-off, sensitivity 

was 81% (95% CI 73% to 87%), specificity 53% (95% 

CI 50% to 56%), positive predictive value 16% (95% 

CI 13% to 18%) and negative predictive value 96% 

(95% CI 95% to 98%) for diagnosing haemodynamically 

significant CAD.

Conclusion Sound-based detection of CAD enables 

risk stratification superior to clinical risk scores. With 

a negative predictive value of 96%, this new acoustic 

rule-out system could potentially supplement clinical 

assessment to guide decisions on the need for further 

diagnostic investigation.

Trial registration number  ClinicalTrials. gov identifier 

NCT02264717; Results.

INTRODUCTION

Diagnosing patients with symptoms suggestive of 

obstructive coronary artery disease (CAD) continues 

to require substantial healthcare resources. Despite 

several attempts to improve clinical pretest risk scoring 

algorithms for obstructive CAD, the incidence of a 

normal diagnostic test remains high.1 2 A continued 

high rate of inappropriate Invasive coronary 

angiography (ICA) in de novo patients has been crit-

icised in particular because it is costly and carries the 

risk of complications. Hence, there is a pertinent need 

for more accurate risk stratification tools providing 

high negative predictive value (NPV) to accurately 

rule out obstructive CAD to avoid further diagnostic 

testing.3 

One plausible way to obtain this goal may be to 

use advanced analysis of sounds originating from 

blood flow turbulence in the coronary circulation 

during diastole. Acoustic detection of obstructive 

CAD is non-invasive, radiation free and economically 

favourable. This makes the technique attractive for 

primary risk stratification. Recent advances in sound 

sensor technology, analytic power and data filtering 

have enabled the use of acoustic detection to diagnose 

intracoronary turbulence due to obstructive CAD. In 

addition to weak murmurs related to intracoronary 

turbulence recent approaches have analysed further 

aspects of the heart sounds which might relate to 

myocardial compliance and resonance frequencies 

of the coronary artery tree.4–7 Several methodolog-

ical studies describe the frequency range and timing 

of turbulence associated with obstructive CAD, and 

several companies have developed European Confor-

mity marked equipment with different algorithms 

to diagnose obstructive CAD.8 These developments 

have paved the way for investigation of the tech-

nique in clinical practice.5 8 9 Hence, small-scale pilot 

studies of different acoustic devices have demon-

strated NPVs in the range 71%–98% suggesting that 

they may be used as rule-out modalities.4 10 11

In the present study of acoustic detection of CAD, 

we aimed to test an acoustic device in a low to inter-

mediate risk population using both quantitative 

coronary angiography (QCA) and invasive fractional 

flow reserve (FFR) as references. Two algorithms 

were tested: a previously used acoustic algorithm, 

CAD-score Version 2 (V2) (per protocol), which was 

developed using patients included in pilot studies; and 

a new algorithm, CAD-score V3, by combining an 

updated acoustic algorithm and clinical risk factors.

MATERIALS AND METHODS

Study design and population

The present study is a predefined substudy of the 

Danish study of Non-Invasive testing in Coronary 

Artery Disease (Dan-NICAD). Patients referred to 

cardiac CT angiography (CTA) as first-line test due 
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The Acarix CADScor® device
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CAD-score performance

Acoustic CAD-score (0-100) 

0 20 30 99
Low risk Interm. High  risk

Database study (n=2245 , prevalence 9.5%)*

AUC: 75%
Sensitivity: 88.7%
Specificity:   41.4%

NPV:  97.2%
PPV:  13.7%

*Acarix database study, publication under review
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The CAD-score as a rule-out device 
in intermedia risk population 
( D a t a b a s e  s i m u l a t i o n )

>20
No 
(39%)

Yes
(61%)

CAD-score Further Testing
CAD: 14%
Insignificant CAD: 52%
NonCAD: 34%

No further testing
CAD: <3%
Insignificant CAD: 33%
NonCAD: 64%

NonCAD 46%

Insig. 45%
CAD (9%)

• A CADscore ≤ 20 will 
mean <3% risk of having 
CAD

• 39 % will not need further 
testing



IPO 
December 2016  

Acarix has raised ~12 MM € from investors 
and 12 MM € through IPO



How to break through the wall 
of reimbursement  ?

Get  a recommendation 
in the guidelines:
• European Society of Cardiology 

(EU)

• The National Institute for Health 

and Care Excellence (UK)

ESC GUIDELINES ADDENDA

2013 ESC guidelines on the management of stable
coronary artery disease—addenda
The Task Force on the management of stable coronary artery disease
of the European Society of Cardiology

Authors/Task Force Members: Gilles Montalescot* (Chairperson) (France),
Udo Sechtem* (Chairperson) (Germany), Stephan Achenbach (Germany),
Felicita Andreotti (Italy), Chris Arden (UK), Andrzej Budaj (Poland),
Raffaele Bugiardini (Italy), Filippo Crea (Italy), Thomas Cuisset (France),
Carlo Di Mario (UK), J. Rafael Ferreira (Portugal), Bernard J. Gersh (USA),
Anselm K. Gitt (Germany), Jean-Sebastien Hulot (France), Nikolaus Marx (Germany),
Lionel H. Opie (South Africa), Matthias Pfisterer (Switzerland), Eva Prescott
(Denmark), Frank Ruschitzka (Switzerland), Manel Sabaté (Spain),
Roxy Senior (UK), David Paul Taggart (UK), Ernst E. van der Wall (Netherlands),
and Christiaan J.M. Vrints (Belgium).
ESC Committee for Practice Guidelines (CPG): Jose Luis Zamorano (Chairperson) (Spain), Stephan Achenbach
(Germany), Helmut Baumgartner (Germany), Jeroen J. Bax (Netherlands), Héctor Bueno (Spain), Veronica Dean
(France), Christi Deaton (UK), Cetin Erol (Turkey), Robert Fagard (Belgium), Roberto Ferrari (Italy), David Hasdai
(Israel), Arno W. Hoes (Netherlands), Paulus Kirchhof (Germany/UK), Juhani Knuuti (Finland), Philippe Kolh
(Belgium), Patrizio Lancellotti (Belgium), Ales Linhart (Czech Republic), Petros Nihoyannopoulos (UK),
Massimo F. Piepoli (Italy), Piotr Ponikowski (Poland), Per Anton Sirnes (Norway), Juan Luis Tamargo (Spain),
Michal Tendera (Poland), Adam Torbicki (Poland), William Wijns (Belgium), Stephan Windecker (Switzerland).

Document Reviewers: Juhani Knuuti (CPG Review Coordinator) (Finland), Marco Valgimigli (Review Coordinator)
(Italy), Héctor Bueno (Spain), Marc J. Claeys (Belgium), Norbert Donner-Banzhoff (Germany), Cetin Erol (Turkey),
Herbert Frank (Austria), Christian Funck-Brentano (France), Oliver Gaemperli (Switzerland),
José R. Gonzalez-Juanatey (Spain), Michalis Hamilos (Greece), David Hasdai (Israel), Steen Husted (Denmark),
Stefan K. James (Sweden), Kari Kervinen (Finland), Philippe Kolh (Belgium), Steen Dalby Kristensen (Denmark),
Patrizio Lancellotti (Belgium), Aldo Pietro Maggioni (Italy), Massimo F. Piepoli (Italy), Axel R. Pries (Germany),

* Corresponding authors. The two chairmen contributed equally to the documents. Chairman, France: Professor Gilles Montalescot, Institut de Cardiologie, Pitie-Salpetriere University
Hospital, Bureau 2-236, 47-83 Boulevard de l’Hopital, 75013 Paris, France. Tel: +33 1 42 16 30 06, Fax: +33 1 42 16 29 31. Email: gilles.montalescot@psl.aphp.fr. Chairman, Germany:
ProfessorUdo Sechtem, Abteilung für Kardiologie, RobertBosch Krankenhaus, Auerbachstr. 110, DE-70376 Stuttgart, Germany.Tel: +49 711 8101 3456, Fax:+49711 8101 3795, Email:
udo.sechtem@rbk.de

Entities having participated in the development of this document:

ESC Associations: Acute Cardiovascular Care Association (ACCA), European Association of Cardiovascular Imaging (EACVI), European Association for Cardiovascular Prevention &
Rehabilitation (EACPR), European Association of Percutaneous Cardiovascular Interventions (EAPCI), Heart Failure Association (HFA)

ESC Working Groups: Cardiovascular Pharmacology and Drug Therapy, Cardiovascular Surgery, Coronary Pathophysiology and Microcirculation, Nuclear Cardiology and Cardiac CT,
Thrombosis, Cardiovascular Magnetic Resonance

ESC Councils: Cardiology Practice, Primary Cardiovascular Care

The content of these European Society of Cardiology (ESC) Guidelines has been published for personal and educational use only. No commercial use is authorized. No part of the ESC
Guidelines may be translated or reproduced in any form without written permission from the ESC. Permission can be obtained upon submission of a written request to Oxford University
Press, the publisher of the European Heart Journal and the party authorized to handle such permissions on behalf of the ESC.

Disclaimer. The ESC Guidelines represent the views of the ESC and were arrived at after careful consideration of the available evidence at the time they were written. Health profes-
sionals are encouraged to take them fully into account when exercizing their clinical judgement. The Guidelines do not, however, override the individual responsibility of health profes-
sionals to make appropriate decisions in the circumstances of the individual patients, in consultation with that patient and, where appropriate and necessary, the patient’s guardian or carer.
It is also the health professional’s responsibility to verify the rules and regulations applicable to drugs and devices at the time of prescription.

& The European Society of Cardiology 2013. All rights reserved. For permissions please email: journals.permissions@oup.com.
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